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Abstract. The dust probe DUSTY, first launched during the
summer of 1994 (flights ECT–02 and ECT–07) from Andøya
Rocket Range, northern Norway, was the first probe to unam-
biguously detect heavy charged mesospheric aerosols, from
hereon referred to as dust. In ECT–02 the probe detected
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 only
be explained by influence from secondary charge production
on Grid 2. In ECT–07, which had a large coning, positive
currents reaching the top grid of the probe were interpreted
as due to the impact of positively charged dust particles. We
have now reanalyzed the data from ECT–07 and arrived at the
conclusion that the measured positive currents to this grid
must have been mainly due to secondary charging effects
from the impacting dust particles. The grid consists of a set
of parallel wires crossed with an identical set of wires on top
of it, and we find that if the observed currents were created
from the direct impact of charged dust particles, then they
should be very weakly modulated at four times the rocket
spin rateωR. Observations show, however, that the observed
currents are strongly modulated at 2ωR. We cannot repro-
duce the observed large modulations of the impact currents in
the dust layer if the currents are due only to the transfer of the
charges on the impacted dust particles. Based on the results
of recent ice cluster impact secondary charging experiments
by Tomsic (2003), which found that a small fraction of the
ice clusters, when impacting with nearly grazing incidence,
carried away one negative charge−1e, we have arrived at
the conclusion that similar, but significantly more effective,
charging effects must be predominantly responsible for the
positive currents measured by the top grid in ECT–07 and
their large rotational modulation at 2ωR.

Correspondence to: O. Havnes
(ove.havnes@phys.uit.no)

Since the secondary effect is dependent on the size of the
impacting dust, this opens up for the possibility of mapping
the relative dust sizes throughout a dust layer by comparing
the observed direct and secondary currents.

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

1 Introduction

Probes on rocket payloads have been essential in obtaining
information about the conditions in much of the mesosphere.
This region, between∼50 km and 100 km, cannot be reached
by planes, balloons, or satellites, and in-situ measurements
can only be done by rocket payloads. In addition to obtain-
ing in-situ measurements, their high spatial resolution, which
can be a few times 10 cm, is also of vital importance in under-
standing the various processes which occur in these regions.

During the last few decades, it has become increasingly
clear that dust particles, most likely consisting mainly of wa-
ter ice, play a decisive role for some mesospheric phenom-
ena, such as the noctilucent clouds (NLC) and its associated
radar phenomenon Polar Mesospheric Echoes (PMSE) (e.g.
Gadsden and Schröder, 1989; Cho and R̈ottger, 1997; Rapp
and L̈ubken, 2004). The electron bite-outs, which are promi-
nent large-scale reductions of electron density, were early
suspected to be due to absorption of electrons by small dust
particles (Pedersen et al., 1969; Ulwick et al., 1988). Direct
observations of charged dust by a new type of dust probe
(DUSTY) revealed that during PMSE conditions, where no
visual dust was observed, large amounts of sub-visual dust
were still present (Havnes et al., 1996). Later, rocket probe
and lidar observations confirmed that charged dust is proba-
bly always present during PMSE conditions. They can appar-
ently be both negatively and positively electrically charged
(Havnes et al., 1996; Mitchell et al., 2001; Smiley et al.,
2006). The dust radius is found to be from∼70–80 nm and
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624 O. Havnes and L. I. Næsheim: Secondary charging effects on rocket probe observations

Fig. 1. The principle of the DUSTY probe, with its grid 1 to close
the interior for ambient plasma, grid 2 to detect the effect of sec-
ondary charge production, and the bottom plate which will mainly
detect directly impacting charged dust particles.

downwards (von Cossart et al., 1999). Theoretical work,
based on the fact that 50–100 tons of meteoritic material
burns out each day as meteors and enters the Earth’s atmo-
sphere with large velocities, predicts that ablation and re-
condensation of meteoritic material into “smoke particles”
may produce a more or less persistent background of small
and numerous dust particles (Hunten et al., 1980).

The presence of dust particles allows for the possibility
that impacts of such particles on rocket payloads and its
probes can lead to secondary charging effects which can
dominate the observed signal and lead to misinterpretation
of the real physical conditions.

It appears likely that several rocket measurements have
been severely influenced by secondary effects due to impacts
(Zadorozhny et al., 1993; Vostrikov et al., 1997; Gumbel and
Witt, 1998). Because the relative velocity between the rocket
and the atmospheric dust normally is modest, of the order
of 1 km/s or less, a direct electron secondary emission is not
important. This requires impact velocities generally of the
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 par-
ticles strike a surface at a comparatively large incident an-
gle, with the normal to the surface, and that a fraction of
the particles leaving the surface carries away ions or elec-
trons from the surface (e.g. Gridin et al., 2004; Andersson
and Pettersson, 1997). Tomsic (2003) investigated the im-
pact of cluster beams consisting of ice particles of radii up
to 14 nm on various surfaces. When the ice particles im-
pacted with low impact angles (i.e. nearly perpendicular to
the surface), they tended to sublimate completely. At high
impact angles,θi&45◦, the particles larger than 6–7 nm sub-
limate only partially and large fragments may survive and
leave the surface. Tomsic found that a small fraction of these
surviving fragments can be charged during the impact. Par-
ticles smaller than 6–7 nm tend to evaporate completely. On
fresh surfaces that have not been exposed to particle impacts,
typically one in 103 of the surviving fragments is negatively

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
as observed by Havnes et al. (1996) in the two rocket flights
ECT–02 and ECT–07.

In the following, we will re-examine the measurements of
dust impacts made in these two flights. We will first con-
sider ECT–02. In this flight the payload had little coning and
the DUSTY probe worked as intended, detecting the pres-
ence of negatively charged subvisual dust and also showing
that electron bite-outs were coinciding with particularly high
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
presence of both negative and positive dust particles at such
heights can explain the observations. We will thereafter con-
sider ECT–07, which had such a large coning (≥42◦) that the
DUSTY probe did not function as intended, since the inte-
rior of the probe was hidden for the incoming dust particles
by the probe walls. The positive current measured on grid
G1 (Grid 1 in Fig. 1), whose normal function is to close the
dust probe to the ambient ion-electron plasma, was originally
interpreted as due to the impact of positively charged dust
particles (Havnes et al., 1996). This conclusion was appar-
ently supported by electron probe measurements on the same
payload showing an increase in the electron current as the
payload passed the layer which gave the positive current to
G1. We now reinterpret these measurements with a detailed
modelling of the impact on the grid surfaces and the motion
of their ejected fragments, all as a function of the payload
rotation angle, where we compare the observed strongly ro-
tationally modulated positive current to G1 with models with
and without secondary charge production.

2 A new look at the ECT–02 measurements

The schematics of the dust probe are shown in Fig. 1. The
probe is constructed to work at low coning angles so that dust
particles will impact the bottom plate. The top grid G1 is at
+6.2 V and will close the probe to outside thermal ions or
electrons by deflecting the positive ions and absorbing the
electrons. The lower grid G2 is at−6.2 V and was originally
meant to detect possible secondary charges if produced by
the dust impact on the bottom plate. If secondary production
did happen, the measurements from G2 could be used as de-
scribed by Havnes et al. (1996) for a correction, and thereby
give the true current caused by the charged dust impact on
the bottom plate. This current will then directly give the am-
bient dust charge density when the rocket velocity and probe
dimensions are known. However, secondary production by
the dust impact on the bottom plate at low impact anglesθi
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Fig. 2. Four currents measured by the rocket flight ECT–02 on up-
leg. From top panel and down: Current to grid 1, grid 2 and the
bottom plate in the DUSTY probe in front of the payload. The elec-
tron current measured by the CONE instrument, at the rear of the
payload.

to the normal of the bottom plate should not produce sec-
ondary charges at the low impact velocities of the order of
1 km/s or less. We find that the currents measured by G2
must be a combination of the direct impacts from incoming
dust, and of secondary production due to the incoming dust
striking the cylindrical grid wires of G2 at highθi .

In Fig. 2 we show the observed currentsIG1, IG2 andIBP
to grids G1, G2, and to the bottom plate andICONE to the
CONE electron probe (Blix et al., 1990). In Fig. 3 we show
the ratioRS=IG2/IBP.

We will examine the observations in Figs. 2 and 3 on
the basis of two different models for the dust population.
Model 1 assumes that the currents are formed from direct
impacts of dust particles which can be both positively and
negatively charged, and that secondary effects are negligible.
Model 2, on the other hand, assumes that the incoming dust
particles are negatively charged but that secondary charges
can influence the observed currents, which can lead to posi-
tive currents on the grids.

According to model 1, the ratioIG2/IBP is formed by di-
rect impacts and is

RS =
IG2

IBP
=

−σI− + αI+

−(1 − σ)I− + (1 − α)I+

. (1)

The currentsI− andI+ are the absolute value of the currents
due to negative and positive dust in the region in front of
G2, i.e. which has passed through G1. The fraction of the
probe opening covered by the grid isσ=0.23. We have in-
troduced another parameter 0.23≤α≤1 for the positive cur-
rent to allow for the possibility that the positively charged
dust particles are small enough, and have low enough kinetic
energy, so that they can be attracted efficiently to the neg-
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Fig. 3. The figure shows the ratio between the current to grid 2
and the bottom plate. The limit 0.3 is from Eq. (4) when secondary
production is negligible while−1 is when it is dominant.

ative grid 2. If their energy is high, thenα=σ=0.23, and
the ratioRS= σ

1−σ
=0.3. This does not fit well with the re-

sults of Fig. 3, except at the low and high points in the layer.
We have assumed that the majority of the negatively charged
dust is energetic enough to hardly be affected by the probe
potentials. For the values ofRS down to∼−1.2, which are
also observed, the only way this can be produced by model 1
is for α>0.23, so that a larger fraction of the positive dust
particles is attracted to and hits G2, while a corresponding
smaller fraction reaches the bottom plate. To stay within the
limits R∼0.3 to R∼−1, as observed, requires thatI+≤I−.
It is certainly possible, but not very likely, thatI+ should be
restricted only to values fromI− and smaller, and also that
all such values are evidently found somewhere in the PMSE
layer.

In the upper part of the bite-out we see that grid 2 mea-
sures its maximum positive current whileIBP is negative, as
it is in the whole dust layer. The CONE electron probe cur-
rent in the bite-out is below the detection limit, showing that
the electron density is very low (Blix, 1999). For the model
to explain the ratioRS∼−0.8, it is required thatI+ is com-
parable toI−, and that the positive dust is attracted to G2,
so thatα>σ . In view of the near absence of free electrons,
charge neutrality requires that

Nd−Zd− + Nd+Zd+ + ni+ − ni− ≈ 0 (2)

when we include positive and negative dust of densityNd−

andNd+, respectively, with charge numbersZd− andZd+.
The positive and negative ion density isni+ andni−. If we
neglect recombination with electrons since they have a very
low density, the positive ion densityni+ will now be given
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by

q = α−ni+ni− + πr2
dvi+Nd−ni+

(

1 −
eU−

kTi

)

. (3)

We use a pair production ofq=6×107 m−3 s−1 and
a recombination rate for positive to negative ions of
α−=6×10−14 m3 s−1 (Brasseur and Solomon, 1986). The
ion thermal velocityvi+∼250 m/s and the focusing effect of
the negative dust on the positive ions is(1−(eU−/kTi))∼10,
meaning that the effective cross section of the dust for the
capture of positive ions is∼10 times its geometric cross
section. Under normal conditions with a dust radius of
rnm=10 nm andNd−∼109 m−3, with ni−∼109 m−3, the cap-
ture of ions by dust will dominate. Considering the dust term
only, we obtainni+∼1010 m−3, while if we use recombina-
tion with negative ions only, we obtainni+&2×1011 m−3,
if ni−<109 m−3. This indicates that the positive ion den-
sity by model 1 must be high, also when compared to the
electron densityne0 that we would have had if dust was
not present. We would obtainne0∼(q/α)1/2∼4×109 m−3

if for the positive ion–electron recombination rate we used
α=4×10−12 m3 s−1 (Brasseur and Solomon, 1986). If
we useni+∼1010 m−3≫ni−, we have from Eq. (2) that
Nd−|Zd−|∼Nd+Zd++ni+ which requires, for any reason-
able choice ofNd−|Zd−| that Nd−|Zd−|≫Nd+Zd+. Such
densities cannot produce values like the observedRS≈−0.8
in the higher part of the bite-out, but would lead toR≈0.3.
This means that it will strongly violate the requirement for
plasma neutrality, if we attempt to describe the simultane-
ous positive current to G2 and negative current to the bottom
plate by co-existing positive and negative dust particles of
roughly the same charge density when, at the same time, the
free electron density is very low.

Model 2, with production of secondary charges for the dust
particles hitting G2 with a reasonably high impact angle, will
directly explain the two situations we have discussed, as well
as Fig. 3, where model 1 seems not to be the answer.

For model 2 the ratio is

RS =
IG2

IBP
=

−σI− + IS

−(1 − σ)I− − IS

. (4)

HereIS is the absolute value of the secondary current pro-
duced by negative dust impact on G2. We do not include any
positive dust. If the ratioIS/I− is zero (no secondary pro-
duction), then we obtain the resultRS=0.3. Since secondary
production decreases with decreasing dust size, this situation
will be found if the dust particles are small. Such situations
are found at the upper and lower edges of the dust layer and
also within the bite-out. If the dust particles are large, and
if the secondary current can be much higher than the direct
current, so thatIS/I−≫1, we obtainRS→−1. This shows
that the observed ratioRS of Fig. 3 is within values which are
close to the theoretical limits of model 2 (Eq. 4), which in-
clude secondary charge production, and that this is naturally

explained as a variation of dust size within the dust layer. The
relative dust sizes in the layer, as indicated by our results are
physically plausible, with the smallest dust high up in the
layer (where we believe they start to form), low (where they
are gradually sublimating as they fall, due to an increased
temperature) and also within the lower part of the electron
bite-out (where approximately all electrons are locked on to
grains, a situation which is most easily achieved if there are
many small dust particles).

The situation where we measure a positiveIG2, negative
IBP and a very smallne is also directly explained by model 2
without violating the requirement of charge neutrality. In the
bite-out, most of the electrons are captured by dust, and a
majority of the dust particles are therefore most likely small.
If the dust particles are large, then they must have an unreal-
istically high density to be able to absorb a sufficiently large
fraction of the electrons. In the lower half of the bite-out our
model predicts that few large dust particles are present, but
in the upper part we need a non-negligible density of larger
particles to also produce secondary effects on grid 2. We
now compute, as described in the Appendix, the production
of secondary charging by an effective grid area, which when
multiplied by the influx of primary dust particles gives the
number of negative fragments produced per second. For all
206 squares of grid 2, the total effective area is well repre-
sented by

Atot = 5 × 10−4 ηS(max) m2. (5)

In Eq. (5) we used for the secondary production curve the
angles[35, 60, 85] (Fig. 6), and a payload coning angle of
γ=20◦. The valueηS(max) on the production curve (which
gives the number of fragments of an incoming dust particle
which carry away an electron after impact) depends on the
size of the incoming dust particles, and we will assume that
the large dust particles dominate the production of secondary
charging. Since the ratio betweenAtot and the total area of
grid 2 isAtot/σπR2

pr=0.28ηS , and we now require that the
secondary production by the large dust be larger than the di-
rect current by the small and large dust combined, we must
have

IS

σI−

∼
0.28ηS(max)NdL

NdL|ZL| + NdS |ZS |
> 1. (6)

Here the number density of large and small dust particles
are NdL and NdS , respectively, while their charge num-
bers areZL and ZS . Using ηS(max)∼100 we find that
Eq. (6) requires thatNdL>0.04NdS if we also use|ZL|=3
and |ZS |≈1. If the maximum small dust number density is
NdS≃4×109 m−3 (Havnes et al., 1996), then the correspond-
ing large dust density isNdL>1.6×108 m−3. This shows that
both the lack of electrons and the positive current measured
on G2 can be explained directly if the small dust number den-
sity is high, but that there is also a&10% density of large dust
particles. Model 2 can therefore explain the observations,

Ann. Geophys., 25, 623–637, 2007 www.ann-geophys.net/25/623/2007/
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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 factorηS has a maximum value
in the range 50–100.

3 Analysis of the currents to the front grid of DUSTY2
(ECT–07)

On the flight ECT–07, the high coning led to most of G2 and
the bottom plate being screened by the probe walls, so only
G1 received the direct impact of dust particles. The original
assumption, used when the measurements of ECT–07 were
first analyzed (Havnes et al., 1996), was that the currentIG1
was due to the direct impact of positively charged dust par-
ticles transferring their net charge to G1. Since the potential
of G1 is+6.2 V, the thermal positive ions, with an average
kinetic energy of∼0.01 eV, could not contribute to the posi-
tive current. At the comparatively low heights of this PMSE,

the electrons contribute a modest negative current, as can be
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
impacting positively charged dust particles. If we assume a
density of the dust material ofρd=1000 kg m−3, all dust par-
ticles of radiusrd>0.8 nm would, at the rocket velocity of
VR∼900 m/s, overcome the G1 potential if the dust particles
had a charge of+1e. If the charge was, for example,+100e

the size would have to berd>4 nm in order to impact G1.
However, one factor which was not given enough attention
in the early analysis was the strong modulation of the G1
signal by the rotation of the payload (Fig. 4). A frequency
analysis (FFT) of the observations, shown in Fig. 5, demon-
strates that the frequency power spectrum is different below
the dust layer compared to what it is inside the dust layer.
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Below the dust layer the power at a frequency equal to the
rotation frequencyωR of the rocket is of the same magnitude
as the power at 2ωR. The power at 3ωR is also consider-
able while the 4ωR contribution is negligible. Inside the dust
layer, where large modulations correlated with the payload
rotation are present, the power spectrum is dominated by the
2ωR rotation. The 4ωR is weak, but present, while theωR

and 3ωR frequencies are absent. If the current to G1 is in-
terpreted solely as due to the charges of the impacting parti-
cles, we will show that the current modulation on the crossed
wires of G1 must be four times the rocket spin. The magni-
tude of the modulation will also be very small, and far from
what is observed. We find that the large current modulation
can probably only be a result of secondary currents due to
primary dust particle fragmentation, coupled with the effects
of the geometry of the rotating and crossed grids when the
coning is large. The front grid G1 of the dust probe consists
(as does G2) of crossed grid wires of diameter 0.8 mm with a
distance from wire centre to wire centre of 6.5 mm. The pure
geometrical coverage of the grids, at zero coning, compared
to the total cross section of the probe, isσ=0.23. The grid
wires in one parallel direction are all placed over another set
of grid wires at 90◦ to the first set of wires, so that there is
an under and an over set of wires (see Fig. A1). This geom-
etry is vital in our model, as it leads to a large fraction of the
negatively charged fragments from the upper wires to be re-
absorbed by the lower wires when the coning is high. In this
way the secondary effects on the upper wires are suppressed,
and the 2ωR frequency becomes dominant, as observed.

In our calculations of the currents measured by G1 we will
use a model which is similar to that indicated by the obser-
vations of Tomsic (2003), in order to account for secondary
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Fig. 6. The impact angle dependence for charged fragment produc-
tion. The production of secondary fragments starts at impact angle
θ1, peaks in the interval betweenθ2 andθ3 and goes to zero at 90◦

impact angle.

charge production due to dust fragmentation. The relative
secondary charge productionηS is assumed to vary with the
impact angle, as shown in Fig. 6. The values ofηS are given
relative to one incoming dust particle, so, for example, for a
valueηS=10, the number of fragments carrying away a unit
charge is 10. The secondary production starts at an impact
angleθ1, and increases with higher impact angles to a maxi-
mum betweenθ2 andθ3, and falls off to zero at impact angle
90◦.

For the ice particles used by Tomsic (2003),θ1 is around
45◦ while θ2 andθ3 are in the range 70–80◦. The reason for
this production curve is probably that the ice particles will
totally sublimate at low impact angles, so that no fragments
survive to carry away the secondary charge. Additionally, the
ice particles apparently have to be larger than about 6 to 7 nm
or they will sublimate fully also at larger impact angles. If
mesospheric dust particles fragment, and each fragment con-
tains one or more small particles of meteoritic origin, we find
it likely that even if the water ice partly sublimates, the me-
teoric particles do not. We will therefore in our modelling
allow for smaller values ofθ1 than Tomsic (2003), and we
will also assume that all small dust particles, or fragments
of them, will produce surviving small meteoritic nuclei, or
Hunten particles. This may also lead to a much larger pro-
duction of secondary charges than for pure ice particles.

In the Appendix we develop a detailed model for the for-
mation of the currentIG1 to G1. We integrate the impacts
on the grid over all permissible impact angles, together with
their secondary production. We also include the possibility
that fragments from the top set of the parallel wires in G1 can
be re-absorbed by the grid’s lower set of parallel wires.
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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 currentIG1(direct)
with the use of Eq. (A4) (see Appendix) for different
coning anglesγ , and show the results in Fig. 7. The
rotation modulation for a coning angle such as that of
ECT–07 is now only of the order of 1%, calculated as
100(IG1(max)−IG1(min))) /IG1(max). The dominant fre-
quency is 4ωR. This can also be shown analytically by
calculating the variation in the total effective area for the
two grids as a function of payload rotation angleφ(t).
This gives, to the highest order in sinγ , a variation of
− sin4 γ cos(4φ(t)) /32, with an average value of somewhat
less than 1, again showing that the variation will be of the or-
der of 1% and at a frequency of 4ωR. This is clearly nothing
like the observed variations inIG1 of up to 50% at 2ωR. To
reproduce the observations, the contributions to the current
from one set of the grid wires has to be strongly suppressed
so that the other grid wires normal to them dominate the cur-
rent. This would lead to a 2ωR dominance for theIG1 varia-
tion, which is what we observed. This is what happens if we
have a re-absorption of fragments from the upperX-wires.
We now calculate some examples ofIG1 (see Eq. (A18) in
Appendix) as a function ofφ(t) for different values of the
relevant parameters (see the Appendix) when secondary cur-
rents are included. In Fig.8 we show the results for two dif-
ferent coning anglesγ=42◦ and 47◦, for two different values
of b=1.5 and 2.5 and for two different secondary production
curves[θ1, θ2, θ3]. The factorb is a measure of the effec-
tive cross section (Eq. A16) of a grid wire for the capture
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Fig. 8. Some examples where the secondary production and re-
absorption of fragments are included. Only negatively charged
fragments are produced, with a maximum secondary production
ηS=50. The results are for two coning anglesγ , for two values
of the focusing parameterb and two different secondary production
curves[θ1θ2θ3]. 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.

of a negatively charged small fragment. A value ofb=1 in-
dicates that the fragments leaving the upper grid move in a
straight line, while a value ofb>1 is for cases where there
is some attraction from the lower grid wires on the charged
fragments from the upper grid. One secondary production
curve of the form[45, 75, 85] is chosen to illustrate the ef-
fect for a secondary production which may be representative
for the impact of ice, while[35, 65, 75] may be more relevant
for the impact of meteoritic fragments on our grid wires. For
all of these cases we useηS(max)=50. The direct impacts
have a small influence on the total current. We also give the
variation of the current in % and note that it varies strongly
with the secondary production curve, the focusing effectb,
and the coning angleγ . We see that a modulation of 47% is
achieved for a coning angle of 47◦ with the use of a compar-
atively large focusing effect ofb=2.5. A larger variation can
be achieved if the secondary production is effective at even
lower impact angles. These results demonstrate that even a
moderate absorption of the secondary currents from the up-
per grid wires by the lower grid wires will suppress the 4ωR

modulation and make the 2ωR modulation dominant, as ob-
served. In Fig. 9 we have examined how the variation is de-
pendent on the maximum secondary productionηS . We find
that after an initial strong increase in the variation, as the sec-
ondary production starts to become dominant, there is only a
small increase atηS>50.

It is possible to produce large modulations of the observed
current if we assume that only negatively charged secondary
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Fig. 9. The dependence of the current modulation on the maximum
secondary production, for a different choice of coning angle, fo-
cusing on parameter and secondary production curves. The chosen
parameters are given in the figures.

fragments are produced. This may not be the case, however,
and the currents measured at the lower grid G2 indicate that
positively charged secondary fragments are also produced at
least in the lower parts of the dust layer. We see from Fig. 4
that this grid, which is at a negative potential of−6.2 V, mea-
sures predominantly positive currents in the lower half of the
layer. Since grid 1 closes the interior to the ambient posi-
tive ions, and grid 2 is nearly completely shadowed by the
probe walls due to the large coning, so that direct impacts
will be limited, the natural explanation is that some positively
charged fragments are also produced when dust particles hit
G1 and fragment (e.g. Gridin et al., 2004). The positively
charged fragments from G1 will be deflected by the G1 wires,
and most will be ejected into the space between G1 and G2,
where they will hit the probe walls or be attracted to G2.
The positively charged fragments must be produced in con-
siderably smaller numbers than the negative ones, in order to
explain the observed positive currents to G1. Production of a
smaller number of positively charged fragments will make it
easier to reproduce the comparatively large current modula-
tions, since they will contribute a negative current to G1 and
thereby lower the average value of the current to this grid.

Although we realize that our assumed dust model and its
effects at impacts on grid 1 of ECT–07 is quite speculative,
we are confident that we have demonstrated that the observed
currents from grid 1 cannot have been produced primarily
by direct impacts of charged dust particles. A full model
should include factors like a distribution of fragment sizes,
a more realistic secondary production curve and a focusing
factor b which varies with impact conditions. In addition,
a distribution in sizes of directly impacting particles should

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
82.45 km and ending at 82.7 km 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 shift in the
production curve towards smaller impact angles compared
to the findings of Tomsic (2003). It appears that a moder-
ate focusing of the fragments (b>1) is also required. How-
ever, this depends on the value of the coning of the payload.
We have chosen two models, the first having the production
curve shape with[35, 55, 75] for [θ1, θ2, θ3] and coning an-
gle γ=42◦. In the other example, we have used[30, 55, 75]
and increased the coning angle by 10◦ relative to the quoted
observed value. This was done because this increases the
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
42◦, as given for ECT–07. The large modulation we observe
is easily reproduced forγ=42◦, if we include both negative
and positive fragments, but the current peaks become nar-
row. Without positive fragments it is difficult to produce a
sufficiently large current modulation. The positive fragments
must have a focusing parameterb<1 because they are re-
pelled by the wires of G1. The value of the various parame-
ters are given in the figure caption. In Fig. 11 we have fitted
model results to observations in the upper part of the layer,
between 83.38 and 83.63 km. We have, as for Fig. 10, cal-
culated model results for the two coning angles,γ=42 and
52◦. We see that the required variation in this case can now
be reproduced even if only negatively charged fragments are
produced at impact on G1. The reason for this is that the cur-
rent, due to directly impacting dust particles, is assumed to
have a charge numberZd=−1, and now has a larger effect in
lowering the level of the positive current. However, the pro-
files appear to be too narrow, also in the case whenγ=52◦.
We therefore tried a secondary production curve of the form
[20, 80, 85]. The results for such cases, also without the pro-
duction of positive fragments, are fitted to the observations in
Fig. 12. The width of the current peaks in the model results
now agrees well with the observed current peaks, but it still
appears that a coning angle larger than 42◦ is required by the
observations.

Our conclusions on the charging processes and formation
of the currents to grid 1, for the payload ECT–07 with its high
coning angle, can be summarized as:

1. In the dust layer from around the 82.2 to 83.7 km alti-
tude, which consists of the entire dust layer, except for
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Fig. 10. Model calculations fitted to the measured currents mea-
sured by grid 1 in the lower part of the dust cloud between heights
82.45 to 82.7 km. The model for the coningγ=42◦ uses the fol-
lowing parameters: maximum secondary production for negatively
and positively charged fragments areηS−=100 andηS+=25, re-
spectively, with corresponding focusing parametersb−=2.0 and
b+=0.5. The secondary production follows[35, 55, 75]. For the
higher coning atγ=52◦ the corresponding values areηS−=50,
ηS+=10,b−=1.4, b+=0.8 and secondary production[30, 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 current to G1
at 2ωR (see Fig. 4 ) is caused by the payload rotation.

2. The dependence of the secondary production on the im-
pact angle must be shifted to smaller angles for impacts
of PMSE dust particles compared to those which are
valid for water-ice clusters (Tomsic, 2003) in order to
explain the observed modulations.

3. In the lower part of the dust layer, we observed a
modulation of the observed current to G1, together
with positive currents on G2. This apparently requires
that both negatively and positively charged fragments
are produced when incoming dust particles impact G1
and therefore fragment. The production of negatively
charged fragments must be dominant. In the upper part
of the dust cloud the results can be modelled both with
and without having to introduce the production of posi-
tively charged fragments.

4. It seems to be required that the motion of the fragmented
charged dust particle fragments produced at grid 1 is af-
fected by the electric field of that same grid. This causes
the re-absorption of negatively charged fragments to be
larger than if they were large enough to move in straight
lines, while positively charged fragments will be re-
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Fig. 11. Model calculations fitted to currents measured by grid
1 in the upper part of the dust cloud between heights 83.38 and
83.63 km. As for Fig. 10 we have made models for two coning
angles. We have for these cases not included any production of pos-
itively charged fragments; see discussion in text. Forγ=42◦ the
model parameters areηS=100, b=1.2 and the secondary produc-
tion curve[30, 55, 75]. For γ=52◦ we usedηS=80, b=1.0 and a
secondary production curve[30, 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 numberZs is −1. If
we use the “best fit” results from Figs.10 and 11 with
b=1.4, and insert in Eq. (A17), usingVG1=6.2 Volt,
we find rs=0.7 nm if ρs=1000 kg m−3, and 0.5 nm if
ρs=3000 kg m−3. Since we expect that most of the wa-
ter ice sublimates during the impact, these radii could
correspond to the nucleus of meteoritic material, possi-
bly so-called Hunten particles. We will later discuss the
total fragment sizerf , consisting of one or more Hunten
particles plus the water ice around them.

4 Primary dust densities and sizes required for model
results to fit observed currents to grid 1

Based on our model results, we can now calculate the re-
quired density of primary dust particles impacting the rocket.
Figure 8 shows, for the demonstration cases, the magnitude
of the effective area which is expected for production of a
net positive current to grid 1 when secondary production
dominates. This figure shows (see Eqs. A6 and A16) that
the relative currentI (secondary)/Nd VR e can be regarded
as an effective area for secondary charge production. The
results are for oneX- and oneY -wire of one square (there
is only oneX side and oneY side contributing from each
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Fig. 12.Models for the same height interval as in Fig. 11, but in this
case the secondary production curve has been chosen as[20, 80, 85]
for both coning angles to investigate the consequence of a more
extreme production. There is no production of positively charged
fragments. The other parameters are forγ=42◦, chosen asηS=60
andb=1.4 and forγ=52◦, ηS=60 andb=1.

square) when impacts are weighted with the production and
re-absorption of secondary particles. This means that the im-
pacting particles produce positive charge flux on these wires
equal to the influx of dust particles multiplied with the ef-
fective area and the unit charge. For these demonstration
cases the effective area is of the order of 10−4 m2. For
the models, which are adapted to the observed currents to
G1 in the lower parts of the dust layers, the maximum ef-
fective area during a cycle isAr(42◦)=2.3×10−4 m2, and
Ar(52◦)=1.4×10−4 m2 for the coning anglesγ=42◦ and
52◦, respectively. This also demonstrates that secondary
production totally dominates the net current in our models.
If no secondary particles were produced, as for the cases
shown in Fig. 7, the net effective area would be of the or-
der of 8×10−6 m2. We can now find the primary dust den-
sities which are required by our models to produce the ob-
served current to G1 at the low end and at the high end of
the dust layer. The observed maximum current to G1 in the
lower part of the dust layer isIG1=1.8×10−9 A, as shown in
Fig. 10. Since there are 206 squares in grid 1 and the influx
of primary dust particles per m2 and per second isNdVR, we
can findNd by solving 206Ar NdVRe=1.8×10−9. We ob-
tain for the first case withγ=42◦ that Nd=2.6×108 m−3,
and Nd=4.3×108 m−3 for the second case withγ=52◦.
The model calculations to reproduce the currents to G1 in
the upper parts of the dust layer, with a maximum current
of IG1≈6.5×10−10 A, require dust densities varying from
Nd=6×107 m−3 to 1.3×108 m−3. These dust number den-
sities agree well with values found by von Cossart et al.

(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 fromNd=2.3×107 m−3 to 1.1×109 m−3, with
an average density of〈Nd〉=(8.2±5.2)×107 m−3 and radius
〈rd〉∼50 nm. If we assume that the dust particles fragment
during impact into sub-particles of radiusrf , then the maxi-
mum number of negatively charged fragments is(rd/rf )3f ,
wheref 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 densityNHU which has been estimated for
the Hunten particles. Since it is possible that Hunten par-
ticles may have been swept up from a volume which is con-
siderably larger than the volume of the dust cloud, we re-
quire thatNd(rd/rf )3≤εNHU . For the “sweeping up” factor
if we use values fromε=1 to 10, and a maximum density
NHU∼1010 m−3, we obtain that the fragment sizes must be
in the range from 5 to 10 nm when using the average values
for Nd andrd (von Cossart et al., 1999). This again requires
a fractional ionizationf ≥ηS(rf /rd)3≈.05 to 0.8 when we
useηS from 50 to 100. This means that for the lowest frag-
ment charging probability, 1 out of 20 fragments must be
charged, while at the highest probability, practically all frag-
ments must be charged. Although we could obtainf ∼0.01
by choosing larger values forNHU or ε, this still shows that
our model requires at least 1 order (and possibly up to be-
tween 3 to 4 orders) of magnitude more efficient secondary
charge production than for the impact of pure ice particles of
similar sizes for the fragments.

However, there are obvious differences between the im-
pact of our postulated dust particles and that of non-
fragmenting pure water-ice clusters. The fragmentation pro-
cess itself may lead to some charging of the fragments and
the impact surface (e.g. Avila et al., 2005). Also, it is likely
that if the nuclei of sub-particles are meteoritic of the ori-
gin, they will not sublimate during the impact, even though
most or all of the condensed water ice on them may do
so. The surviving number of fragments, or the nuclei of the
sub-particles, should therefore be significantly higher for the
model sub-particles than for water ice clusters of the same
size and impact in similar numbers. For our postulated sur-
viving fragments, consisting of meteoritic material, which
may contain metals and silicates as well as other elements,
there are, to our knowledge, no relevant impact ionization
experiments with similar small particles and low velocities.
We have, therefore, no experimental support for the required
high fractional charging values other than the observations
by the DUSTY probe on ECT–02 and ECT–07.
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5 Discussion

We are at present unable to ascertain if the model for the im-
pacting dust particles, which resulted from our analysis, has
any similarities to real mesospheric dust particles, or if other,
possibly more realistic, dust models can also lead to the large
secondary production which we find that our observations re-
quired. However, we would like to propose the following
scenario to create a larger dust particle, consisting mainly of
water ice, within which there are a considerable number of
small Hunten particles of radiusrH .1 nm embedded. Our
impact model, inspired by the requirements of the observa-
tions by ECT–02 and ECT–07, apparently implies that the
large dust particles fragment during impact and that the frag-
ments contain one or more Hunten particles. It is assumed
that the ice, which is also the main part of the fragments,
sublimates for most of the impacts, but that the Hunten par-
ticles survive and that a fraction of them carry away charge
from the impact surfaces. In this model for the icy dust par-
ticles, which collect Hunten particles at a certain rate as they
grow, the growth of the dust particle is almost exclusively
due to the condensation of water vapour. The scenario which
may produce the dust particles we proposed for ECT–07 is
that ice particles start to form high up in the PMSE layer by
water vapour condensing on sufficiently large Hunten parti-
cles. As these particles, on which water has condensed, fall
downwards, they continue to grow by condensation of water
vapour, but at the same time they also collide with uncharged
small Hunten particles (which may be too small for effec-
tive condensation of water) (Rapp and Thomas, 2006) that
attach to them, so that they become more or less evenly dis-
tributed throughout their volumes and on their surfaces, with
an average interdistance of∼2rf , whererf is, as before, the
average fragment size. For Hunten particles of radiusrH to
be accreted at a non-negligible rate onto the larger dust par-
ticles of radiusrd , they must either be neutral or of opposite
charge. We neglect the possibility of them being positively
charged, although this would lead to more effective capture,
and therefore, the rate at which the neutral Hunten particles
will collide with, and presumably stick to, a larger particle is

dNHC

dt
= πr2

dβNH vH s−1. (7)

We have assumed that a fractionβ of the Hunten particles are
neutral. The larger dust particles increase their radius mainly
by the condensation of water vapour of mass, number density
and thermal velocity,nV , mV andvV , respectively, at the rate

drd

dt
=

nV mV vV

4ρd

. (8)

At the same time the accretion of neutral Hunten par-
ticles must proceed at a rate which keeps the embed-
ded density of them at a value of 2r−3

f m−3, so that

dNHC/dt∼
(

4πr2
d (drd/dt)

)

/(2r3
f ). From Eqs. (7) and (8)

we find that to achieve this, the densityNH of Hunten parti-
cles must be of the order of

NH ∼
1

8β

nV mV vV

ρdr3
f vH

. (9)

Using ρd=1000 kg/m3, nV =5 ppmv∼1.5×1014 m−3,
vV =400 m/s,vH =30 m/s (for rH ∼1 nm) andrf =8 nm, we
obtainNH ∼1.4×1010/β m−3. For a high density of small
Hunten particles, coexisting with larger dust particles, the
fraction of them that are uncharged during normal PMSE
conditions can easily be above 0.5. This indicates that the
dust model which seems to be indicated by the observations
may be produceable in the mesosphere when the density of
Hunten particles is of the order of a few times 1010 m−3 and
the amount of water vapour present leads to a growth rate of
the dust particle of a few nanometer per hour. If the growth
rate is higher than this the density,NH must also be larger,
in order to give the same proportion of Hunten particles in
the dust particle. If the original small Hunten particles are
also covered by a condensed ice-layer, this will lower the
accretion rate and therefore also require a higher density
NH , in order to yield the same embedded density. Recent
calculations on the ablation and condensation of meteoric
material confirm that densities ofNHU comparable to our
requirements may well be present (Megner et al., 2006).
Considering the capture of the smallest Hunten particles
with a radius of just a fraction of a nanometer, they find that
densities ofNHU (0.2 nm)∼1011 m−3 may be present. If
such small particles can carry away charge during impact,
this may put less severe constraints on our model. They will
more easily be captured and their density within the dust
particle will be increased, and thus the requirement on the
fractional ionization will be lower.

While our results do not exclude that mesospheric dust
particles can be positively charged, we feel we have demon-
strated that secondary production of charges must always be
considered when dust particles impact rocket payloads or
probes with a construction so that dust particles hit them
at high impact angles. In some cases, when the dust par-
ticles are comparatively large, this may dominate the mea-
sured currents on such payloads. This clearly happened on
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
total currents to G1 were carried by impacting dust particles
with a considerable positive charge. We cannot be absolutely
certain which charge sign the primary dust particles had, but
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
CONE instrument (Fig.2), originally taken as a sign of a
photoelectron production process occurring there, charging
the dust positive and thereby releasing electrons, was a result
of a positive charging of the payload itself. Dust particles im-
pacting the payload, with its high coning, will also fragment.
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The negative charges carried away by the surviving parts of
the fragments would lead to an increase in the payload po-
tential. With a fragment size of∼1 nm, their kinetic energy
will be ∼10 eV, but if we allow for a distribution of fragment
sizes, we may have energies several times this value. This
would lift the CONE potential, which is at+6 V with respect
to the payload. An increase in this potential with respect to
the ambient plasma will lead to an increased electron flux to
the probe, which is what we observe.

6 Conclusion

We feel we have shown that secondary production of charge
during impact of mesospheric dust particles on rocket probes
and rocket payloads is an effect which can lead to misin-
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
explaining measurements by the dust probe DUSTY (Havnes
et al., 1996), where positive currents are detected by one of
its grids, which cannot be explained by the direct impact of
dust particles with no secondary production. A major po-
tential difficulty with our results is that we require, for our
mesospheric dust particles, a secondary charge production
efficiency which is much larger than what is found in labo-
ratory experiments for similarly sized pure water ice parti-
cles. On the other hand, the requirement by the model on
reabsorption of secondary charges by the grid itself appar-
ently indicates that the mesospheric dust particles, although
most likely composed almost entirely by water ice, must still
be very different from the pure ice particles in experiments.
Our modelling has used a water ice particle interspersed with
small meteoritic smoke (Hunten) particles, which fragments
during impact into many smaller subparticles, each contain-
ing one or several smoke particles. The reason for a fragmen-
tation could be the effect of the embedded Hunten particles
on the structural strength of the icy dust particle structure
and not necessarily that Hunten particles with an ice man-
tle are accreted and loosely stick to the icy dust particles.
This would be a too slow process to lead to sufficiently rapid
growth. While pure water ice particles below size 6–7 nm,
which would be close to our inferred subparticle size, will
totally sublimate, and larger particles will partly sublimate,
the smoke particles embedded in the mesospheric dust par-
ticles should survive and may be capable of carrying away
secondary charge.

We will also stress that our results allow for the possibil-
ity that we can find information on the relative dust sizes
throughout the dust layer by measuring the secondary current
and comparing it with the direct current from the incoming
dust. If the secondary charge production due to the impact
of mesospheric dust increases with dust size, as it does for
water-ice particles in experiments, the relation between the
secondary and direct current and its variation with height,

should lead to information on the relative dust sizes through-
out the layer. For the flight ECT–02 the parameters of Eq. (4),
shown in Fig. 2, give a qualitative description of the relative
sizes in the layer. With the exception of the measurements
below ∼83.5 km and above∼88 km, where the denomina-
tor in RS is close to zero and where the dust layers end, a
larger negative value of the ratio indicates larger dust parti-
cles, while positive values around 0.3 indicate small parti-
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
layer.

Although the DUSTY probe design provides enough in-
formation to separate the secondary and direct current, future
DUSTY probes will be designed with more care to separate
the two currents with better accuracy.

Appendix A

We examine the revolving grid wires, as shown in Fig.A1,
and relate them to a fixed coordinate system(x, y, z), where
z is along the payload axis and pointing towards the front of
the payload. The rotating system(X, Y,Z) of the payload
also has the Z-axis along the rocket axis while the X- and Y-
axes are directed along the wires of the upper and lower layer
of the grid wires of G1, respectively. This system rotates at
the spin rate of the rocket. The incoming dust has a velocity
direction in theyz-plane with an angle to the Z- and z-axes
equal to the payload coning angle, which for ECT–07 was
γ≈42◦. The impact angleθix for the dust on the X-axis grid
is found from

cosθix = cosξ cosγ − sinξ sinγ cosφ(t) (A1)

and for the Y-grid

cosθiy = cosξ cosγ + sinξ sinγ sinφ(t). (A2)

The angleφ(t) is the angle between the rotating and fixed co-
ordinate systems. The anglesθix andθiy are now the respec-
tive impact angles, i.e. the angles between the velocity direc-
tion of the incoming dust particle and the grid wire normal, at
the chosen impact position, given by the angleξ between this
normal and the z-axis. For a part of a grid wire, equal to the
length lW=6.5 mm of one side in one of the squares which
are formed by the crossed wires, of radiusRW=0.4 mm, the
effective area of a strip along it, at positionξ and with angu-
lar widthdξ , seen from the incoming dust, will be

dAeff(j) = lWRW cosθij dξ , j = x, y (A3)

The current contributed by the directly impacting dust on one
upper wire of a square, plus that from one side of the square
from the lower wire will be

IG1(direct) = I0

∫

dAeff(x)

+I0

∫

(1 − 1) dAeff(y). (A4)
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We integrate around the wires, but exclude values where
cosθx or cosθy are negative, since this corresponds to parts
of the wire which are in the shadow with respect to the in-
coming dust particles. There is also a small fraction1 of the
lower wire which is shadowed by the upper wire. This will
vary from a value of1=2RW /lW cosγ for φ(t)=0 or π , to
2RW /lW for φ(t)=π/2 or 3π/2. We will assume that the
variation is sinusoidal. The current due to incoming charged
dust onto a unit area moving with the rocket velocityVR with
its normal parallel to the rocket velocity direction is

I0 = NdZde VR. (A5)

HereNd andZd are the dust density and dust charge number,
respectively, whilee is the unit charge andVR=900 m/s is
the rocket velocity.

We now consider the current due to the fragmentation of
impacting dust, where the relative secondary production is a
function of impact angleηS(θi). We have

I (secondary) = NdVRe

∫

ηS(θix) dAeff(x)

+NdVRe

∫

(1 − 1)ηS(θiy) dAeff(y), (A6)

if a possible re-absorption of some of the fragments is ne-
glected. We also note that the ratioI (secondary)/NdVRe

can be regarded as an effective area of oneX plusY wire in
one square of the grid for production of secondary charges.
For ECT–07 with its large coning, it is clear that many of the
fragments produced by impacts on the upperX-wires, where
they leave with a velocity approximately in the plane tan-
gential to the impact point, will hit the lower wires and be
re-absorbed. They will therefore not contribute to the cur-
rent given by Eq. (A6). It is this absorption which we find
leads to the observed current to G1 being dominated by a
2ωR frequency with a large amplitude, and not by a 4ωR fre-
quency of low amplitude, as follows from Eq. (A4) when
only directly impacting charged dust contribute to the mea-
sured current (see Fig. 7). There is also a small correction,
since those fragments which leave along planes with a nor-
mal close to the rocket axis (Z-axis) may hit the neighbouring
parallel grid and lead to self-absorption of secondary frag-
ments. This has, however, little effect on the net current,
mainly since impacts at these conditions, for the coning of
ECT–07, normally have small impact angles which produce
few secondary charged particles. The full length of an impact
strip (see Eq. A3) on aX-wire at one side of a square islW .
The length of this strip from which secondary particles will
hit the lowerY -wires is, for a given rotation angleφ(t) and
coning angleγ , dependent on the orientation of the tangen-
tial plane at the strip positionξ and the angleα the velocity
of the outgoing fragments makes with the strip. If we first
assume that all dust particles, incoming and fragments, move
in straight lines, the angleα can readily be found as follows:
the direction of incoming dust is

v̂in = − sinγ ŷ − cosγ ẑ (A7)

Fig. A1. The coordinate system used to describe the coordinate
system of the rotating grid 1 wires and the geometry of impacts.
For details see text.

and the normal to an impact point at angleξ is

n̂ = sinξ sinφ(t) x̂

− sinξ cosφ(t) ŷ

+ cosξ ẑ. (A8)

The direction of the velocity of the fragments, if we assume
that they leave at a tangent to the grid wire at the impact
point, is given by

vout = n̂ × (v̂in × n̂). (A9)

The fragments come from a strip of lengthL and width
RW dξ on an upper grid wire. A unit vector along this strip
is given by

L̂ = cosφ x̂ + sinφ ŷ (A10)

and the angleα between this strip and the velocity of the
fragment is found from

cosα = −
L̂ · vout

|vout|
. (A11)

The plane in which the fragments move (tangential at the im-
pact point) will cut the lower grid wire in an ellipse given by

l2x + l2y sin2 ξ = R2
W . (A12)

Here thelx coordinates are in the tangential plane in the di-
rection of theX-wires, while thely coordinates are normal
to this. For an angleα the points on each side of the ellipse,
where fragments hit with a grazing incidence, are found by
dly/dlx= tanα. These two points are found to be, in the co-
ordinate system of Eq. (A12),

lyt = ±
RW cotα

sinξ(sin2 ξ + cot2 α)1/2
(A13)
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lxt = ±
RW sinα

sinξ(sin2 ξ + cot2 α)1/2
. (A14)

The grazing points map back along the tangents to the strip
on the upper wire to give a length

L = 2|lyt | tanα + 2|lxt |

=
2RW

sinξ

(

sin2 ξ + cot2 α
)1/2

. (A15)

Charged fragments coming from this length of the strip
which we consider will be re-absorbed and not contribute
to the net current to G1. If the strip length we find by
Eq. (A15) is longer than the square side lengthlW=6.5 mm,
we putL=lW . In the integration for the secondary current of
Eq. (A6) we now multiply the integrand of the first integral
by the factor(1−L/lW ), so that the parts of the upper grid,
which deliver secondary fragments that are re-absorbed by
the lower grid wires, do not contribute to the current to G1.

Before computing the relative currents for different cases,
we also argue that if the fragments have low enough masses,
the negatively charged fragments from the upper grids can
be affected by the lower grid potential, so that there will be
some focusing of particles. In this discussion we have ne-
glected the possible effect of the air flow around the probe on
the fragments. Such a flow will deflect small incoming dust
particles in front of the probe, but the problem may be much
less severe for the hypothetical small fragments since they
are produced slightly inside the probe. We also expect that
the influence of air flow will be small for a fragment mov-
ing from the dust impact point on the upper grid wire to the
closest lower grid wire, a distance of.6−10 mm only. For
a full description of small dust and fragment orbits one will
have to consider the influence of the airflow outside and in-
side the probe (Horányi et al., 1999). This problem should be
addressed in future work if our hypothesis of fragmentation
and small particle production is correct. With a focusing of
fragments, the value ofL from Eq. (A15) will be increased.
As a rough measure of the focusing effect we use the stan-
dard formula for the effective relative cross section radiusb,
compared to that of a sphere with a surface potentialVG1, for
a collision with a charged fragment particle of chargeZse,
massms=

4π
3 ρsr

3
s and velocityvs (Spitzer, 1978; Whipple,

1981)

b =

(

1 −
2Zse VG1

msv2
s

)1/2

. (A16)

This means that for a significant focusing effect to be present,
we require that the kinetic energy is comparable to, or less
than, the charge of the fragment multiplied with the effective
potential of the grid wires.

We useZs=−1, and for the velocity of the fragments we
use a fixed value ofvs=700 m/s, which corresponds to the
velocity component of the incoming dust of velocity equal

to the rocket velocity 900 m/s, along the tangent at impact if
the impact angle is∼50◦

(

VG1

10 Volt

) (

ρs

1000 kg m−3

)−1

r−3
s (nm) ≥ 0.6, (A17)

showing that the sizes of the fragments should be around
a nanometer or smaller if focusing is to be of importance.
Changing the fragment velocity to 800 or 600 m/s produces
a change in the requirement on the fragment sizes of±10%.
The radiusrs in Eq. (A17) may not be equal to that of a sub-
particle, but more like that of its nucleus (Hunten particle), if
the water-ice condensate on it sublimates during the impact.
The focusing effect will increase the length of the absorption
stripL given in Eq. (A15) by the factorb of Eq. (A16), since
its effect is to increase the effective radius of the grid wire.
We still have the condition that ifbL>lW , we putbL=lW .
The expression for calculating the current from oneX-wire
and oneY -wire in one of the squares of the crossed grid wires
now becomes

IG1 = IG1(direct)

+NdVRe

[∫ (

1 −
bL

lW

)

ηS(θix) dAeff(x)

+

∫

(1 − 1) ηS(θiy) dAeff(y)

]

.

(A18)

The fragment velocityvs is approximately equal to the com-
ponent of the incoming dust particle velocityVR, along the
tangent at the impact point. The use ofvs=0.75VR is for an
impact angleη∼50◦. For higher impact angles, atη≈90◦,
the right-hand side of Eq. (A16) becomes∼1.1.
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