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Abstract. The dust probe DUSTY, first launched during the  Since the secondary effect is dependent on the size of the
summer of 1994 (flights ECT-02 and ECT-07) from Andgyaimpacting dust, this opens up for the possibility of mapping
Rocket Range, northern Norway, was the first probe to unamthe relative dust sizes throughout a dust layer by comparing
biguously detect heavy charged mesospheric aerosols, frorthe observed direct and secondary currents.

hereon referred to as dust. In ECT-02 the probe detecte?<
negatively charged dust particles in the height interval of 83
to 88.5 km. In this flight, the lower grid in the detector (Grid
2) measures both positive and negative currents in various
regions, and we find that the relationship between the cur-

rent measurements of Grid 2 and the bottom plate can onlyl Introduction

be explained by influence from secondary charge production

on Grid 2. In ECT-07, which had a large coning, positive Probes on rocket payloads have been essential in obtaining
currents reaching the top grid of the probe were interpretednformation about the conditions in much of the mesosphere.
as due to the impact of positively charged dust particles. WeThis region, betweety50 km and 100 km, cannot be reached
have now reanalyzed the data from ECT-07 and arrived at th@y planes, balloons, or satellites, and in-situ measurements
conclusion that the measured positive currents to this gridcan only be done by rocket payloads. In addition to obtain-
must have been mainly due to secondary charging effect§g in-situ measurements, their high spatial resolution, which
from the impacting dust particles. The grid consists of a setcan be a few times 10 cm, is also of vital importance in under-
of parallel wires crossed with an identical set of wires on topstanding the various processes which occur in these regions.
of it, and we find that if the observed currents were created During the last few decades, it has become increasingly
from the direct impact of charged dust particles, then theyclear that dust particles, most likely consisting mainly of wa-
should be very weakly modulated at four times the rocketter ice, play a decisive role for some mesospheric phenom-
spin ratewg. Observations show, however, that the observedena, such as the noctilucent clouds (NLC) and its associated
currents are strongly modulated abR2 We cannot repro- radar phenomenon Polar Mesospheric Echoes (PMSE) (e.g.
duce the observed large modulations of the impact currents igsadsden and Scider, 1989; Cho anddttger, 1997; Rapp

the dust layer if the currents are due only to the transfer of theand Lilbken, 2004). The electron bite-outs, which are promi-
charges on the impacted dust particles. Based on the resultient large-scale reductions of electron density, were early
of recent ice cluster impact secondary charging experimentsuspected to be due to absorption of electrons by small dust
by Tomsic (2003), which found that a small fraction of the particles (Pedersen et al., 1969; Ulwick et al., 1988). Direct
ice clusters, when impacting with nearly grazing incidence,observations of charged dust by a new type of dust probe
carried away one negative chargde, we have arrived at (DUSTY) revealed that during PMSE conditions, where no
the conclusion that similar, but significantly more effective, visual dust was observed, large amounts of sub-visual dust
charging effects must be predominantly responsible for thewere still present (Havnes et al., 1996). Later, rocket probe
positive currents measured by the top grid in ECT-07 andand lidar observations confirmed that charged dust is proba-

eywords. Atmospheric composition and  structure
(Aerosols and particles; Instruments and techniques)

their large rotational modulation a2 . bly always present during PMSE conditions. They can appar-
ently be both negatively and positively electrically charged

Correspondence to: O. Havnes (Havnes et al., 1996; Mitchell et al., 2001; Smiley et al.,

(ove.havnes@phys.uit.no) 2006). The dust radius is found to be fronY0-80 nm and
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624 O. Havnes and L. I. Neesheim: Secondary charging effects on rocket probe observations

................. Grid 1 (+6.2V) charged. After an exposure of some minutes, the emission of
positively charged fragments dominates. Although it appears
most likely that the dust in NLC and PMSE consists mostly

of water ice, they must be much more effective than the pure
water ice clusters in producing secondary charging, if they
are to explain the positive currents on the dust probe grids

,,,,,,,,,,,,,,,,,, Grid 2 (-6.2V) as observed by Havnes et al. (1996) in the two rocket flights
\ ECT-02 and ECT-07.
‘ Bottom Plate (-2.0V) In the following, we will re-examine the measurements of
{0 amineters dust impacts made in these two flights. We will first con-

sider ECT-02. In this flight the payload had little coning and
Fig. 1. The principle of the DUSTY probe, with its grid 1 to close the DUSTY probe worked as intended, detecting the pres-
the interior for ambient plasma, grid 2 to detect the effect of sec-ence of negatively charged subvisual dust and also showing
ondary charge production, and the bottom plate which will mainly that electron bite-outs were coinciding with particularly high
detect directly impacting charged dust particles. dust charge density. We will examine if the positive cur-

rents observed by G2 in some height intervals require a sig-

nificant secondary production or whether the simultaneous
downwards (von Cossart et al., 1999). Theoretical work,presence of both negative and positive dust particles at such
based on the fact that 50-100 tons of meteoritic materiahejghts can explain the observations. We will thereafter con-
burns out each day as meteors and enters the Earth’'s atmgider ECT-07, which had such a large conirg?°) that the
sphere with large velocities, predicts that ablation and re-pysTY probe did not function as intended, since the inte-
condensation of meteoritic material into “smoke particles” rior of the probe was hidden for the incoming dust particles
may produce a more or less persistent background of smalhy the probe walls. The positive current measured on grid
and numerous dust particles (Hunten et al., 1980). G1 (Grid 1 in Fig. 1), whose normal function is to close the

The presence of dust particles allows for the possibility dust probe to the ambient ion-electron plasma, was originally
that impacts of such particles on rocket payloads and itSnterpreted as due to the impact of positively charged dust
probes can lead to secondary charging effects which caparticles (Havnes et al., 1996). This conclusion was appar-
dominate the observed signal and lead to misinterpretatior@nuy supported by electron probe measurements on the same
of the real physical conditions. payload showing an increase in the electron current as the
It appears likely that several rocket measurements havgayload passed the layer which gave the positive current to

been severely influenced by secondary effects due to impactS1. We now reinterpret these measurements with a detailed
(Zadorozhny et al., 1993; Vostrikov et al., 1997; Gumbel andmodelling of the impact on the grid surfaces and the motion
Witt, 1998). Because the relative velocity between the rocketof their ejected fragments, all as a function of the payload
and the atmospheric dust normally is modest, of the orderotation angle, where we compare the observed strongly ro-
of 1km/s or less, a direct electron secondary emission is notationally modulated positive current to G1 with models with
important. This requires impact velocities generally of the and without secondary charge production.
order of 10 km/s or higher (e.g. Dalmann et al., 1977). At
impact velocities of a few km/s or less the most important
secondary charging effects probably occur when dust par2 A new look at the ECT-02 measurements
ticles strike a surface at a comparatively large incident an-
gle, with the normal to the surface, and that a fraction of The schematics of the dust probe are shown in Fig. 1. The
the particles leaving the surface carries away ions or elecprobe is constructed to work at low coning angles so that dust
trons from the surface (e.g. Gridin et al., 2004; Anderssonparticles will impact the bottom plate. The top grid G1 is at
and Pettersson, 1997). Tomsic (2003) investigated the im-+6.2V and will close the probe to outside thermal ions or
pact of cluster beams consisting of ice particles of radii upelectrons by deflecting the positive ions and absorbing the
to 14 nm on various surfaces. When the ice particles im-electrons. The lower grid G2 is at6.2 VV and was originally
pacted with low impact angles (i.e. nearly perpendicular tomeant to detect possible secondary charges if produced by
the surface), they tended to sublimate completely. At highthe dust impact on the bottom plate. If secondary production
impact anglesy; >45°, the particles larger than 6—7 nm sub- did happen, the measurements from G2 could be used as de-
limate only partially and large fragments may survive and scribed by Havnes et al. (1996) for a correction, and thereby
leave the surface. Tomsic found that a small fraction of thesegive the true current caused by the charged dust impact on
surviving fragments can be charged during the impact. Parthe bottom plate. This current will then directly give the am-
ticles smaller than 6—7 nm tend to evaporate completely. Orbient dust charge density when the rocket velocity and probe
fresh surfaces that have not been exposed to particle impactdimensions are known. However, secondary production by
typically one in 18 of the surviving fragments is negatively the dust impact on the bottom plate at low impact angles
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Measurements by DUSTY-1 (ECT-02), 1994, July 28, 22" 39MuT

-107 | ]
Gl

_10'5 0.5 03
x107° "U | v | Bl
oll
o
_ED
=
o
_G
-0.5F
-10°® —————— Y | [ ) IO
-107E |(:ONE E
— 0’6 L L L L L L L L L L
83 835 84 845 85 855 86 865 87 875 88 885 -1.5 . L . L L L L

.
83.5 84 84.5 85 85.5 86 86.5 87 87.5 88

Height in km Height in km

Fig. 2. Four currents measured by the rocket flight ECT-02 on UP-Fig. 3. The figure shows the ratio between the current to grid 2

leg. From top panel and down: Qurrent to grid 1, grid 2 and the and the bottom plate. The limit®is from Eq. (4) when secondary
bottom plate in the DUSTY probe in front of the payload. The EIeC'éJroduction is negligible while-1 is when it is dominant.

tron current measured by the CONE instrument, at the rear of th
payload.

ative grid 2. If their energy is high, thea=0=0.23, and

to the normal of the bottom plate should not produce sec+the ratioRszﬁzo.B. This does not fit well with the re-
ondary charges at the low impact velocities of the order ofsults of Fig. 3, except at the low and high points in the layer.
1km/s or less. We find that the currents measured by Gye have assumed that the majority of the negatively charged
must be a combination of the direct impacts from incoming dust is energetic enough to hardly be affected by the probe
dust, and of secondary production due to the incoming dushotentials. For the values @5 down to~—1.2, which are
striking the cylindrical grid wires of G2 at high. also observed, the only way this can be produced by model 1

In Fig. 2 we show the observed curretity, Ic2 and/sp s for «>0.23, so that a larger fraction of the positive dust
to grids G1, G2, and to the bottom plate afgbne to the  particles is attracted to and hits G2, while a corresponding
CONE electron probe (Blix et al., 1990). In Fig. 3 we show smaller fraction reaches the bottom plate. To stay within the
the ratioRs=1c2/ Igp- limits R~0.3 to R~—1, as observed, requires that</_.

We will examine the observations in Figs. 2 and 3 on |t js certainly possible, but not very likely, that should be
the basis of two different models for the dust population. restricted only to values fromi_ and smaller, and also that
Model 1 assumes that the currents are formed from direch| such values are evidently found somewhere in the PMSE
impacts of dust particles which can be both positively and|ayer.
negatively charged, and that secondary effects are negligible. : :
Model 2, on the other hand, assumes that the incoming dust In the upper part of the bite-out we see that grid 2 mea-

sures its maximum positive current whilgp is negative, as

particles are negatively charged but that secondary charg%ﬁS in the whole dust layer. The CONE electron probe cur-

can influence the obsgrved currents, which can lead to POSEent in the bite-out is below the detection limit, showing that
tive currents on the grids.

. . . . the electron density is very low (Blix, 1999). For the model
regﬁfnogggg ;?1 (;nigdel 1, the ratitsz/ fep is formed by di- 4 o pjain the raticRs~—08, it is required that, is com-
parable to/_, and that the positive dust is attracted to G2,
Igo —ol_+al; so thate>o. In view of the near absence of free electrons,
s —1—o)l_+(1— )l ) charge neutrality requires that

s =

The currentd_ and/, are the absolute value of the currents

due to negative and positive dust in the region in front of Na—Za— + Nav+Zav + nig = ni_
G2, i.e. which has passed through G1. The fraction of the

probe opening covered by the gridds=0.23. We have in- when we include positive and negative dust of densify
troduced another parametePB<« <1 for the positive cur- andN,, respectively, with charge numbery_ andZ,..

rent to allow for the possibility that the positively charged The positive and negative ion densityrs. andn;_. If we
dust particles are small enough, and have low enough kinetioieglect recombination with electrons since they have a very
energy, so that they can be attracted efficiently to the negiow density, the positive ion density;,+ will now be given

~ 0 (2)
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626 O. Havnes and L. I. Neesheim: Secondary charging effects on rocket probe observations

by explained as a variation of dust size within the dust layer. The
relative dust sizes in the layer, as indicated by our results are
g =a_niini_+ 7T7’3Ui+Nd—”li+ <1_ eU—) _ 3) physically plausible', with the smallest dust high up in the
kT; layer (where we believe they start to form), low (where they

] ] are gradually sublimating as they fall, due to an increased
We use a pair production of=6x10' m-3 st and  temperature) and also within the lower part of the electron
a recomb|r11?t|%n rate for positive to negative ions of pite oyt (where approximately all electrons are locked on to
@-=6x10"""m>s" (Brasseur and Solomon, 1986). The grains, a situation which is most easily achieved if there are
ion thermal velocity; 1 ~250 nrys and the focusing effect of many small dust particles).
the negative dust on the positive iongls-(eU_/kT;))~10, The situation where we measure a positlgg, negative
meaning that the effective cross section of the dust for theIBP and a very smalk, is also directly explained by model 2
capture of positive ions is-10 times its geometric Cross \yithoyt violating the requirement of charge neutrality. In the
section. Under normal condlt_lons with a dust radius of bite-out, most of the electrons are captured by dust, and a
ram=10nm andVy_~10° m~3, withn;_~10°m=2, the cap-  majority of the dust particles are therefore most likely small.
ture of ions by dust will dominate._ ansidering the dus_t terM it the dust particles are large, then they must have an unreal-
only, we Obta'”’?ﬂrflolo m~3, while if we use recombina- stically high density to be able to absorb a sufficiently large
tion with negative ions only, we obtainy, 22x10" M2, faction of the electrons. In the lower half of the bite-out our
if n;-<10°m=3. This indicates that the positive ion den- model predicts that few large dust particles are present, but
sity by model 1 must be high, also when compared to thejy the upper part we need a non-negligible density of larger
electron densityr.o that we would have had if dust was particles to also produce secondary effects on grid 2. We
not present. We would obtaimo~(q/a)*2~4x1°m=3 o compute, as described in the Appendix, the production
if for the positive ion—electron recombination rate we used ¢ secondary charging by an effective grid area, which when
a=4x10"*?m3s ! (Brasseur and Solomon, 1986). If myiplied by the influx of primary dust particles gives the
we usen;~10°m=*>n;_, we have from Eq. (2) that pymper of negative fragments produced per second. For all

Na-|Za—|~Na+Za++ni+ which requires, for any reason- 206 squares of grid 2, the total effective area is well repre-
able choice ofNy|Zy-| that Ng—|Z4->Na+Zat. Such  gented by

densities cannot produce values like the obseRed—0.8
in the higher part of the bite-out, but would leadRe=0.3. Ay = 5 x 1074 ng(max m?. (5)
This means that it will strongly violate the requirement for
plasma neutrality, if we attempt to describe the simultane-In Eq. (5) we used for the secondary production curve the
ous positive current to G2 and negative current to the bottonaingles[35, 60, 85] (Fig. 6), and a payload coning angle of
plate by co-existing positive and negative dust particles ofy=20°. The valuens(max) on the production curve (which
roughly the same charge density when, at the same time, thgives the number of fragments of an incoming dust particle
free electron density is very low. which carry away an electron after impact) depends on the
Model 2, with production of secondary charges for the dustsize of the incoming dust particles, and we will assume that
particles hitting G2 with a reasonably high impact angle, will the large dust particles dominate the production of secondary
directly explain the two situations we have discussed, as weltharging. Since the ratio betweé,: and the total area of

as Fig. 3, where model 1 seems not to be the answer. grid 2 is Agt/om R12,,=0.28ns, and we now require that the
For model 2 the ratio is secondary production by the large dust be larger than the di-
rect current by the small and large dust combined, we must
Ic2 —ol_+1Ig
§= = — (4) have
Isp —-(L—-o0)l-—1Is
Is 0.28ns(max Ny ©)
. — > 1.
Here I is the absolute value of the secondary current pro- -~ Nar|ZL|+ Nas| Zs|

duced by negative dust impact on G2. We do not include any

positive dust. If the ratidg/I_ is zero (no secondary pro- Here the number density of large and small dust particles
duction), then we obtain the resly=0.3. Since secondary are N, and Nyg, respectively, while their charge num-
production decreases with decreasing dust size, this situatiobers areZ; and Zg. Using ns(max~100 we find that
will be found if the dust particles are small. Such situationsEq. (6) requires thav,; >0.04N,s if we also us€Z;|=3

are found at the upper and lower edges of the dust layer andnd|Zs|~1. If the maximum small dust number density is
also within the bite-out. If the dust particles are large, and N s~4x10° m—2 (Havnes et al., 1996), then the correspond-
if the secondary current can be much higher than the direcing large dust density i&,; >1.6x 108 m~3. This shows that
current, so thafg/I_>>1, we obtainRs— —1. This shows both the lack of electrons and the positive current measured
that the observed ratiBg of Fig. 3 is within values which are  on G2 can be explained directly if the small dust number den-
close to the theoretical limits of model 2 (Eqg. 4), which in- sity is high, but that there is alsa10% density of large dust
clude secondary charge production, and that this is naturallyparticles. Model 2 can therefore explain the observations,

Ann. Geophys., 25, 623-637, 2007 www.ann-geophys.net/25/623/2007/



O. Havnes and L. I. Naesheim: Secondary charging effects on rocket probe observations 627

x10°

T T T T T T I
o — —o o0— —o —— Grid1
15 . Region1 : Region 2 - | — Grid2

Ampere
o
(6)]

81 81.5 82 82.5 83 83.5 84 84.5

Ampere

L | | ; ; | |
81 81.5 82 82.5 83 83.5 84 845
km

Fig. 4. The currents to grid 1 and grid 2, as measured by the DUSTY probe, and the electron current measured by the CONE probe, all on
the flight ECT-07 (DUSTY 2).

provided that the production factgg has a maximum value the electrons contribute a modest negative current, as can be
in the range 50-100. seen from Fig. 4 for the currents to G1 in region 1, outside
the dust layer. If the measured positive current was due to
the direct impact of particles, then this could only be due to
3 Analysis of the currents to the front grid of DUSTY2  ijmpacting positively charged dust particles. If we assume a
(ECT-07) density of the dust material @f;=1000 kg n73, all dust par-

) ) ) ticles of radiusr;>0.8 nm would, at the rocket velocity of
On the flight ECT-07, the high coning led to most of G2 and v, 900 nys, overcome the G1 potential if the dust particles

the bottom plate being screened by the probe walls, so only,;4 4 charge of 1e. If the charge was, for example;100e

G1 received the direct impact of dust particles. The originalihe size would have to be;>4nm in order to impact G1.
assumption, used when the measurements of ECT-07 wel§,\ever, one factor which was not given enough attention
first analyzed (Havnes et al., 1996), was that the cufént i, the early analysis was the strong modulation of the G1
was due to the direct impact of positively charged dust Par-signal by the rotation of the payload (Fig. 4). A frequency
ticles transferring their net charge to G1. Since the potential(_:m‘.juysiS (FFT) of the observations, shown in Fig. 5, demon-
of G1is+6.2V, the thermal positive ions, with an average gyrates that the frequency power spectrum is different below

kinetic energy of~0.01 eV, could not contribute to the posi- e gust layer compared to what it is inside the dust layer.
tive current. At the comparatively low heights of this PMSE,

www.ann-geophys.net/25/623/2007/ Ann. Geophys., 25, 623-637, 2007
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x 10 Region 1 Secondary production curve
T
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X107 Region 2

Maximum secondary production, per impacting dust particle

o
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4 Impact angle

S

Fig. 5. The Fourier spectrum of the grid 1 currents, from Fig. 4, Fi9- 6. The impact angle dependence for charged fragment produc-
region 2 below (81.0 to 82.4 km) and region 2 within the part of the tion. The production of secondary fragments starts at impact angle

dust layer where positive currents are measured (82.7 to 84.0 km).01 pe?ks irll the interval betweeén and6z and goes to zero at 90
impact angle.

Below the dust layer the power at a frequency equal to the
rotation frequencyv of the rocket is of the same magnitude charge production due to dust fragmentation. The relative
as the power at@g. The power at 3 is also consider- secondary charge productigg is assumed to vary with the
able while the & contribution is negligible. Inside the dust impact angle, as shown in Fig. 6. The values)pfre given
layer, where large modulations correlated with the payloadrelative to one incoming dust particle, so, for example, for a
rotation are present, the power spectrum is dominated by th¥aluens=10, the number of fragments carrying away a unit
2wg rotation. The &y is weak, but present, while theg charge is 10. The secondary production starts at an impact
and 3vx frequencies are absent. If the current to G1 is in-angleds, and increases with higher impact angles to a maxi-
terpreted solely as due to the charges of the impacting partimum betweert, and¢s, and falls off to zero at impact angle
cles, we will show that the current modulation on the crossed0’.
wires of G1 must be four times the rocket spin. The magni- For the ice particles used by Tomsic (2008),is around
tude of the modulation will also be very small, and far from 45° while 6, and6s are in the range 70-80The reason for
what is observed. We find that the large current modulationthis production curve is probably that the ice particles will
can probably only be a result of secondary currents due tdotally sublimate at low impact angles, so that no fragments
primary dust particle fragmentation, coupled with the effectssurvive to carry away the secondary charge. Additionally, the
of the geometry of the rotating and crossed grids when thece particles apparently have to be larger than about 6 to 7 nm
coning is large. The front grid G1 of the dust probe consistsor they will sublimate fully also at larger impact angles. If
(as does G2) of crossed grid wires of diameter 0.8 mm with anesospheric dust particles fragment, and each fragment con-
distance from wire centre to wire centre of 6.5 mm. The puretains one or more small particles of meteoritic origin, we find
geometrical coverage of the grids, at zero coning, comparedt likely that even if the water ice partly sublimates, the me-
to the total cross section of the probepis=0.23. The grid  teoric particles do not. We will therefore in our modelling
wires in one parallel direction are all placed over another se@llow for smaller values o, than Tomsic (2003), and we
of grid wires at 90 to the first set of wires, so that there is will also assume that all small dust particles, or fragments
an under and an over set of wires (see Fig. Al). This geomof them, will produce surviving small meteoritic nuclei, or
etry is vital in our model, as it leads to a large fraction of the Hunten particles. This may also lead to a much larger pro-
negatively charged fragments from the upper wires to be reduction of secondary charges than for pure ice particles.
absorbed by the lower wires when the coning is high. In this In the Appendix we develop a detailed model for the for-
way the secondary effects on the upper wires are suppresserhation of the currenfg; to G1. We integrate the impacts
and the 2k frequency becomes dominant, as observed.  on the grid over all permissible impact angles, together with
In our calculations of the currents measured by G1 we willtheir secondary production. We also include the possibility
use a model which is similar to that indicated by the obser-that fragments from the top set of the parallel wires in G1 can
vations of Tomsic (2003), in order to account for secondarybe re-absorbed by the grid’s lower set of parallel wires.

Ann. Geophys., 25, 623-637, 2007 www.ann-geophys.net/25/623/2007/
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Fig. 7. Examples of how the currents to grid 1 would appear for gy g gome examples where the secondary production and re-
a constant flux of charged particles onto the grid, without any ef‘absorption of fragments are included. Only negatively charged
fects of secondary currents due to charged fragment production. Wﬁagments are produced, with a maximum secondary production
show the resulting currents for several coning angles of the payloadﬁSZSO. The results are for two coning angles for two values
The frequency of the modulation is clearly 4 times the payload spingg e focusing parametérand two different secondary production
rate and the modulation is very small, of the order of 1% only. curves[616,63]. The chosen parameters are given in the figures.
The frequency of the modulation is now 2 times the payload spin

. _rate with a considerable modulation.
In order to demonstrate that the direct current due to im-

pacting dust particles cannot reproduce the observations, we

first calculated the variation of the direct currdat (direct of a negatively charged small fragment. A valuebefl in-

with the use of Eq. (A4) (see Appendix) for different dicates that the fragments leaving the upper grid move in a
coning anglesy, and show the results in Fig. 7. The straight line, while a value db>1 is for cases where there
rotation modulation for a coning angle such as that ofis some attraction from the lower grid wires on the charged
ECT-07 is now only of the order of 1%, calculated as fragments from the upper grid. One secondary production
100(Igi(maxX —Ig1(min))) /Ica(maxX. The dominant fre- curve of the form[45, 75, 85] is chosen to illustrate the ef-
quency is 4. This can also be shown analytically by fect for a secondary production which may be representative
calculating the variation in the total effective area for the for the impact of ice, whil¢35, 65, 75] may be more relevant
two grids as a function of payload rotation angpér). for the impact of meteoritic fragments on our grid wires. For
This gives, to the highest order in sin a variation of  all of these cases we ugg(maxX=50. The direct impacts

— sir*y cos(4¢ (1)) /32, with an average value of somewhat have a small influence on the total current. We also give the
less than 1, again showing that the variation will be of the or-variation of the current in % and note that it varies strongly
der of 1% and at a frequency o#4. This is clearly nothing  with the secondary production curve, the focusing eftect
like the observed variations i1 of up to 50% at 2. To and the coning anglg. We see that a modulation of 47% is
reproduce the observations, the contributions to the currenéichieved for a coning angle of 4With the use of a compar-
from one set of the grid wires has to be strongly suppressedtively large focusing effect af=2.5. A larger variation can

so that the other grid wires normal to them dominate the curbe achieved if the secondary production is effective at even
rent. This would lead to axZz dominance for thdg; varia- lower impact angles. These results demonstrate that even a
tion, which is what we observed. This is what happens if wemoderate absorption of the secondary currents from the up-
have a re-absorption of fragments from the upgewires. per grid wires by the lower grid wires will suppress thegd

We now calculate some examples lgfy (see Eg. (A18) in  modulation and make thexg modulation dominant, as ob-
Appendix) as a function of(¢) for different values of the served. In Fig. 9 we have examined how the variation is de-
relevant parameters (see the Appendix) when secondary cupendent on the maximum secondary productignWe find
rents are included. In Fi@ we show the results for two dif- that after an initial strong increase in the variation, as the sec-
ferent coning angleg=42° and 47, for two different values  ondary production starts to become dominant, there is only a
of b=1.5 and 25 and for two different secondary production small increase ajs>50.

curves[f1, 02, 63]. The factorb is a measure of the effec- It is possible to produce large modulations of the observed
tive cross section (Eg. A16) of a grid wire for the capture current if we assume that only negatively charged secondary
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be included. However, the model as we have presented it
should contain the major effects of a secondary production,
and as such, serve as a test as to whether the observed vari-
ations ofIg1 can be explained by secondary production or
not. In Fig. 10 we show an example where we have taken
the first three peaks of the currents to G1, starting at about
8245 km and ending at 82km altitude, and roughly fitted
the model results. The choice of production curve is driven
by our need to reproduce the observations. Although the re-
sults do not vary dramatically for moderate changes in the
production curve, we find that we always require a shiftin the
production curve towards smaller impact angles compared
to the findings of Tomsic (2003). It appears that a moder-

.
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50 sh ] ate focusing of the fragments=£1) is also required. How-
. ‘ ‘ . ‘ | ever, this depends on the value of the coning of the payload.
0 50 100 150 0 50 100 150 We have chosen two models, the first having the production

Relative maximum secondary production ”s(ez)

curve shape withi35, 55, 75] for [61, 62, 63] and coning an-
Fig. 9 The d q fth t modulafi h ) gle y=42°. In the other example, we have ugéd, 55, 75]
9. 5. The dependence ot the current moculation on the Maximumy i, 4 i, cregsed the coning angle by 16lative to the quoted
secondary production, for a different choice of coning angle, fo- d val Thi d b this i th
cusing on parameter and secondary production curves. The Choseq{)serve value. IS was °”e_ ecause this Incregses €
parameters are given in the figures. width of the modelled peaks, which seems to be required by
the observations. Given the uncertainties in angle measure-
ments by magnetometers on rocket payloads, we do not find

] it unlikely that the real coning could have been larger than the
fragments are produced. This may not be the case, howevejz a5 given for ECT-07. The large modulation we observe

and the currents measured at the lower grid G2 indicate tha easily reproduced for=42°, if we include both negative
positively charged secondary fragments are also produced gfnq positive fragments, but the current peaks become nar-
least in the lower parts of the dust layer. We see from Fig. 4.6,y \without positive fragments it is difficult to produce a
that this grid, which is at a negative potentiale8.2V, mea-  gyfficiently large current modulation. The positive fragments
sures predominantly positive currents in the lower half of the 1, st have a focusing parametee1 because they are re-
layer. Since grid 1 closes the interior to the ambient posi-pe|led by the wires of G1. The value of the various parame-
tive ions, and grid 2 is nearly completely shadowed by theiers are given in the figure caption. In Fig. 11 we have fitted
probe walls due to the large coning, so that direct impactsyogel results to observations in the upper part of the layer,
will be limited, the natural explanation is that some positively petween 8388 and 8%63 km. We have, as for Fig. 10, cal-
charged fragments are als_o _produced when dust parti_c_les hiflated model results for the two coning anglgs;42 and
G1 and fragment (e.g. Gridin et al., 2004). The positively 5 e see that the required variation in this case can now
charged fragments from G1 will be deflected by the G1 wires,pe reproduced even if only negatively charged fragments are
and most will be ejected into the space between G1 and GZyoqyced at impact on G1. The reason for this is that the cur-
where they will hit the probe walls or be attracted t0 G2. ent, due to directly impacting dust particles, is assumed to
The positively charged fragments must be produced in conygye 5 charge numb&y=—1, and now has a larger effect in
siderably smaller numbers than the negative ones, in order tfbwering the level of the positive current. However, the pro-
explain the observed positive currents to G1. Production of gjjeg appear to be too narrow, also in the case whes2°.
smaller number of positively charged fragments will make it \ye therefore tried a secondary production curve of the form
easier to reproduce the comparatively large current modularoq go, 85). The results for such cases, also without the pro-
tions, since they will contribute a negative current to G1 andqction of positive fragments, are fitted to the observations in
thereby lower the average value of the current to this grid. Fig. 12. The width of the current peaks in the model results
Although we realize that our assumed dust model and itmow agrees well with the observed current peaks, but it still
effects at impacts on grid 1 of ECT-07 is quite speculative,appears that a coning angle larger thahidZequired by the
we are confident that we have demonstrated that the observesbservations.
currents from grid 1 cannot have been produced primarily Our conclusions on the charging processes and formation
by direct impacts of charged dust particles. A full model of the currents to grid 1, for the payload ECT-07 with its high
should include factors like a distribution of fragment sizes, coning angle, can be summarized as:
a more realistic secondary production curve and a focusing
factor b which varies with impact conditions. In addition, 1. In the dust layer from around the .20 837 km alti-
a distribution in sizes of directly impacting particles should tude, which consists of the entire dust layer, except for
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Fig. 10. Model calculations fitted to the measured currents mea-Fig. 11. Model calculations fitted to currents measured by grid

sured by grid 1 in the lower part of the dust cloud between heights; iy the upper part of the dust cloud between height8®2nd
82.45 to 82.7km. The model for the conipg=42° uses the fol-

83.63km. As for Fig. 10 we have made models for two coning

631

lowing parameters: maximum secondary production for negativelyang|esl We have for these cases not included any production of pos-

and positively charged fragments arg_=100 andng =25, re-
spectively, with corresponding focusing parametiers=2.0 and
b4+=0.5. The secondary production followW85, 55, 75]. For the
higher coning aty=52° the corresponding values arg_=50,

itively charged fragments; see discussion in text. e#2° the

tion curve[30, 55, 75]. For y=52° we usedys=80, »=1.0 and a

model parameters angg=100, »=1.2 and the secondary produc-

ns+=10,b_=1.4,b=0.8 and secondary producti¢80, 55, 75].

the top, where grid 1 registers a negative current, the
secondary charge production must dominate the current
to grid 1, and the strong modulation of the currentto G1
at 2wy (see Fig. 4) is caused by the payload rotation.

secondary production cury80, 70, 80].

pelled by the wires and have a smaller re-absorption.
For the charged fragments to be affected by the elec-
tric field of grid 1 wires, their sizes should be of the
order of 1 nm or less if their charge numbsgris —1. If

we use the “best fit” results from Figs0 and 11 with
b=1.4, and insert in Eq. (A17), usinffg1=6.2\olt,

2. The dependence of thg secondary production on the im- we find r,=0.7 nm if p,=1000Kkg nT3, and 05nm if
pact angle must be _shlfted to smaller angles for |_mpacts ,=3000 kg nT3. Since we expect that most of the wa-
of PMSE dust _partlcles compareq 0 thosg which are ter ice sublimates during the impact, these radii could
valid for water-ice clusters (T_omS|c, 2003) in order to correspond to the nucleus of meteoritic material, possi-
explain the observed modulations. bly so-called Hunten particles. We will later discuss the
3. In the lower part of the dust layer, we observed a tota[ fragment sizey, coqsisting of one or more Hunten
modulation of the observed current to G1, together ~ Particles plus the water ice around them.
with positive currents on G2. This apparently requires
that both negatively and positively charged fragments
are produced when incoming dust particles impact G14 Primary dust densities and sizes required for model
and therefore fragment. The production of negatively  results to fit observed currents to grid 1
charged fragments must be dominant. In the upper part
of the dust cloud the results can be modelled both withBaseéd on our model results, we can now calculate the re-
and without having to introduce the production of posi- qylred density of primary dust partlcl_es impacting the rocl_<et.
tively charged fragments. Figure 8 shows, for the demonstration cases, the magnitude
of the effective area which is expected for production of a
4. It seems to be required that the motion of the fragmentedhet positive current to grid 1 when secondary production

charged dust particle fragments produced at grid 1 is af-dominates. This figure shows (see Egs. A6 and Al6) that
fected by the electric field of that same grid. This causesthe relative current (secondary/ N, Vg e can be regarded
the re-absorption of negatively charged fragments to beas an effective area for secondary charge production. The
larger than if they were large enough to move in straightresults are for on& - and oneY-wire of one square (there
lines, while positively charged fragments will be re- is only oneX side and on&” side contributing from each
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x10™ (1999), based on 3-color lidar observations of NLC. They
quote number densities at various occasions when the NLC
was observable by lidar (as it was during the launch ECT-
07), ranging fromN;=2.3x10’ m~3 to 1.1x10° m~3, with
1 an average density @iV;)=(8.245.2) x 10’ m~2 and radius
(ra)~50nm. If we assume that the dust particles fragment
1 during impact into sub-particles of radiug, then the maxi-
mum number of negatively charged fragmentsrjﬁ/rfﬁf,
] where f is the fraction of fragments carrying away a neg-
ative charge, or the probability that one fragment will be
charged. If the icy fragments each contain one meteoritic
Hunten particle (Hunten et al., 1980), we must also require
that the number density of the Hunten particles locked in the
dust particles is not much larger than a reasonable value for
the maximum densitWyy which has been estimated for
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ the Hunten particles. Since it is possible that Hunten par-
O ik potpaions " ticles may have been swept up from a volume which is con-
siderably larger than the volume of the dust cloud, we re-

Fig. 12. Models for the same height interval as in Fig. 11, butin this quire thatv, (rd/rf)?’SSNHU- For the “sweeping up” factor
case the secondary production curve has been cho$2@ @9, 851 if we use values frone=1 to 10, and a maximum density
for both coning _angles to |r!vest|gate the' consequence of a mor HU~1010 m~—3, we obtain that the fragment sizes must be
extreme production. There is no production of positively chargedin the range from 5 to 10 nm when using the average values
fragments. The other parameters are)fesd2°, chosen ags=60 . . .

for N; andr, (von Cossart et al., 1999). This again requires
andb=1.4 and fory=52°, n¢=60 andb=1. . L 3

a fractional ionizationf >ns(r/r4)*~.05 to 0.8 when we

usengs from 50 to 100. This means that for the lowest frag-

ment charging probability, 1 out of 20 fragments must be
square) when impacts are weighted with the production anatharged, while at the highest probability, practically all frag-
re-absorption of secondary particles. This means that the imments must be charged. Although we could obtAin0.01
pacting particles produce positive charge flux on these wiredy choosing larger values favyy or ¢, this still shows that
equal to the influx of dust particles multiplied with the ef- our model requires at least 1 order (and possibly up to be-
fective area and the unit charge. For these demonstratiotween 3 to 4 orders) of magnitude more efficient secondary
cases the effective area is of the order of 4M?. For charge production than for the impact of pure ice particles of
the models, which are adapted to the observed currents tsimilar sizes for the fragments.
G1 in the lower parts of the dust layers, the maximum ef- However, there are obvious differences between the im-
fective area during a cycle idr(42°)=2.3x10"4m?, and  pact of our postulated dust particles and that of non-
Ar(52°)=1.4x10"*m? for the coning angleyy=42° and  fragmenting pure water-ice clusters. The fragmentation pro-
52°, respectively. This also demonstrates that secondargess itself may lead to some charging of the fragments and
production totally dominates the net current in our models.the impact surface (e.g. Avila et al., 2005). Also, it is likely
If no secondary particles were produced, as for the casethat if the nuclei of sub-particles are meteoritic of the ori-
shown in Fig. 7, the net effective area would be of the or-gin, they will not sublimate during the impact, even though
der of 8<10-8m?2. We can now find the primary dust den- most or all of the condensed water ice on them may do
sities which are required by our models to produce the ob-so. The surviving number of fragments, or the nuclei of the
served current to G1 at the low end and at the high end ofub-particles, should therefore be significantly higher for the
the dust layer. The observed maximum current to G1 in themodel sub-particles than for water ice clusters of the same
lower part of the dust layer ifs1=1.8x10"° A, as shown in  size and impact in similar numbers. For our postulated sur-
Fig. 10. Since there are 206 squares in grid 1 and the influwiving fragments, consisting of meteoritic material, which
of primary dust particles per frand per second ¥, Vg, we may contain metals and silicates as well as other elements,
can findN; by solving 2064r N;Vge=1.8x10"2. We ob-  there are, to our knowledge, no relevant impact ionization
tain for the first case withy=42° that N;=2.6x108 m=3, experiments with similar small particles and low velocities.
and N;=4.3x108 m~3 for the second case witlr=52°. We have, therefore, no experimental support for the required
The model calculations to reproduce the currents to G1 irhigh fractional charging values other than the observations
the upper parts of the dust layer, with a maximum currentby the DUSTY probe on ECT-02 and ECT-07.
of Ig1~6.5x10719A, require dust densities varying from
N;=6x10"m3 to L3x10°m—3. These dust number den-
sities agree well with values found by von Cossart et al.

Current to greid 1, in A
S
T

3} == Observed current 4

2F = ————— Model current: y=42° -

S Model current: y=52°
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5 Discussion dNpc/dt~ (drrZ(dre/dt)) /(Zr?). From Egs. (7) and (8)
we find that to achieve this, the density; of Hunten parti-
We are at present unable to ascertain if the model for the img¢les must be of the order of
pacting dust particles, which resulted from our analysis, has 1 nymyvy
any similarities to real mesospheric dust particles, or if other, Na ~ @ — 3 9)
possibly more realistic, dust models can also lead to the large pdr fUH
secondary production which we find that our observations reysing  p;=1000kgm®,  ny=5ppmv~1.5x10*4m=3,
quired. However, we would like to propose the following =400 nys, vy =30nmys (for ry~1 nm) andr ;=8 nm, we
scenario to create a larger dust particle, consisting mainly obptain Ny ~1.4x10%/8 m=3. For a high density of small
water ice, within which there are a considerable number OfHunten partides, Coexisting with |arger dust partic|es, the
small Hunten particles of radiug; <1 nm embedded. Our  fraction of them that are uncharged during normal PMSE
impact model, inspired by the requirements of the observaconditions can easily be above50 This indicates that the
tions by ECT-02 and ECT-07, apparently implies that thedust model which seems to be indicated by the observations
large dust particles fragment during impact and that the fragmay be produceable in the mesosphere when the density of
ments contain one or more Hunten particles. It is assumegyunten particles is of the order of a few times!4t~—3 and
that the ice, which is also the main part of the fragments,the amount of water vapour present leads to a growth rate of
sublimates for most of the impacts, but that the Hunten parthe dust particle of a few nanometer per hour. If the growth
ticles survive and that a fraction of them carry away chargerate is higher than this the density; must also be larger,
from the impact surfaces. In this model for the icy dust par-in order to give the same proportion of Hunten particles in
ticles, which collect Hunten particles at a certain rate as thethe dust particle. If the original small Hunten particles are
grow, the growth of the dust particle is almost exclusively also covered by a condensed ice-layer, this will lower the
due to the condensation of water vapour. The scenario whickyccretion rate and therefore also require a higher density
may produce the dust particles we proposed for ECT-07 isvy;, in order to yield the same embedded density. Recent
that ice particles start to form high up in the PMSE layer by calculations on the ablation and condensation of meteoric
water vapour condensing on sufficiently large Hunten parti-material confirm that densities @¥5; comparable to our
cles. As these particles, on which water has condensed, falequirements may well be present (Megner et al., 2006).
downwards, they continue to grow by condensation of waterConsidering the capture of the smallest Hunten particles
vapour, but at the same time they also collide with unchargedyith a radius of just a fraction of a nanometer, they find that
small Hunten particles (which may be too small for effec- densities of Ny (0.2 nm~10m=3 may be present. If
tive condensation of waterRapp and Thomas, 2006) that such small particles can carry away charge during impact,
attach to them, so that they become more or less evenly dishis may put less severe constraints on our model. They will
tributed throughout their volumes and on their surfaces, Withmore eas"y be Captured and their density within the dust
an average interdistance o&r s, wherery is, as before, the  particle will be increased, and thus the requirement on the
average fragment size. For Hunten particles of radjuso fractional ionization will be lower.
be accreted at a non-negligible rate onto the larger dust par- while our results do not exclude that mesospheric dust
ticles of radius-4, they must either be neutral or of opposite particles can be positively charged, we feel we have demon-
charge. We neglect the possibility of them being positively strated that secondary production of charges must always be
charged, although this would lead to more effective captureconsidered when dust particles impact rocket payloads or
and therefore, the rate at which the neutral Hunten particlegrobes with a construction so that dust particles hit them
will collide with, and presumably stick to, a larger particle is at high impact angles. In some cases, when the dust par-
ticles are comparatively large, this may dominate the mea-
dNyc ) = sured currgnts on such payloads. This clearly happened on
o, = TrafNuve ST (7)  the front grid G1 of ECT-07 and the neglect of this effect led
to the initial wrong conclusion (Havnes et al., 1996) that the
We have assumed that a fractipof the Hunten particles are  total currents to G1 were carried by impacting dust particles
neutral. The larger dust particles increase their radius mainlyyith a considerable positive charge. We cannot be absolutely
by the condensation of water vapour of mass, number densitgertain which charge sign the primary dust particles had, but
and thermal velocity; v, my andvy, respectively, atthe rate  their charge numbers must have been low and most probably
negative. We are also confident that the apparent increase
in electron density within the dust layer, as measured by the
(8)  CONE instrument (Fig2), originally taken as a sign of a
photoelectron production process occurring there, charging
At the same time the accretion of neutral Hunten par-the dust positive and thereby releasing electrons, was a result
ticles must proceed at a rate which keeps the embedef a positive charging of the payload itself. Dust particles im-
ded density of them at a value ofr?3 m~3, so that pacting the payload, with its high coning, will also fragment.

drd _ nymyvy
dt — dpg
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The negative charges carried away by the surviving parts oghould lead to information on the relative dust sizes through-
the fragments would lead to an increase in the payload poeut the layer. For the flight ECT-02 the parameters of Eq. (4),
tential. With a fragment size of1 nm, their kinetic energy  shown in Fig. 2, give a qualitative description of the relative
will be ~10 eV, but if we allow for a distribution of fragment sizes in the layer. With the exception of the measurements
sizes, we may have energies several times this value. Thibelow ~83.5km and above-88 km, where the denomina-
would lift the CONE potential, which is a6 V with respect  tor in Rg is close to zero and where the dust layers end, a
to the payload. An increase in this potential with respect tolarger negative value of the ratio indicates larger dust parti-
the ambient plasma will lead to an increased electron flux tocles, while positive values around 0.3 indicate small parti-
the probe, which is what we observe. cles. We see that the largest particles are below the strong
bite-out and also in its upper part and above it. The dust par-
ticle size decreases towards the top and bottom of the dust
6 Conclusion layer.
Although the DUSTY probe design provides enough in-
We feel we have shown that secondary production of chargéormation to separate the secondary and direct current, future
during impact of mesospheric dust particles on rocket probe®USTY probes will be designed with more care to separate
and rocket payloads is an effect which can lead to misin-the two currents with better accuracy.
terpretation of the ambient plasma and dust conditions, if
not properly evaluated and taken into account. Our mod- .
elling, including secondary charge production, is capable of"PPENdix A

explaining measurements by the dust probe DUSTY (Havneﬁ(\/e examine the revolving grid wires, as shown in Fid,

et al., 1996), where positive currents are detected by one 0L \d relate them to a fixed coordinate s St ), where
its grids, which cannot be explained by the direct impact of ystamy’ 2),

dust particles with no secondary production. A major po-Z is along the payload axis and pointing towards the front of

tential difficulty with our results is that we require, for our the payload. The rotating systeg, ¥, Z) of the payload

: . ._also has the Z-axis along the rocket axis while the X- and Y-
mesospheric dust particles, a secondary charge production ; .

e s . . axes are directed along the wires of the upper and lower layer
efficiency which is much larger than what is found in labo-

. - . . . of the grid wires of G1, respectively. This system rotates at
ratory experiments for similarly sized pure water ice parti- , . . .
. the spin rate of the rocket. The incoming dust has a velocity
cles. On the other hand, the requirement by the model on,.~ ~ " . .
. . direction in theyz-plane with an angle to the Z- and z-axes
reabsorption of secondary charges by the grid itself appar- . :
o . . equal to the payload coning angle, which for ECT-07 was
ently indicates that the mesospheric dust particles, although . L
. : . ~Yy~42°. The impact anglé;, for the dust on the X-axis grid
most likely composed almost entirely by water ice, must still ;
) . ! ; . is found from
be very different from the pure ice particles in experiments.
Our modelling has used a water ice particle interspersed witl€0s6;, = C0S& cosy — sin& siny cose (t) (A1)
small meteoritic smoke (Hunten) particles, which fragments_ 4 tor the Y-grid
during impact into many smaller subparticles, each contain- ) _ )
ing one or several smoke particles. The reason for a fragmerf20S0iy = COS COSy + SINg siny SN (7). (A2)
tation could be the effect of the embedded Hunten particlesThe anglep (1) is the angle between the rotating and fixed co-
on the structural strength of the icy dust particle structureprdinate systems. The angkes and6;, are now the respec-
and not necessarily that Hunten particles with an ice mantjve impact angles, i.e. the angles between the velocity direc-
tle are accreted and loosely stick to the icy dust particlesjon of the incoming dust particle and the grid wire normal, at
This would be a too slow process to lead to sufficiently rapidthe chosen impact position, given by the ariglestween this
growth. While pure water ice particles below size 6~7nm, normal and the z-axis. For a part of a grid wire, equal to the
which would be close to our inferred subparticle size, will |Jengthly,=6.5 mm of one side in one of the squares which
totally sublimate, and larger particles will partly sublimate, are formed by the crossed wires, of radRig=0.4 mm, the
the smoke particles embedded in the mesospheric dust pagffective area of a strip along it, at positierand with angu-
ticles should survive and may be capable of carrying awayar width d¢, seen from the incoming dust, will be
secondary charge. ' .
We will also stress that our results allow for the possibil- dAeft(j) = lw Rw COS0;j d& ,  j =x,y (A3)
ity that we can find information on the relative dust sizes The current contributed by the directly impacting dust on one
throughout the dust layer by measuring the secondary currentpper wire of a square, plus that from one side of the square
and comparing it with the direct current from the incoming from the lower wire will be
dust. If the secondary charge production due to the impac . _
of mesospheric dust increases with dust size, as it does foerl(d'reCD = o | dAeir(x)
water-ice particles in experiments, the relation between the
secondary and direct current and its variation with height, +10/(1 — A) dAeff(y)- (A4)

Ann. Geophys., 25, 623-637, 2007 www.ann-geophys.net/25/623/2007/



O. Havnes and L. I. Naesheim: Secondary charging effects on rocket probe observations 635

We integrate around the wires, but exclude values where =2 Incoming dust Lower grid
cosd, or cos, are negative, since this corresponds to parts particle Yy wires

of the wire which are in the shadow with respect to the in-
coming dust particles. There is also a small fracioof the
lower wire which is shadowed by the upper wire. This will
vary from a value ofA=2Ry /Iy cosy for ¢ (1)=0 orx, to
2Ry /lw for ¢ (t)=m/2 or 3r/2. We will assume that the

Y

variation is sinusoidal. The current due to incoming charged Y
dust onto a unit area moving with the rocket velodify with
its normal parallel to the rocket velocity direction is
Io = NgZge Vg. (A5)
. X Upper grid
HereN, andZ, are the dust density and dust charge number, wires
respectively, whiles is the unit charge and@/x=900 nys is
the rocket velocity. Fig. Al. The coordinate system used to describe the coordinate

We now consider the current due to the fragmentation ofsystem of the rotating grid 1 wires and the geometry of impacts.
impacting dust, where the relative secondary production is &or details see text.
function of impact angles(6;). We have

I(secondary= Ny VRe/ nsOix) d Aefr(x) and the normal to an impact point at angles
n= singsing()x
NaVie [ (L= 2)ns(6) dAen(), (A6) _sing cosp (1) §
if a possible re-absorption of some of the fragments is ne- + COosé Z. (A8)

lected. We also note that the ratigsecondary/N;V, o . :
9 @ Y/NaVie The direction of the velocity of the fragments, if we assume

can be regarded as an effective area of BrgusY wire in that thev | tat tto th id wi tthe i ;
one square of the grid for production of secondary charges. at they 'eave at a tangent fo Ine grid wire at the impac

For ECT-07 with its large coning, it is clear that many of the point, is given by
fragments prc_)duced by impacts on the uppatvires, where Vour = B X (Bin X ). (A9)
they leave with a velocity approximately in the plane tan-

gential to the impact point, will hit the lower wires and be The fragments come from a strip of length and width
re-absorbed. They will therefore not contribute to the cur- ry, d& on an upper grid wire. A unit vector along this strip
rent given by Eq. (A6). It is this absorption which we find s given by

leads to the observed current to G1 being dominated by a

2wg frequency with a large amplitude, and not byadire- L = cos¢ X + sing y (A10)
guency of low amplitude, as follows from Eq. (A4) when . ) .

only directly impacting charged dust contribute to the mea-21d the angler between this strip and the velocity of the
sured current (see Fig. 7). There is also a small correctioniragment s found from
since those fragments which leave along planes with a nor-

mal close to the rocket axis (Z-axis) may hit the neighbouringcosy = — .
parallel grid and lead to self-absorption of secondary frag- [vout

ments. This has, however, little effect on the net current,The plane in which the fragments move (tangential at the im-
mainly since impacts at these_ conditions, for th_e coning Ofpact point) will cut the lower grid wire in an ellipse given by
ECT-07, normally have small impact angles which produce

few secondary charged particles. The full length of an impact
strip (see Eq. A3) on &-wire at one side of a squarelis. 2+ ?sir’ s = R2,. (A12)
The length of this strip from which secondary particles will ’

hit the lowerY -wires is, for a given rotation anglg(s) and Here thel, coordinates are in the tangential plane in the di-
coning angley, dependent on the orientation of the tangen- rection of theX-wires, while thel, coordinates are normal
tial plane at the strip positiof and the angler the velocity ~ to this. For an angle the points on each side of the ellipse,
of the outgoing fragments makes with the strip. If we first Where fragments hit with a grazing incidence, are found by
assume that all dust particles, incoming and fragments, move/!y/dlx=tana. These two points are found to be, in the co-
in straight lines, the angle can readily be found as follows: ordinate system of Eq. (A12),

the direction of incoming dust is

L - voyt

(A11)

Rw cota

A A N Iy ==+ Al3
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to the rocket velocity 900 is, along the tangent at impact if
Rw sina the impact angle is-50°
Ly = £— - . (A14)
sing(sir? & 4+ cof a)1/2 v -1
ol ) ( Ps ) r73(m) > 06, (A7)
The grazing points map back along the tangents to the strig, 10 Volt / \ 1000 kg nr3 5 -
on the upper wire to give a length

showing that the sizes of the fragments should be around

L = 2|ly|tanc + 2|lx| a nanometer or smaller if focusing is to be of importance.

2Ry ¢ . 1/2 Changing the fragment velocity to 800 or 60@3rproduces
- sing (szé + cof 0‘) ) (A15) a change in the requirement on the fragment sizesd%.

. . . The radius in Eq. (A17) may not be equal to that of a sub-

Cﬂf"“ged fragm.(;nts C.l?nl;mg frobm tE|sdIen%th of the ,Sbt”p particle, but more like that of its nucleus (Hunten particle), if
W Iz Wwe consider W'Gle rﬁ-ah sorbe Ian ;Ot c?ptg tl)“'tethe water-ice condensate on it sublimates during the impact.
to the net current to ' the strip length we find by o focusing effect will increase the length of the absorption

Eq. (AL5) lis Iolngre]r t_han the_ sql;arehside Ien%&h:G.S mm, ¢ strip L given in Eq. (A15) by the factar of Eq. (A16), since
Wwe putL=ly. In the integration for the secondary current o its effect is to increase the effective radius of the grid wire.

Eqg. (A6) we now multiply the integrand of the first integral We still have the condition that L >ly, we putbL=ly.
by the factor(1-L/lw), so that the parts of the upper grid, tq oy yression for calculating the current from dfavire

which deliver secondary fragments that are re-absorbed b3émd oneY-wire in one of the squares of the crossed grid wires
the lower grid wires, do not contribute to the current to G1. now becomes

Before computing the relative currents for different cases,
we also argue that if the fragments have low enough massegg; = I (direct
the negatively charged fragments from the upper grids can
be affected by the lower grid potential, so that there will be +NaVre [/ <
some focusing of particles. In this discussion we have ne-
glected the possible effect of the air flow around the probe on + / (11— A)ns6iy) dAeff()’):| .
the fragments. Such a flow will deflect small incoming dust ’
particles in front of the probe, but the problem may be much (A18)
less severe for the hypothetical small fragments since the

lightly inside th . We al t th
are produced slightly inside the probe. We also expec aponent of the incoming dust particle velocid, along the

the influence of air flow will be small for a fragment mov- " tatthe i t point. Th £0.75V is f
ing from the dust impact point on the upper grid wire to the tangent at the Impact point. Tne Useuwg:=u. RIS foran

closest lower grid wire, a distance g§f6—10 mm only. For |trk’:1pa'cth:[';1rr1]glegl~%0°. ngr hig;lgrt;mpact inlgles, JE90,
a full description of small dust and fragment orbits one will e right-hand side of Eq. (A16) becomed. 1.
have to consider the influence of the airflow outside and 'n'Acknovaedg ts. We would like to thank J. Gumbel for critical

side the prqbe (Hanyi et a!., 1999). This problem should b_e and very useful comments on an early version of this paper, and the
addressed in future work if our hypothesis of fragmentation oferees for valuable comments which helped improve it.

and small particle production is correct. With a focusing of  Topical Editor U.-P. Hoppe thanks two referees for their help in
fragments, the value df from Eq. (A15) will be increased. evaluating this paper.

As a rough measure of the focusing effect we use the stan-
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