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Abstract. Meteoric smoke particles have been proposed asl Introduction

a key player in the formation and evolution of mesospheric

phenomena. Despite their apparent importance still very lit-There is an increasing interest in meteoric material in the
tle is known about these particles. Important questions conmesosphere. Most meteoroid mass entering the Earth’s atmo-
cern the smoke number density and size distribution as &phere vaporizes during atmospheric entry (Ceplecha et al.,
function of altitude as well as the fraction of charged par- 1998). The total amount of incoming material is still con-
ticles. Sounding rockets are used to measure smoke in situroversial with estimates varying typically between 10 and
but aerodynamics has remained a major challenge. Basically.00 tons per day (Love and Brownlee, 1993; Mathews et
the small smoke particles tend to follow the gas flow aroundal., 2001; von Zahn, 2005). It is well recognized that me-
the payload rather than reaching the detector if aerodynamteoroid ablation is the source of the metal atom layers that
ics is not considered carefully in the detector design. So farare observed by lidars and satellites, and much progress has
only indirect evidence for the existence of meteoric smokebeen made in understanding the chemistry of these metals
has been available from measurements of heavy charge cafPlane, 2003). More conjecture is the subsequent fate of the
riers. Quantitative ways are needed that relate these meanaterial. Chemical conversion, re-condensation and coagu-
sured particle population to the atmospheric particle populaiation of the evaporated species is thought to generate mete-
tion. This requires in particular knowledge about the size-oric smoke particles in the nanometre size range (Rosinski
dependent, altitude-dependent and charge-dependent detesad Snow, 1961; Hunten et al., 1980; Megner et al., 2006).
tion efficiency for a given instrument. In this paper, we in- Although there is today growing experimental evidence for
vestigate the aerodynamics for a typical electrostatic detectothe existence of such particles, little is known about their ac-
design. We first quantify the flow field of the background gas, tual properties and atmospheric distribution.

then introduce particles in the flow field and determine their Despite of these uncertainties, meteoric smoke has been
trajectories around the payload structure. We use two dif‘proposed as a key player in the generation and evolution
ferent models to trace particles in the flow field, a Continu- of mesospheric phenomena. Smoke particles can provide
ous motion model and a Brownian motion model. Brownian condensation nuclei for ice particles involved in noctilucent
motion is shown to be of basic importance for the smallestciouds (NLC) and polar mesosphere summer echoes (PMSE)
particles. Detection efficiencies are determined for three de(Rapp and Thomas, 2006). Smoke particles have been sug-
tector deSignS, including two with ventilation holes to allow gested as a surface for heterogeneous Chemistry in the meso-
airflow through the detector. Results from this investigation sphere, influencing e.g. the water vapour budget (Summers
show that rocket-borne smoke detection with conventionalang sjskind, 1999). Smoke particles are thought to serve as
detectors is largely limited to altitudes above 75km. The ytimate sink for mesospheric metal chemistry (Plane, 2004).
flow through a ventilated detector has to be relatively largepeing part of the ionosphere, smoke particles also participate
in order to significantly improve the detection efficiency. in the charge balance by giving rise to a “dusty plasma” in
the D-region (Rapp andilbken, 2001). In addition to these
interactions in the mesosphere, smoke particles could play
important roles in the formation of polar stratospheric clouds
Correspondence ta]. Hedin (Voigt et al., 2005) and as a tracer of atmospheric circulation
(jonash@misu.su.se) in ice cores (Gabrielli et al., 2004; Lanci and Kent, 2006).
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Given all these potential relationships, it is obvious that detector response, which is far from trivial. Basic instrumen-
there is a large scientific interest in the properties and globatal questions are:
distribution of meteoric smoke. However, the observational
data base is sparse, a fact that is related to the experimen-
tal difficulties in detecting smoke. Based on our current
knowledge, smoke particles are too small for optical detec-
tion and their momentum is not sufficient to generate de-
tectable acoustical or electrical pulses upon impact. For this
reason, the experimental study of mesospheric smoke has — How is the charge measured by particle detectors related
largely been limited to in situ charge-sensitive measurements  to the charge of particles in the atmosphere?
of the charged fraction of these particles. )

The major class of detectors aimed at the detection of " the current paper, we focus on aerodynamic effects that
charged meteoric smoke is based on a detector design origl@vé @ potential influence on all of these questions. For a
nally developed by Havnes et al. (1996) for the study of ice9/Ven instrument design, our aim is to provide a response
particles in the polar summer mesosphere. The detector corfdnction, specifying the fraction of atmospheric particles that
cept uses a Faraday cup for the detection of incoming heavi® gctually detected asa function of particle size and charge,
charge carriers in combination with biased grids that shielg@/titude, and flow conditions. o _
against contamination by electrons and light ions from the 1he basic aerodynamic challenge lies in the size of the
ambient D-region. The first application of such a detectormeteoric smoke particles. The particles are so small that
to the rocket-borne study of meteoric smoke was by Gelinadney tend to follow the gas flow around the payload rather
et al. (1998). Lynch et al. (2005) further developed this de_than reaching the detector. Since we want the partlgles to
tector design to also allow a discrimination between positiveNit the detector surface, careful aerodynamic design is thus
and negative particles. Rapp et al. (2005) combined the clag?f critical importance for smoke experiments. Numerical
sical cup design of Havnes et al. (1996) for the detection ofSimulations qf particle |mp_act are conveniently modelled in
charged particles with a xenon flash lamp for the detection of WO Steps. First, the flow field of the background gas needs
neutral atmospheric particles by photoionization. Altogether,!0 P& quantified (Gumbel, 2001a); second, particles are in-
smoke data from Faraday-type detectors is today availapidroduced in the flow field and.thelr tra;ectorl'es around the
from seven rocket flights. The current paper focuses on Jayload structure are determined. _ Slmulatlpns of rocket-
closer investigation of this detector type. borne measurements of smoke particles and ice condensates

In addition to the Faraday detectors considered here, othdf the mesosphere have first been considered byijoret
techniques have been applied to study meteoric smoked!- (1999). We present results based on their model ideas, de-

Heavy charged constituents have been measured from soungctiPing the interaction between gas and particles by a con-
ing rockets by Schulte and Arnold (1992) using a mass Specynuous drag force._We the_n mtroducg a m_odel that takes into
trometer, by Croskey et al. (2001) using a Gerdien condensef’,‘ccpunt the Brownian motion of particles in the_ gas. The re-
and by Robertson et al. (2004) and Smiley et al. (2006) usingsultmg flow patterns are closer to the real motion of smoke

magnetically shielded probes. Signatures of charged partiparticles, which is especially important for the smallest par-
icles.

cles have recently also been reported from incoherent scat .
The model for the rarefied gas flow and the two models for

ter radar data (Rapp et al., 2007). It is important to note : : :
that none of the above measurements of heavy charge carrihe flow of smoke particles are described in Sect. 2. Based

ers provides a definite proof that the detected species reall§" & typical Faraday detector geometry, Sect. 3 then provides
are smoke particles of meteoric origin. In order to provide results on particle detection efficiencies and discusses the im-

such a proof and more detailed studies of the particles, inpPortance of the aerodynamic design. Section 4 summarizes

struments have been flown to directly sample mesospheri/ith conclusions and an outlook. An appendix is added to
smoke (Gumbel et al., 2005). Results from these investiga€*PI&in the Brownian motion model in more detail.
tions have not been published yet.

Important spieqtific guestions concern the numb_er density,  Model descriptions
and size distribution of smoke particles as a function of al-
titude, but also their composition, charge state and interac2 1 Gas flow
tion with the neutral atmosphere and ionosphere. Sounding
rockets are the only means of studying smoke particles inThe aerodynamic analysis of mesospheric particle measure-
situ in the mesosphere. But these measurements are difficuthents is complicated by the fact that the rocket payload
and a number of challenges inherent to sounding rocket exmoves through different flow regimes. Between 50 and
periments need to be considered, such as aerodynamics ai@0 km, conditions change from continuum flow via the tran-
charging processes. The interpretation of mesospheric pasition regime to free molecular flow. The rarefaction of the
ticle measurements requires a detailed understanding of thgas is conveniently described by the Knudsen nuniaer

— How are measured particle concentrations related to the
undisturbed particle concentrations in the atmosphere?

— How are properties of detected particles related to the
particle properties in the atmosphere?

Atmos. Chem. Phys., 7, 3703#11, 2007 www.atmos-chem-phys.net/7/3701/2007/
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which relates the atmospheric mean free patto a char-
acteristic dimensioil of the rocket payload or instrument:

>12
A
The freestream mean free path is, assuming a hard-sphere 8
description of molecular collisions in the gas, inversely pro-
portional to the molecular number densityBird, 1994): 6
1 4
A= , 2
Toom )

where the collision cross section for aiwisz4.3x 1019 m2.

In the continuum flow regime, wittKn<0.1, conventional
tools of computational fluid dynamics are applicable. In the
free molecular flow regimein>>10, an analysis is possi-
ble by assuming collisionless paths of individual molecules.
However, in the transition regime in-between, molecular col-
lisions are neither negligible nor frequent enough to regard
the gas as a continuum. Direct Simulation Monte Carlo
(DSMC) models have become a common tool for the study
of rarefied gas dynamics (Bird, 1994). We use the DS2V
model by Bird which simulates two-dimensional and axi-
ally symmetric problems from continuum flow conditions to
free molecular flow. The DSMC model is a microscopic ap-
proach, it analyses the behaviour of individual gas molecules.
Typically ~10° representative molecules are simultaneously
traced through the volume of interest. Basic inputs are the
properties of the undisturbed gas flow (e.g. the number den-
sity, temperature and mean flow velocity) and the relevant
properties of the payload (e.g. the geometry, surface temper-
ature and reflection properties). In the model, collisions with
other molecules and with payload surfaces are performed in
accordance with suitable parameterizations and optimized in
terms of numerical efficiency and accuracy.

DSMC is a direct simulation of the microphysical pro-
cesses in a gas flow as compared to conventional computa-
tional fluid dynamics where solutions to macroscopic equa-
tions are sought. Steady state conditions are approached
for large times and macroscopic flow properties like density,
temperature and velocity fields are obtained by appropriate
averaging of the molecular behaviour. Examples of DSMC
applications to the analysis of mesospheric sounding rocket
experiments are Bird (1988), Gumbel (2001a, b), Croskey et
al. (2001), Rapp et al. (2001, 2005) and Hedin et al. (2005).
Figure 1 show the normalised number density field of the
background gas around the three designs of the Faraday Cup
used in this study. The three cup designs are identical excegtig. 1. Density field from the DSMC model of the background gas
that one of these designs is closed and the other two are verjround three detector designs at 75 km altitude normalized to the

tilated to improve the aerodynamic properties of the detectorundisturbed freestream density. The detector designtaqren-
ventilated,(b) ventilated with 10% transmission, afe) ventilated
2.2 Continuous motion model with 50% transmission. The flow is from the left with a speed of
' 1000 m/s.

»12

10

>12
10

To simulate particle impacts on detector surfaces, two models
have been developed to introduce meteoric smoke particles in

www.atmos-chem-phys.net/7/3701/2007/ Atmos. Chem. Phys., 7, 37012007
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Simulations of rocket-borne measurements of smoke par-
ticles and ice condensates in the mesosphere have first been

»12 = considered by Ha@nyi et al. (1999) and the Continuous
— motion model is based on their work. In the mesosphere
10 = and lower thermosphere region, particles of radii exceeding
3 — ~10 nm experience sufficiently many collisions that the mo-
— mentum transfer from the gas may be regarded as continu-
5§ = ous. This makes it possible to write the equation of motion
— for particles as (Hdnyi et al, 1999; Probstein, 1968)
4 =
= 4 dv C -~ ~
2 = ?pl,rg’d—tp =r§n7DNgmg Vg—vp|(Vg—vp) 3)
0= wherep,, r, andv, are the density, radius and velocity of
the smoke particle respectively. We assume a particle density
of 3 g/cn? which is typical for chondritic material (Ceplecha
etal., 1998)Cp is the drag coefficient and can be calculated
assuming that the incident gas molecules leave the surface
>12 = of the particle diffusively with a Maxwellian velocity dis-
10 = tribution set by the particles surface temperature (Probstein,
— 1968). N, andV, are the number density of the gas sur-
g8 = rounding the particle and the mean flow velocity of the gas
— molecules, respectively, given by the DSMC model, and
6 = is the mean mass of an air molecule (29 amu). Mass loss
— due to heating and subsequent sublimation in the shocked
4 = . i . X
— gas flow is not considered. As opposed to ice particles, these
= effects are negligible for meteoric smoke (Hoyi et al.,
= 1999).
0= In the model, all particles start at an appropriate distance
ahead of the detector or payload structure with a velocity rel-
evant to the flight conditions of interest. The particles are
then traced until they either hit the payload or leave the sim-
ulated area. Figure 2 shows results from the Continuous mo-
=12 tion model of trajectories for positively charged particles of

1.0, 1.1, and 1.2 nm radius at an altitude of 85 km approach-
ing the detector in Fig. la.

2.3 Brownian motion model

The Brownian motion model is a Monte Carlo model based
on the statistical motion of the dust particles due to collisions
with thermal air molecules in the air flow. In rarefied gas con-
ditions these collisions can be regarded as binary just involv-
ing one particle and one molecule at a time. We treat the col-
lision partners as hard spheres, i.e. there is no interchange of
internal energy. Again, mass loss due to evaporation can be
neglected for meteoric smoke. The basic model task is then
Fig. 2. Continuum motion model ofa) 1.0,(b) 1.1, and(c) 1.2nm  to describe a particle’s random path through the gas by per-
radius positively charged particles approaching the unventilated deforming representative collisions with the molecules. This
tector at an altitude of 85 km. The flow is from the left. involves several random steps: First a colliding molecule is

chosen with a velocity, in accordance with the local flow

conditions. Second, the collision is performed resulting in a
the gas flow and to determine their trajectories around paynew particle velocitw’p. Third, a representative time period
load structures: the Continuous motion model and the Brow-t¢q) is chosen until the next collision. These three steps are
nian motion model. described in the following.

Atmos. Chem. Phys., 7, 3703#11, 2007 www.atmos-chem-phys.net/7/3701/2007/
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2.3.1 Choice ob,

The velocity distribution of molecules colliding with a par-
ticle depends on the relative velocil_yre| between particle
and mean gas flow as well as the local temperafurd-or

an appropriate range &f¢ and ', velocity distributions are
pre-calculated from simple gas kinetics and stored in look-
up tables. These look-up tables are then used during the
simulations to choose a colliding molecular velocity. First
a collision angled with respect to the direction OF (e iS
randomly picked from a 2-dimensional look-up tableiig
andT. Then a collision speed, is randomly picked from

a 3-dimensional look-up table ife;, 7 andd. The third
component of,, the azimuth angle around the direction of
V1el, is chosen isotropically between 0 and.2Finally, af-

ter having been determined with respect to the direction of
Vrel, v, is rotated into the payload coordinate system by an
appropriate coordinate transformation.

(T TS

2.3.2 Choice oi);,

The velocity of the particle is then changed by the collision
with this randomly chosen air molecule. Using the momen-
tum and energy equations for the collision, the post-collision
velocity of the particle can be derived (see Appendix Al) as

m
/ 8 /
v, =0V, — ———0 (4)
P m ¢ » rel

LN

wherev,, is the velocity of the centre of mass of the two colli-
sion partnersy, andm , are the masses of the molecule and
particle, respectively, angl, is the relative velocity between
the molecule and patrticle after the collision. Bothandu,e

can be calculated from the pre-collision velocitigsanduv, .

The magnitude of the relative velocity is unchanged by the
collision, i-e-v{e|=vre|- The direction of the relative veloc-
ity is distributed isotropically for spherical collision partners
and, hence, the relative velocity after the collision is

Vel = Vrel€ = Vrel ()

with an isotropically chosen directiagn(see Appendix Al).

2.3.3 Choice ofg

The mean time between two collisions is determined by 0
the local air number density and mean collision spegd

(see Appendix A2). In accordance with thig),, a random

time period between two subsequent collisions can be chosen

as Fig. 3. Brownian motion model ofa) 1.5, (b) 2.0 and(c) 2.5nm
_ radius positively charged particles approaching the unventilated de-
Teoll = — IN (r3) X Teoll (6)  tector at an altitude of 85 km.

wherers is a random number,<63<1. The remainingco

until the next collision is determined at each new particle po-

sition. The model time steprz is generally set to be shorter at a certain point the particle will move collisionless for one
than the mean collision time in the unperturbed atmosphereor several time stepa: until t¢q is reached and the next
After a collision, or a series of collisions, has been performedcollision is performed. Collisions are performed and the

www.atmos-chem-phys.net/7/3701/2007/ Atmos. Chem. Phys., 7, 37012007
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Table 1. Air number densities, temperatures and rocket velocity for
the simulated altitudes. 11
Alt.  Number density Temp. Velocity —~ 08t ! nm\
(km) (m3) (K) (m/s) < 2 nm
e 3 nm
95 2.6x1019 192 1000 > 06t
90 6.1x 1019 203 1000 = > nm
85 1.2¢<10%° 211 1000 =
80 281020 225 1000 o 04y
75 6.0 1020 228 1000 &
70 1.1x10%1 231 1000 02
0 A
0 10 20 30 40 50
particles are traced until they either hit the payload structure Radial distance from detector center, R [mm]

or leave the simulated area. As an example, Fig. 3 show par- _ N _ N
ticle trajectories for 1.5, 2.0 and 2.5 nm radius particles mod-Fig. 4. Detection probability for 1, 2, 3 and 5nm radius positively
elled by the Brownian motion model around the unventilategcharged particles with the Brownian motion model for the unventi-
detector at an altitude of 85km. Note that while all parti- 'ated detector at an altitude of 85km.

cle/molecule collisions are performed in three dimensions,

the plots in Fig. 3 are two-dimensional with the particle tra- fie|d is then determined from multiplying the electric field

jectories projected back into tige=0° plane of the cylindrical strength with-te and dividing with the particle mass,.

coordinates. Three designs of the detector were modelled, one without any
ventilation holes (Fig. 1a) and two with holes (Figs. 1b and
¢) in the detection surface to let air flow through the detector.

3 Results and discussion The holes give a transmission of 10% and 50% through the
detection surface, respectively. Their purpose is to improve

The modelling of the background gas flow around the de-the aerodynamic properties of the detector, thus making it

tector was made for a winter atmosphere at 68rth lat-  possible to detect smaller particles than with the unventilated

itude with air number density and temperature taken fromdetector.

the MSIS-E-90 model (Hedin, 1991) at six different altitudes

70, 75, 80, 85, 90 and 95km (see Table 1). The velocity3.1 Impact simulations

of the modelled rocket payload was set to 1000 m/s over the ] .

entire altitude range. The detector simulated here is a Faral order to compare different model runs, an effective rela-

day cup. The general geometry is similar to that of Havne§'Ve cross sectlon?ﬁ is defined as the r'atlo between t.he real

et al. (1996), Gelinas et al. (1998), Lynch et al. (2005) orimpact cross sectlgn and the geometrical cross section of the

Rapp et al. (2005). The simulated detector is radially sym-d€t€Ctolgeon=7 R,

metric with a radius ofRp=40mm and a depth of 80 mm Oreal

(Fig. 1a). The detecting surface is at the bottom. To shield’eff = ogeom @)
the detecting surface from ambient electrons and light ions, . o .

an electric field is applied with two grids. The outermost he realimpact cross section is defined as

grid is biased at-6.2V and hence forms a potential bar- 0o

rier for electrons and light negative ions, and collects Iight(’real _ / P(R)dA, 8)
positive ions. The second grid is held at 6.2 V. The aerody-

namic effect of the two shielding grids is negligible (Gum- 0

bel, 2001b). The detection surface is held at payload potenwhere P (R) is the probability with which a particle incident
tial (~0V). The modelled smoke particles have a large massat a distanc&® from the symmetry axis will impact on the de-
compared to the electrons and light ions such that their kitector surface area. Figure 4 shows the impact probability
netic energy is sufficient to make them largely unaffected byfor various particle sizes at an altitude of 85 km as simulated
the electric potential. The charged particles are assumed tby the Brownian model. Particles are introduced in the gas
be either positively or negatively charged by one elementaryflow in the undisturbed region in front of the detector and at
charge fe). The electric field was modelled by SIMION different radial distance® from the symmetry axis (Figs. 2
3-D version 6.0 computer software (Dahl, 1995) and the ac-and 3). The particles are then traced towards the detector
celeration/deceleration of the charged patrticles in the electri@nd registered if they impact on the detection surface. For

Atmos. Chem. Phys., 7, 3703#11, 2007 www.atmos-chem-phys.net/7/3701/2007/
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' 1 n'm
95 2 nm =
= 3 nm =
£ 90 o
= > nm g ! Continuum
v 85 2 80
go] = .
E < 751 =———= Brownian
= 80
< 704
75
95t
70 . . . : . . . . . h = 90
0 02 04 06 038 1 £
E ffective relative cross section, & o 87
eff ]
2 80
Fig. 5. Effective relative cross section for positively charged par- ﬁ 75
ticles of different radii at different altitudes. Unventilated detector
design. 70
95 r (0
the statistical Brownian motion model several particles are g 90
traced from each start position and for each particle radius % 85 |
rp, and a detection probabilit® (R) is determined. For the 9
case in Fig. 4 typically 250 particles were traced with the 3 80
Brownian motion model for each start position and particle j;" 75
radii 1, 2, 3 and 5nm. Figure 4 shows that none of the 1 nm r
particles hit the detection surface at this altitude for any start 70

position, whereas 2 nm particles are detected with up to 80%
probability. Larger particles are largely detected if their start
positions lie within the geometric cross section of the detec-
tor. Figure 5 shows the effective relative cross section for’ =" ) _ - ;
various particle sizes as a function of altitude. These simu-tfermlned with the Continuum motion model and the Brownian mo-
lations were performed with the Brownian model for posi- tion model fqr(a) Lnm, (b) an'. and(c) 3nm radlu_s positively
. . . .charged particles and the unventilated detector design.

tively charged particles and the unventilated detector. Parti-
cles of 2 nm radius impact on the detection surface for alti-
tudes around 85 km and above, whereas 1 nm radius particles

do not impact at all.

E ffective relative cross section, O ¢

Fig. 6. Comparison between the effective relative cross section de-

The assumption of a continuum drag coefficiefp

(Eq. 3) in the Continuum motion model is valid for larger par-
ticles (larger than 3 nm), but should not be used for smaller
meteoric smoke particles. The smallest particles can be com-

In the Brownian motion model the particles are embedded inPletely decelerated by the stagnating air flow inside the detec-
the air ﬂOW and take part in the random mo'ecular motion tor. Their further motion is then gOVerned by a Brownian dif-
on their Way towards the detector_ As a Comparison betweeﬁusion. Th|S random behaViour cannot readily be described
F|gs 2 and 3 ShOWS, this Brownian motion can have a debyacontinuous motion model. All f0||0Wing simulations are
cisive influence on the detection of smoke particles. This isPased on the Brownian motion model.

also illustrated in Fig. 6 that compares the Brownian motion

results (blue lines) from Fig. 5 with the continuous motion 3.3 Detection efficiencies

results (red lines). From this comparison we can see that the

Continuum motion model overestimates the number of dedn Fig. 7 we compare the three detector designs of Fig. 1,
tected particles for the two smallest simulated particle sizesone without any holes for ventilation (red line) and the other
at the higher altitudes. In other words, the continuum mo-two with venting holes in the detection surface for 10% (blue
tion model predicts a too low altitude for the transition from line) and 50% (black line) transmission, respectively. Only
low to high detection probability for a given particle size. the particles that actually hit the ventilated detector surface
As expected, this discrepancy between the two models deare included, not the total number of particles that reach
creases with increasing particle size when Brownian motionthe back of the detector including those that go through the
becomes less and less important. venting holes. Except for the ECOMA detector by Rapp et

3.2 Brownian vs. continuous motion

www.atmos-chem-phys.net/7/3701/2007/ Atmos. Chem. Phys., 7, 37012007
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=—— 50% transmission Neutral

704 701

sr@ %1 (a) s
— 85 . o 85 .
3 Unventilated i) ———— Positive charge
2 80 2 80 ,
=1 = 10% transmission = ‘ Negative charge
< 75 < 75 ‘

st 7~ ] o1 (b) /
T 90| 1 ‘e 90 /1
L 85f v
el
2 80 280
F=] B
< 75 < 75 ‘
of 0L
95 r (C) [
- c 90} ’
£ £
— ° 85 -
v ES)
2 2%
k= k=]
i < 75}
70 ) ) ) g ) ) ) ) ) X
0 0.2 04 0.6 08 1
951 (d) Effective relative cross section, o_
'€ 90}
=3
85+ 1 Fig. 8. The different effective relative cross sections for positive,
3 negative and neutral particles f@a) 2 nm, (b) 3nm, and(c) 5nm
> 80 g . . .
E radius particles and the unventilated detector design.
< 757
70 . L
: : : : : : : : : : a decreased air number density inside the detector compared
0 0.2 04 0.6 08 1

to the unventilated one (Fig. 1). As a result, one could expect
Effective relative cross section, 6 that the effective relative cross-section increases and that a
detection of smaller particles becomes possible at lower alti-
Fig. 7. Comparison between the effective relative cross section fortudes. However, for the ventilated detector design with 10%
the unventilated detector design and the two ventilated detector delransmission, we do not observe this effect with the Brownian
signs with 10% and 50% transmission, respectively,(rl nm, motion model. On the other hand, with the ventilated design
(b) 2nm,(c) 3nm, andd) 5 nm radius positively charged particles. with 50% transmission (Fig. 1c¢), this effect can be seen. The
detection of the 2 and 3 nm radius patrticles (Fig. 7b and c)
can be extended to lower altitudes by this detector design as
al. (2005), Faraday detectors have so far been designed witltcompared to the other two. To summarise, in order to extend
out any holes for ventilation. From the figure we see that atthe detection of smaller particles to lower altitudes, a ven-
high altitudes, for all particle radii, there is a detection differ- tilated design with 10% transmission is not sufficient but a
ence of approximately 10% (50%) between the unventilatedransmission of 50% provides a significant improvement.
and the ventilated detector with the 10% (50%) transmission. While electrons and light ions will be stopped, the ap-
For the rarefied conditions at these altitudes, these ventilaplied electric field in the detector should not affect parti-
tion holes do not have a significant effect on the flow field cles of 1 nm radius and larger, since their kinetic energy is
inside the detector and, hence, these differences in detectidarge enough to get them through the potential barrier. To
probability simply reflect the geometric transmission differ- determine whether the detection ability is charge-dependent,
ences through the detector surfaces. At lower altitudes, orrajectories for both positively and negatively charged par-
the other hand, the holes result in an enhanced airflow and iticles were modelled towards the detector. Figure 8 shows

Atmos. Chem. Phys., 7, 3703#11, 2007 www.atmos-chem-phys.net/7/3701/2007/
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that there is no bias towards detecting a larger fraction ofassumed to be similar to the density of meteorites (ordinary
neutral (green line), positive (red line) or negative (blue line) chondrites 2-3 g/cA. If the density is smaller, e.g. porous
particles. The combination of the two oppositely chargedparticles, the aerodynamic effects become larger. As men-
shielding grids thus affects positively and negatively chargedioned earlier, the mass loss due to heating and subsequent
particles in the same way for the particle sizes consideredgublimation in the shocked gas flow is negligible for smoke
here. particles. The mass loss for large ice particles (NLC) is also
small, but becomes very important for smaller ice particles
(<10 nm) (Ho&Anyi et al., 1999) and must be included in the
4 Conclusion and outlook model if ice particles are to be traced. Also neglected are ef-
fects of payload charging by photons, ions or particles as well
Rocket-borne in-situ detection is the most direct way to 0b-as the possibility that incident particles trajectories are influ-
tain information about the mesospheric smoke particle layerenced by such a payload charging (Sternovsky et al., 2004).
We have here performed detailed simulations of the detectiofFinally, the simulations can be extended into three dimen-
process for a typical probe for charged particles. The detecsjons, e.g. in order to simulate rocket payloads with angles
tion efficiency for meteoric smoke particles in the nanometreof attack other than<or payloads that are asymmetric.
size range is very much altitude dependent. BeteW0— Regarding meteoric smoke particles, important questions
75 km it is difficult to detect particles at all for the sizes con- concern their number density and size distribution as a func-
sidered here. Particles are expected to be larger at lower alttion of altitude as well as the fraction of charged particles.
tudes (Megner et al., 2006), but nonetheless our simulationgherefore, we need quantitative ways to relate measured
suggest an aerodynamic lower limit for the rocket-borne im-particle populations to the real particle populations in the
pact detection of smoke. atmosphere. In this paper we have shown how the size-

As illustrated in Fig. 6, Brownian motion is very impor- dependent, altitude-dependent and charge-dependent detec-
tant, especially for the smallest dust particles. The small-ion efficiency can be determined for a given instrument de-
est particles can be completely decelerated by the stagnatingign. We have thus taken an important step towards a better
airflow inside the detector and their further motion is then understanding of the detection of meteoric smoke particles.
governed by a Brownian diffusion. This random behaviour However, there remain many open questions such as par-
is difficult to describe in Continuous motion models. The ticle/surface interactions, secondary charge generation, and
momentum transfer cannot be regarded as continuous angayload charging. After 50 years of ionospheric rocket stud-
approaches based on a continuum drag coefficient (Eq. 3js, surprisingly many open questions remain on these issues.
should be avoided. For the smoke particle sizes simulategtyrther model developments are highly desirable that in a
here, the use a Brownian motion model is mandatory to corconsistent way combines aerodynamics, the flow of particles
rectly describe the statistical motion near the Faraday cupnd charges as well as electric fields and payload potentials.
detector.

Figure 7 sumarizes the difference between the three detec- .
tor designs considered here. The open design with a trand2PPeNdix A
mission of 10% is not sufficient for an enhanced air flow As mentioned in Sect. 2.3 the molecule/particle collisions
through the detector and the air flow stagnates. With a trans- T . Iy A
mission of 50%, however, the airflow through the detector iscan _be regardec_i as binary in rarefied gas cond_ltl_ons J.USt n-

; . . yplving one particle and one molecule. The collisions in the
enhanced and it becomes possible to extend the detection %f . . . .
. : . . rownian motion model are treated as elastic, i.e. there is no
the simulated 2 and 3 nm radius particles to lower altitudes. . .

While keeping the ionospheric plasma out, the shield-'memh(jmge of internal energy.
ing grids do not have a major influence on the detection ofa1  post-collision velocity
charged nanometre size particles. Figure 8 shows that there
is no tendency for particles of different charge to be detectedrhe momentum and energy equations for the
with different efficiencies. There is no general difference be-molecule/particle collision can be written as
tween neutral and charged particles for particle sizes down
to 1 nm and only small ions and electrons from the ambient™
plasma will be stopped from entering the inner part of the
detector.

For the future, we consider a number of improvements toHerem,, v, andm,, v, are the masses and pre-collision
our particle flow model. The Brownian motion description Velocities of the molecule and particle, respectively. The
can be further developed to include a more realistic treatPrimed velocities are the post-collision velocities, andis
ment of the molecule/particle collision. Both inelastic colli- the velocity of the centre of mass of the two collision partners

sions and non-spherical smoke particles can be considered.  mgvg, +m,v,

The density of smoke particles is not known but normally Um = Mg -+ mp (A3)

gVg +mpvy =meVy +mpv, = (mg+mp) v, (AL

2 2 '2 2
Mgy +mpvi, =mgvy. +mpv,. (A2)
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The relative velocities between the air molecule and the dusbetween a particle and the air molecules in the gas flow is
particle before and after the collision are difficult to determine. It can be calculated by integrating over
the components of the molecular velocity distribution

VUrel = Vg — Vp

/ I ! o
Vg =V, — ¥ (A4) B _

o 0w [ 1070+ vgw) = 0, ()

Combining Egs. (Al), (A3) and (A4), the pre-collision ve- 2
locities can be described as

m S (Ugth) f (wgth) dugthdvgthdwgth (A11)
_ P
Vg = Um F mg +my, " with the Maxwellian distribution function for the thermal ve-
m locity componeni:gin
Vp = Uy — — 2 Vel (A5) y P o
mg +mp 5
L . " . mg 2 mgugth
and similarly for the post-collision velocities. Equation (4) fo (ugth) =\ 2eknT exp T T (A12)
gives the post-collision velocity of the particle. The pre- Blg Bls

collision velocities relative the centre of mass are then
vg—v,; andvg—v,. Combining Egs. (4), (A2) and (A5) it
can be shown that the magnitude of the relative velocity is
unchanged by the collision, i.e;,=vrel. Both v, andurel

and correspondingly for thgn andwg, components. Equa-
tion (A11) can be simplified to

oo
can be calculated from the pre-collision velocities and, thus,jeol = —2o x /xz exp(— (x — a)z) - exp(— (x + a)z) dx
the determination of the post-collision velocities reduces to 0
the calculation of the change in direction of the relative ve- (A13)
locity vector.
After a molecule has collided with a particle, the particle wherevg is the mean thermal velocity anddescribes the
will have a new velocity’,, according to Eq. (4), with relative speed between particle and mean gas flow:
Vie = Urelé = |vg — v)| €. (A6) a:ix ‘vp_— Vg|. (A19)
ﬁ Ugth

For elastic collisions between spherical collision partners,
the post-collision relative velocity is distributed isotropically The mean collision speed is then calculated for each new

with a random direction particle position, and a random collision time is chosen by
sing cos Eqg. (6) and collisions are performed accordingly.
¢ = | sindsing (A7)
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