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Abstract 42 

 43 
The Hotel Payload 2 rocket was launched on January 31st 2008 at 20.14 LT from the 44 

Andøya Rocket Range in northern Norway (69.31o N, 16.01o E). Measurements in the 45 

75 - 105 km region of atomic O, negatively-charged dust, positive ions and electrons 46 

with a suite of instruments on the payload were complemented by lidar measurements 47 

of atomic Na and temperature from the nearby ALOMAR observatory. The payload 48 

passed within 2.58 km of the lidar at an altitude of 90 km. A series of coupled models 49 

is used to explore the observations, leading to two significant conclusions. First, the 50 

atomic Na layer and the vertical profiles of negatively-charged dust (assumed to be 51 

meteoric smoke particles), electrons and positive ions, can be modelled using a self-52 

consistent meteoric input flux. Second, electronic structure calculations and Rice-53 

Ramsperger-Kassel-Markus theory are used to show that even small Fe-Mg-silicates 54 

are able to attach electrons rapidly and form stable negatively-charged particles, 55 

compared with electron attachment to O2 and O3. This explains the substantial 56 

electron depletion between 80 and 90 km, where the presence of atomic O at 57 

concentrations in excess of 1010 cm-3 prevents the formation of stable negative ions. 58 

 59 

1. Introduction 60 

 61 
 62 

It was first suggested more than half a century ago that nano-particles form in the 63 

earth’s upper atmosphere as a result of the ablation of meteoroids and the subsequent 64 

condensation of gas-phase metal oxide and silicate species (Rosinski and Snow, 1961, 65 

Hunten et al., 1980). Meteoric ablation is also the source of the layers of metal atoms 66 

- Na, Fe, Mg etc - which occur globally between 80 and 105 km in the 67 



mesosphere/lower thermosphere (MLT) (Plane, 2003). Below about 85 km, these 68 

metals are converted to reservoir species - mainly hydroxides and carbonates - 69 

through reactions involving O3, O2, CO2 and H2O. Chemical ablation modelling 70 

indicates that similar quantities of iron, magnesium and silicon - the bulk constituents 71 

of chondritic meteoroids - are injected into the upper atmosphere (Vondrak et al., 72 

2008). Laboratory experiments have shown that Fe and Mg oxides spontaneously 73 

polymerize with SiO2 vapour to form nano-particles, principally of olivine 74 

composition (Fe2-2xMg2xSiO4, 0  x  1) (Saunders and Plane, 2006, Saunders and 75 

Plane, 2011). In the mesosphere the formation of these so-called meteoric smoke 76 

particles (MSPs) occurs over several days, and is presumed to lead to the permanent 77 

removal of these metallic compounds from the gas phase.  78 

MSPs can be measured directly above 70 km by rocket-borne particle detectors (e.g. 79 

Gelinas et al. (2005), Lynch et al. (2005) , Rapp et al. (2007), Robertson et al. (2013)). 80 

These measurements indicate typical particle numbers of a few thousand per cm-3 81 

above 75 km. However, the detectors measure only those particles that are charged, so 82 

that the total MSP concentration has to be obtained by dividing the measured number 83 

by the fraction of charged particles in the plasma, which has to be estimated from a 84 

dusty plasma model. Because the plasma density in the region between 70 and 100 85 

km varies from ~ 100 - 20,000 cm-3, roughly similar to the number density of MSPs, 86 

the modelled fraction of charged MSPs depends on a number of parameters which are 87 

poorly known, such as electron-particle attachment rates and electron photo-88 

detachment rates (Rapp et al., 2007).   89 

In order to improve this situation, a new type of particle detector has been flown 90 

recently which contains a pulsed VUV lamp to photo-detach electrons from 91 

negatively charged particles (Rapp et al., 2010, Rapp et al., 2012). This has been 92 



followed by the flight of an electrostatic multichannel mass analyzer, which can 93 

measure several different mass ranges and both negatively- and positively-charged 94 

particles (Robertson et al., 2013). The MSP number density and size have also been 95 

estimated by analysing the backscatter signals from high performance-large aperture 96 

radars (Fentzke et al., 2009), although this is a less direct technique. In addition, the 97 

first optical detection of MSPs between ~ 40 and 80 km has now been reported, using 98 

the SOFIE spectrometer on the AIM satellite (Hervig et al., 2009). Observations at 99 

several wavelengths (near-UV to near-IR) have been used to infer that MSPs are 100 

composed of amorphous metal silicates.  101 

In this paper we will describe and then model a selection of results from the Hotel 102 

Payload 2 (HotPay 2) project, which are relevant to understanding the neutral metal 103 

layers in the MLT, the formation of meteoric smoke, and the effect of MSPs on the 104 

plasma in the upper mesosphere. HotPay 2 was a complex sounding rocket project 105 

managed and supported by the Andøya Rocket Range, Norway. The payload carried 106 

instruments from nine scientific institutes in different European countries, and one 107 

instrument from the US. The launch was supported by ground-based lidar, radar and 108 

airglow measurements (Enell et al., 2011).  Although the payload was designed to 109 

study a number of upper atmospheric phenomena, including auroral physics, particle 110 

precipitation and the cosmic ray flux, in this paper we will focus on the experiments 111 

designed to study the MLT region. 112 

There are two linked questions that we will address. First, can the atomic Na layer and 113 

the MSP size distribution be accounted for self-consistently by the same meteoric 114 

input flux? Second, is the attachment rate of electrons to very small MSPs large 115 

enough to explain the substantial depletion of electrons relative to positive ions, 116 

which is always observed between about 80 and 90 km (e.g. Friedrich et al. (2011))?  117 



2. The HotPay 2 campaign  118 

 119 

The HotPay 2 rocket was launched on January 31st 2008 at 20.14 LT from the Andøya 120 

Rocket Range in northern Norway (69.31o N, 16.01o E).  The scientific conditions for 121 

the launch were excellent: a clear night for the ground-based optical instruments, and 122 

a stable auroral arc to the north. The payload reached an altitude of 380 km (target 123 

342 km).  The Na lidar at the ALOMAR observatory on a mountain behind the rocket 124 

range was successfully aimed to intersect the planned payload trajectory in the MLT 125 

region: the lidar was only 2.58 km from the payload as it passed through 90 km. The 126 

rocket was launched when the Na layer was observed to be relatively unperturbed i.e., 127 

close to an average Gaussian profile centred around 90 km (Figure 1), and there were 128 

quiet auroral conditions overhead. Further details concerning the payload, launch 129 

conditions and ancillary ground-based observations are described in Enell et al. 130 

(2011).  131 

 132 

2.1 Airglow measurements 133 

 134 

The vertical profile of atomic O was measured using an on-board O2 Atmospheric 135 

band photometer.  O atoms, which are mostly produced in the upper atmosphere 136 

through O2 photolysis during the day, recombine to form molecular O2 in a number of 137 

metastable states which can then emit radiation. One of the strongest emission 138 

features in the night sky spectrum is the Atmospheric Band system    gg Xb 31  139 

dominated by the (0-0) and (0-1) bands at 762 nm and 864 nm, respectively. The 762 140 

nm nightglow emission was measured on HotPay 2 using a standard filter photometer 141 



which was one of three comprising the Night-Time Emissions from the Mesosphere 142 

and Ionosphere (NEMI) instrument on the top deck of the payload (Enell et al., 2011).  143 

The resulting profile was then numerically differentiated to yield the volume emission 144 

rate of the emitting layer, which was converted into the absolute atomic O 145 

concentration using the formalism developed from the ETON (Energy Transfer in the 146 

Oxygen Nightglow) rocket campaign in 1982 (Greer et al., 1986). In that study the 147 

atomic oxygen density and O2 Atmospheric band airglow intensity were measured 148 

simultaneously, from which a consistent set of reaction rates describing the O2 149 

nightglow excitation processes and quenching mechanisms could be derived 150 

(Murtagh, 1989, Hedin et al., 2009).  Further details of the instrument and analysis 151 

procedure are described elsewhere (Enell et al., 2011). The derived O concentration 152 

density profile is shown in Figure 1. 153 

 154 

2.2 Plasma measurements 155 

 156 

The payload carried two separate instruments for the determination of plasma 157 

constituent densities: a three-frequency radio wave propagation experiment to obtain 158 

electron densities by the Faraday rotation technique, and a gridded electrostatic probe 159 

to measure positive ions (Enell et al., 2011, Friedrich et al., 2012). The wave 160 

propagation experiment consisted of ground-based transmitters for each frequency 161 

(2.20, 3.88 and 15.01 MHz) radiating linearly polarised waves to the rocket payload. 162 

The payload carried receivers for these frequencies fed from a common linearly 163 

polarised antenna. For reasons of flight stability, HotPay 2 had a spin-rate of 3.3 rps, 164 

which also rotated the antenna. With this configuration the received signals have two 165 

maxima and two minima each spin period, i.e. whenever the antenna was parallel and 166 



perpendicular, respectively, to the transmitting antenna on the ground. In the presence 167 

of a magnetic field the electron density content between transmitter and receiver leads 168 

to a rotation of the polarisation i.e. Faraday rotation. This rotation (phase against an 169 

aspect sensor) is the raw data from which electron content and, in consequence, 170 

electron density is derived. The height resolution is limited by the rocket spin with 171 

which the wave polarisation is scanned, but the measurements are completely immune 172 

to payload charging or aerodynamic effects. This method is described e.g. by Bennett 173 

et al. (1972), and the choice of sounding frequencies was addressed by Jacobsen and 174 

Friedrich (1979). 175 

The ion probe consisted of a gridded sphere at plasma/payload potential with a 176 

negatively biased collector inside. Such an arrangement measures a current primarily 177 

determined by the relative velocity between probe and plasma (i.e. the rocket 178 

velocity), the probe's cross section, its transparency and the ambient ion number 179 

density. The current contribution due to the thermal velocity of the ions was 180 

considered in the data processing, but constitutes only a marginal correction since the 181 

rocket's velocity always considerably exceeded the thermal velocity of the ions. 182 

Similarly, the payload potential is less crucial for this probe than e.g. for a Langmuir 183 

probe where its potential directly determines the collected current (Sagalyn and 184 

Smiddy, 1963, Blix et al., 1990). On Hotpay 2 the probe was mounted on a rigid 185 

boom on the uppermost deck and thus observed negligible spin modulation, yielding 186 

ion densities with good height resolution. Figure 2 illustrates the resulting profiles of 187 

ion and electron density. 188 

 189 

 190 



2.3 Charged dust measurements 191 

 192 

The Dartmouth College Dust Detector (Lynch et al., 2005) is a Faraday cup designed 193 

to collect charged MSPs in the mesosphere. Because of the rocket’s ram velocity, 194 

particles are driven through a series of ground, bias, and rejection screens at the front 195 

of the detector. The rejection screen is used to prevent the collection of thermal 196 

electrons with 1eV or less energy. The collecting anode is biased to +3 volts to reject 197 

positive ions. The bias screen changes polarity at 1 kHz, alternately allowing/rejecting 198 

dust particles with kinetic energies less than 11 V. These voltages are designed so that 199 

only charged dust particles are collected in the mesosphere (although higher energy 200 

electrons and ions are not rejected). The particle current that reaches the anode is 201 

measured by a low pass filtered DC coupled circuit. This data path, which is sensitive 202 

to both positive and negative charged particles, is called the LF channel and was the 203 

channel which provided reliable results on Hotpay 2.  204 

Three assumptions are necessary to arrive at a charged dust particle density from the 205 

measured current: (1) all thermal electrons were rejected, (2) negative ion species 206 

were of low enough concentration to be an insignificant contribution to the measured 207 

current (which is confirmed with the plasma model in Section 4), and (3) the winter 208 

mesospheric nightǦtime MSPs are charged negative through the attachment of only 209 

one electron (Rapp et al., 2007, Rapp and Lübken, 2001). With these assumptions, the 210 

concentration of charged MSPs as a function of altitude can be determined from the 211 

measured current Ia by the relation 212 

ectoreff

a

Ave

I

det..
  MSPs] [Charged       (1) 213 



where veff is the effective ram velocity into the detector aperture which corrects for 214 

angle of attack and rocket coning; Adetector is the area of the collecting anode; and e is 215 

the fundamental charge unit per particle.  216 

This calculation can be improved by correcting for the collection efficiency and 217 

instrumental effects of the Dartmouth Dust Detector. There are 6 screens on the front 218 

of the detector. Each has an optical transmission of 90%, so the efficiency of the 219 

screens alone is ~53% (= 0.96). Many studies (e.g. Horanyi et al. (1999), Rapp and 220 

Thomas (2006), Hedin et al. (2007)), have shown that the function of rocketǦbased 221 

Faraday cups can be severely hampered by aerodynamic flows, pressure build up, and 222 

particle entrainment in and around these devices. A MonteǦCarlo detector efficiency 223 

model was used to determine the instrumental collection efficiency for the specific 224 

HotPay 2 trajectory, where the payload traversed the 80 - 90 km region at the 225 

relatively high speed of 2.3 km s-1. An MSP density of 2 g cm-3 was assumed 226 

(Saunders and Plane, 2006, Saunders and Plane, 2011). The effects of aerodynamics 227 

and heating on the incident dust flux were determined via numerical simulations. The 228 

aerodynamic environment inside the detector was calculated using the Direct 229 

Simulation Monte Carlo (DSMC) code (Bird, 1994). The DMSC code was run for a 230 

range of altitudes using the HotPay 2 trajectory and ambient atmospheric conditions 231 

determined by the MSISE-90 model (Hedin, 1991).  These data were used as input to 232 

a two-dimensional model of dust particle trajectories in and around the detector.  The 233 

trajectory model includes electrodynamics, atmospheric drag, particle heating and 234 

ablative mass loss in the calculation of dust particle trajectories through the detector, 235 

in the manner of Horanyi et al. (1999).  Ablative mass loss was calculated using an 236 

assumed vapor pressure consistent with rock-like materials (Podolak et al., 1988).  237 



The calculated dust collection efficiency is shown in Figure 3.  Dust particles larger 238 

than approximately 1.0 nm do not contribute to the LF current.  The minimum 239 

detected dust particle size decreases with altitude as the aerodynamic shocks diminish.  240 

Detector efficiency decreases rapidly with altitude below about 85 km due to 241 

aerodynamic effects, but average detection efficiency over the 0.5 – 1.0 nm range is 242 

nearly constant at ~ 50% above 85 km. This altitude is where the peak in the 243 

distribution of this size range of MSPs typically occurs (Saunders et al., 2007, 244 

Bardeen et al., 2008, Megner et al., 2008); see also Section 4. Thus the total detector 245 

efficiency is 50% × 53% = ~27%. The measured current from the Faraday cup is 246 

therefore multiplied by a correction factor of 3.7 (= 1/0.27). This correction is applied 247 

to the entire charged aerosol density profile.  248 

 249 

The resulting profile is illustrated in Figure 4. The topside of the charged MSP profile 250 

should be representative of the true geophysical charged MSP population during the 251 

Hotpay 2 flight. Evidence for this is the sensible agreement with the charge non-252 

neutrality (i.e. [Ions] – [electrons]) determined from the profiles of ions and electrons 253 

in Figure 2. Because the weak plasma from 70Ǧ110 km can be expected to be quasi-254 

neutral, and because the negatively-charged MSPs are too massive to be measured by 255 

the Faraday rotation experiment, the difference in the measured electron and positive 256 

ion concentrations should result in a profile of the negatively charged dust particles. 257 

The plot of this charge imbalance in Figure 4 matches quite well that of the MSPs 258 

above 85 km, indicating that a substantial fraction of the “missing” electrons reside on 259 

MSPs. Note that the imbalance is greater than the measured MSPs, which is expected 260 

since the Dartmouth Detector is only sensitive to particles between 0.5 and 1.0 nm. 261 



The bottomside of the profile below 85 km is dominated by larger instrumental effects 262 

than the single point adjustment can correct for.   263 

 264 

2.4 Na and temperature measurements by ground-based lidar 265 

 266 

The Weber Na lidar at the ALOMAR observatory (She et al., 2006) is capable of 267 

measuring the Na density, temperature and horizontal winds in the MLT. Details of 268 

the instrument specifications and performance are provided by Dunker et al. (2013).  269 

The Na density and temperature profiles were measured by the lidar between 20:00 270 

and 20:09 LT, immediately before the launch at 20:14 LT. The Na density profile is 271 

illustrated in Figure 1. Note the close match in height and bottom and top scale height 272 

between the Na and atomic O layers. The temperature profile is plotted in Figure 5, 273 

and compared with a typical January mean profile for this latitude, taken in this case 274 

from the SOCRATES 2D model (Khosravi et al., 2002). The measured profile shows 275 

a region of pronounced cooling between 95 and 100 km (the temperature fell to below 276 

150 K at 100 km), which was the cool phase of a large wave with a period of 40 min 277 

(see Fig. 11 in Enell et al. (2011)). 278 

 279 

3. Modelling 280 

We now use three coupled models to interpret the HotPay 2 results. The overall 281 

objective was to see whether the measured absolute densities of atomic Na, positive 282 

ions and electrons, and negatively-charged MSPs can be described self-consistently – 283 

i.e., with the same meteoric ablation input rate, atomic O profile, vertical transport 284 

etc.  Secondary objectives were to explore the dominant role of atomic O in 285 



controlling the underside of the Na layer, and in partitioning electrons between 286 

negative molecular ions and MSPs. 287 

 288 

3.1 Na layer model 289 

Here we use a 1D time-resolved model of Na chemistry in the MLT, which extends 290 

from 65 to 110 km with 0.5 km resolution (Plane, 2004). This model treats explicitly 291 

the major sodium species – Na, NaHCO3 and Na+ - and a number of other minor 292 

species are treated implicitly using steady-state relationships. The permanent removal 293 

of sodium occurs either through dimerization of NaHCO3, or attachment of sodium 294 

species to MSPs. The MSP surface area required to calculate the uptake rate was 295 

determined from the MSP model described in Section 3.2. An uptake coefficient of 296 

0.6 was assumed (i.e. 60% of collisions between Na species and smoke particles 297 

results in permanent removal). This value implies very efficient uptake, as observed in 298 

the laboratory for the uptake of Na atoms on a silica surface (Murray and Plane, 299 

2005). The Na chemistry is driven by the major mesospheric species O, H, H2, CO2, 300 

H2O and O3. For modelling the conditions of HotPay 2, these concentrations were 301 

calculated offline in our 1D model MESOMOD (Murray and Plane, 2005), but with 302 

the atomic O and temperature profiles constrained to the measurements (Figures 1 and 303 

5). Outside of the height range where measurements were available, [O] and T were 304 

interpolated to the free-running MESOMOD values for January at 69o N.  305 

The ion-molecule chemistry of sodium dominates above 90 km, and is controlled by 306 

NO+, O2
+ and e- (Plane, 2004). Since the HotPay 2 measurements show that there is 307 

charge balance between positive ions and electrons above 90 km (Figure 2), the 308 

measured values were used in the model. The positive ions were assumed to be NO+ 309 



and O2
+, with the NO+ relative density varying from 19% at 85km to 91% at 100 km, 310 

in accord with the IRI 2007 model  (Bilitza and Reinisch, 2008).  311 

Vertical transport in the models used in this study was characterised by the vertical 312 

eddy diffusion coefficient, Kzz. In this study we have used a profile from SOCRATES 313 

(Khosravi et al., 2002) for January at 69o N, and reduced this by a factor of 0.6. The 314 

reason for doing so is that the resulting profile of Kzz (Figure 5) is closer to that 315 

generated by 3D general circulation models, as discussed by Gardner et al. (2011). 316 

The average value between 80 and 90 km is 2.1 × 105 cm2 s-1, which is below the 317 

upper limit of 3 × 105 cm2 s-1 required to produce the observed gravitational 318 

separation of CO2 (Chabrillat et al., 2002). In fact, the precise choice of Kzz is 319 

unimportant, so long as the same profile is used in these coupled models. The input of 320 

Na, and the major components of MSPs  (Fe, Mg and Si) which result from meteoric 321 

ablation, is of course sensitive to Kzz since faster vertical diffusive transport will need 322 

to be balanced by a larger meteoric input  (Plane, 2004). The strategy in this study 323 

was to treat this input as a variable parameter, having chosen the Kzz profile. 324 

 325 

3.2 Meteoric smoke particle model 326 

 327 

A 1-D particle microphysics model (Saunders et al., 2007) was used to determine the 328 

growth and vertical distribution of MSPs. Since Fe, Mg and Si are predicted to ablate 329 

with similar efficiencies from meteoroids (Vondrak et al., 2008), we have assumed 330 

here that the MSPs are a mixture of olivines (Fe2-2xMg2xSiO4, 0  x  1) and 331 

pyroxenes (Fe1-xMgxSiO3, 0  x  1). Although in a previous study (Saunders et al., 332 

2007) we examined the effect of magnetic dipole-driven coagulation and the likely 333 



fractal nature of MSPs, in practice this makes little difference above 70 km compared 334 

with treating MSPs as low density spheres (Saunders et al., 2007). Here we assume 335 

that MSPs are spheres with a density of 2 g cm-3. 336 

Particle growth through coagulation is treated using a semi-implicit, volume-337 

conserving model (Saunders and Plane, 2006).  Growth occurs through a number of 338 

discrete size bins where the first bin size (r1 = 0.25 nm) corresponds to the radius of a 339 

single monomer, which therefore has a mass of ~80 amu (since the monomer is 340 

treated as spherical). The size (ri) of successive bins is scaled geometrically (i.e., ri+1 = 341 

f 1/3 ri, where f  = 1.7), so that the radius of the largest of the 25 bins in the model is r25 342 

= 17.4 nm.  343 

Collisions between particles in all size bins are treated in the following way. Single 344 

gas-phase molecules are able to condense and form particles spontaneously (i.e. 345 

without a thermodynamic barrier), which we have demonstrated to be the case from 346 

the growth kinetics of Mg-Fe-SiO particles in the laboratory (Saunders and Plane, 347 

2006, Saunders and Plane, 2011).  Growth is then assumed to be dominated by 348 

Brownian diffusion-coagulation where collisions between pairs of particles result in 349 

coalescence, maintaining spherical morphology and compact structure (particle 350 

density = 2 g cm-3). The collision rate coefficients (or kernels) for Brownian 351 

coagulation for these small particles are calculated using the expression for the free 352 

molecular regime (Knudsen number, Kn >> 1), interpolated into the transition regime 353 

for larger particles (Fuchs, 1964). Gravitational sedimentation was parameterised 354 

within the model using Stokes’s Law, modified for the slip-flow regime (Jacobson, 355 

2005).  The resulting MSP size distribution as a function of altitude is illustrated in 356 

Figure 6. 357 



 358 

3.3 Dusty plasma model 359 

Having calculated the MSP size distribution at each 0.5 km vertical level in the 360 

model, the plasma model was then used to predict the partitioning of electrons 361 

between the gas phase, negative ions and MSPs. Formation of negative ions (Brasseur 362 

and Solomon, 1984, Smirnova et al., 1988) occurs via electron attachment to O2: 363 

  O2 + e- (+ N2 or O2)    O2
-     (R1) 364 

or dissociative electron attachment to O3: 365 

  O3 + e-    O- + O2      (R2) 366 

However, atomic O destroys the resulting negative ions before they can further react 367 

to form more stable anions such as NO3
- and HCO3

-: 368 

  O + O2
-    O3 + e-      (R3) 369 

  O + O-    O2 + e-      (R4) 370 

A simple steady-state calculation using the rate coefficients in Table 1 shows that 371 

negative ion formation is shut down in the MLT when [O] > 1 × 1010 cm-3.  However, 372 

electrons may be able to attach efficiently to MSPs, and the resulting negatively-373 

charged particles could then be stable to charge exchange with atomic O. Since the 374 

electron affinity of O is 1.46 eV (Lide, 2006), this requires electrons to attach quite 375 

strongly to MSPs. Note that other major species have much smaller electron affinities 376 

(e.g. 0.43 eV for O2)  and although the electron affinity of O3 is 2.1 eV (Lide, 2006), 377 

the concentration of O3 is two orders of magnitude smaller than O above 80 km.  378 

In order to explore both the kinetics of electron attachment and the electron binding 379 

energies, we carried out a series of electronic structure calculations on the relevant 380 



pyroxene and olivine monomers and small clusters. The hybrid density functional / 381 

Hartree-Fock B3LYP method was employed from within the Gaussian 09 suite of 382 

programs (Frisch et al., 2009), combined with the 6-311+G(2d,p) triple zeta basis set. 383 

This is a large, flexible basis set which has both polarization and diffuse functions 384 

added to the atoms.  At this level of theory, the expected uncertainty in the calculated 385 

reaction enthalpies is 0.2 eV (Foresman and Frisch, 1996). Molecular geometries 386 

were first optimised and checked for wavefunction stability. Figure 7 illustrates 387 

examples of MSPs which have a sphere-equivalent radius of about 0.4 nm. 388 

The resulting electron attachments energies are listed in Table 2. Note that for 389 

molecules containing one or more Fe atoms, several electronic spin multiplicities are 390 

possible in both the neutral and anionic forms. The lowest energy spin states were 391 

therefore determined and used to compute the electron attachment energies. These 392 

spin states are listed in Table 2. In the case of all the embryonic MSPs containing Si 393 

(i.e. the olivines and pyroxenes), the electron affinities are larger than that of O 394 

(several by more than 1eV), and so they should form rapidly (see below) and be stable 395 

to charge exchange with O. In contrast, the metal hydroxides have relatively low 396 

electron attachment energies. 397 

The rate coefficient for electron attachment to FeMgSiO4 (as a representative 398 

example) was calculated using Rice-Ramsperger-Kassel-Markus (RRKM) theory with 399 

a solution of the Master Equation based on the inverse Laplace transform method (De 400 

Avillez Pereira et al., 1997).  We have applied this formalism previously to 401 

recombination reactions of metallic species (Vondrak et al., 2006, Broadley et al., 402 

2007, Plane, 2013), so only a brief description is given here. Electron attachment 403 

proceeds via the formation of an excited adduct anion, which can either dissociate 404 

again or be stabilized by collision with a so-called third body (N2 or O2 in the MLT). 405 



The internal energy of this adduct was divided into a contiguous set of grains (width 406 

30 cm-1), each containing a bundle of rovibrational states.  Each grain was then 407 

assigned a set of microcanonical rate coefficients for dissociation, which were 408 

determined using inverse Laplace transformation to link them directly to the electron-409 

molecule capture rate coefficient estimated from Langevin theory: 410 

      (2) 

 412 

where v is the volume polarizability of olivine (Table 3), e is the electronic charge, 413 

and   is the reduced mass of the e- - olivine collision pair. kL increases by only 8% at 414 

200 K if a correction for s-wave scattering is included (Troe et al., 2007). 415 

 The density of states of the adduct was calculated using the Beyer-Swinehart 416 

algorithm for the vibrational modes (without making a correction for anharmonicity), 417 

and a classical densities of states treatment for the rotational modes (Gilbert and 418 

Smith, 1990). The vibrational frequencies and rotational constants for FeMgSiO4 and 419 

its ion, calculated from the electronic structure calculations described above, are listed 420 

in Table 3.  The e--olivine adduct has a high density of rovibrational states because of 421 

the large binding energy and number of low frequency vibrational modes. Thus, the 422 

electron attachment is essentially at the high-pressure limit over the pressure range of 423 

the MLT. The resulting capture rate coefficient is 4.1 × 10-7 (200 / T)0.21 cm3 424 

molecule-1 s-1. This rate coefficient is similar to that for electron attachment to SF6  425 

(Troe et al., 2007). In contrast, electron attachment to O2, where the binding energy is 426 

only 0.43 eV and there is a single vibrational mode, is very slow and pressure 427 

dependent (Table 1), being around 3 × 10-17 cm3 molecule-1 s-1 at 80 km. The 428 
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calculated rate of electron capture to FeMgSiO4 confirms that this process should be 429 

relatively fast for even the smallest MSPs.   430 

The dusty plasma model was constructed with three MSP size bins: (1) 0.25   r < 0.5 431 

nm, corresponding to masses between 130 and 390 amu;  (2) 0.5   r < 1.0 nm, 432 

corresponding to masses between 390 and 5600 amu; (3) and larger/heavier particles. 433 

The size distributions between 75 and 95 km from the 1D MSP growth model 434 

(Section 3.2, Figure 6) were used to fill each of the bins with MSPs in the appropriate 435 

size range, and also to calculate a weighted average radius for each bin:  0.35 nm for 436 

bin 1; 0.69 nm for bin 2;  and 2.25 nm for bin 3. Bin 2 corresponds to the size/mass 437 

range measured by the Dartmouth Dust Detector. 438 

The charging of the MSPs in the weak plasma of the MLT region was then described 439 

by the standard Natanson expressions (Natanson, 1960, Jensen and Thomas, 1991), 440 

which are listed in Table 1. It is interesting to compare the rate coefficient for electron 441 

attachment to a small MSP (r = 0.25 nm) calculated using the Natanson expression, 442 

which gives a rate coefficient of 4.1 × 10-7 cm3 molecule-1 s-1 at 200K, with the 443 

Langevin/RRKM result discussed above – the agreement is excellent. The rate 444 

coefficients for electron attachment to neutral MSPs are multiplied by a factor  ( 1) 445 

in the model. The reason for doing this is discussed below in Section 4.  446 

The final part of the plasma model is the rate of ion-pair production, q, and the rate 447 

coefficient for dissociative recombination of positive ions with electrons, kDR. The 448 

latter is assigned a value of 3 × 10-7 cm3 molecule-1 s-1, typical of the rate coefficients 449 

for a wide range of small positive ions (Florescu-Mitchell and Mitchell, 2006). 450 

Following previous practice (Jensen and Thomas, 1991), we assume that the rates of 451 

ion-pair production and dissociative recombination are balanced: 452 



q = kDR ( I +) 2        (3) 453 

This expression should hold above 90 km, where electrons are essentially all in the 454 

gas phase and equal in concentration to the positive ions (Figure 2). At lower altitudes 455 

where the electrons are attached to molecules or particles and the rate of 456 

recombination of these species with positive ions is slower, equation 3 probably 457 

overestimates q. Application of equation to the positive ion profile in Figure 2 yields a 458 

profile for q with height that is nearly exponential: ln(q / cm-3 s-1) = 33.2 - 1.08z + 459 

7.92 × 10-3z2. 460 

 461 

4. Discussion 462 

 463 

Figure 1 shows the close relationship between atomic O and Na in the MLT. This is 464 

the first time that near-coincident measurements of these species have been made: the 465 

payload and lidar were separated by only 2.58 km at 90 km altitude and the Na 466 

density measurements were made between 5 and 14 min before the rocket launch. 467 

This constitutes a significant improvement on an earlier rocket-lidar experiment in 468 

northern Brazil in 1995, where the rocket payload passed through the Na layer about 469 

40 km from a zenith-pointing lidar which had to average for more than an hour to 470 

obtain sufficient signal-to-noise in the retrieved Na layer (Clemesha et al., 1995).  471 

Atomic O controls the underside of the Na layer directly by reducing the oxides back 472 

to Na (Helmer and Plane, 1993, Plane, 2003, Plane, 2004): 473 

 NaO + O    Na + O2       (R5) 474 

 NaO2 + O    NaO + O2      (R6) 475 

 NaO3 + O   NaO2 + O2      (R7) 476 



Moreover, atomic O exercises an indirect control because it determines the atomic H 477 

profile (Plane, 2003), and H converts the stable Na reservoir NaHCO3 back to Na 478 

(Cox et al., 2001): 479 

 NaHCO3 + H    Na + H2CO3     (R8) 480 

The 1D model described in Section 3.1, constrained by the measured atomic O and 481 

temperature profiles, was now used to determine the Na ablation flux required to 482 

model the observed Na layer. This was 8400 Na atom cm-2 s-1, which is equivalent to 483 

a global meteoric mass input rate of ~20 t d-1 (Vondrak et al., 2008). It should be 484 

noted that the actual meteoric mass input rate is highly uncertain (Plane, 2012). From 485 

a modelling point of view, the required input rate correlates with Kzz (Plane, 2004, 486 

Feng et al., 2013), itself a simplistic parameterization of turbulent diffusion caused by 487 

gravity wave breaking. 488 

Figure 8 shows the diurnal Na layer profile for January, 69o N. Note the increase of 489 

Na on the underside of the layer resulting from the photolysis of the reservoir 490 

NaHCO3 and increase of atomic H (enhancing reaction R8), during the few hours of 491 

daylight around local noon. The accompanying daytime decrease of Na on the topside 492 

of the layer is caused by photo-ionization and charge transfer with ambient NO+ and 493 

O2
+ ions (Plane, 2004). The time of the HotPay 2 launch is indicated on the figure. 494 

Figure 9 shows the Na density profile at that time, along with the lidar measurement. 495 

There is clearly excellent agreement, not so much in the absolute density (since the 496 

Na injection rate from ablation is an optimised parameter in the model), but in 497 

capturing the peak height and bottom- and top-side scale heights of the layer. Also 498 

shown in Figure 9 are the major Na reservoirs, Na+ ions above the layer and NaHCO3 499 

below.   500 



Fe, Mg and Si ablate from meteoroids less efficiently than Na (Vondrak et al., 2008). 501 

For example, in a study of Fe and Na layer observations at South Pole (Gardner et al., 502 

2005), and in a recent study of the global Fe layer (Feng et al., 2013), the Fe meteoric 503 

input flux needed to be reduced by a factor of ~4, so that the Fe:Na injection rate was 504 

4:1, compared with a chondritic ratio of 16:1. Since Mg and Si ablate with similar 505 

efficiencies to Fe (Vondrak et al., 2008), we assume a source of olivine MSP particles 506 

(r1 = 0.25 nm) of 5 t d-1 i.e. equivalent to 25% of the meteoric mass input rate 507 

required to model the Na layer.  508 

Figure 6 shows that above 70 km most of the MSPs are predicted to be in the size 509 

range below 1 nm, with a maximum number density of 25,500 particles cm-3 at 77 510 

km. The number density of even these very small particles falls off rapidly above 85 511 

km because sedimentation competes effectively with upward mixing by turbulent 512 

diffusion. These particle densities and vertical profiles are in sensible accord with 513 

measurements (e.g. Rapp et al. (2007), Robertson et al. (2013)) and previous models 514 

(e.g. Megner et al. (2008), Bardeen et al. (2008), Saunders et al. (2012)).  515 

Inspection of Table 2 shows that all the candidate olivine and pyroxene species (up to 516 

the trimers in the case of the latter) have substantial electron attachment energies, 517 

which are mostly significantly higher than the electron affinity of O (1.46 eV). In 518 

contrast, the electron attachment energies to the Fe and Mg hydroxide species are less 519 

than 1.4 eV, which means that the electron attachment rates will be significantly 520 

lower, and they will be liable to charge transfer with atomic O (where the 521 

concentration of O is significant above 80 km). Since small MSPs contain only two or 522 

three Mg, Fe or Si oxide subunits (Figure 7), a fraction of them will not contain any 523 

silicon and thus not attach electrons efficiently in the MLT when atomic O is present. 524 

Furthermore, an electron may not always attach depending on the part of the particle 525 



with which it collides: the positively-charged metal atoms being more attractive than 526 

the negatively-charged O atoms e.g. in FeMgSiO4, the Mulliken charges on the Fe, 527 

Mg and Si atoms are +0.7, +0.9 and +2.0, respectively, whereas the O atoms all carry 528 

a charge of -0.9. To take these two factors into account, we have multiplied the rate 529 

coefficients for e- attachment to neutral MSPs in the three size bins by a factor of . A 530 

value for  of 0.5 produces the vertical profile of negatively-charged MSP2 particles 531 

(i.e. in bin 2, corresponding to r between 0.5 and 1.0 nm) shown in Figure 4, which is 532 

a good fit to the profile of negatively-charged particles measured by the Dartmouth 533 

Dust Detector above 85 km - both in terms of the absolute numbers of particles and 534 

fall-off with altitude. Below 85 km the pressure is too high for the single point 535 

correction applied to the raw detector data to be reliable (Section 2.3). If  is set to 1, 536 

then the peak density of MSP- particles increases to 440 cm-3 at 85.5 km, which is still 537 

within the uncertainty of the measurements. 538 

Figure 2 shows a comparison of the modelled and measured profiles of positive ions 539 

and electrons from 75 to 105 km. The model captures well the marked charge 540 

imbalance below 90 km, where the electron depletion increases to nearly 2 orders of 541 

magnitude by 75 km. Most of this is due to the negative charging of MSPs, although 542 

Figure 2 shows that negative ions start to become significant below 80 km when [O] 543 

falls below 1010 cm-3. 544 

Figure 10 illustrates the charge state of MSPs in the three size bins. The majority of 545 

particles are MSP1 (i.e. in bin 1) at all heights above 75 km (although close to 75 km 546 

the MSP1 and MSP2 populations are starting to decrease relative to MSP3 due to 547 

coagulation). Most MSPs carry a single negative charge above 87 km, whereas below 548 

this the particles are more likely to be neutral. Note that positive particles start to 549 

appear below 85 km, because highly-mobile free electrons have essentially all been 550 



removed, either forming negative MSPs or molecular anions. Positive particles are 551 

then neutralised by much slower collisions with these species. In fact, positive MSPs 552 

have recently been observed below 80 km for the first time (Robertson et al., 2013).  553 

 554 

Conclusions 555 

This paper describes the results from a successful rocket experiment where the 556 

measurement of atomic O, negatively-charged dust, positive ions and electrons on the 557 

payload was complemented by lidar measurements of atomic Na and temperature 558 

from the ground. There are two significant conclusions. First, it has been possible to 559 

model the atomic Na layer, and the vertical profiles of negatively-charged MSPs, 560 

electrons and positive ions, using a self-consistent meteoric input flux. Second, we 561 

have used electronic structure calculations and RRKM theory to show that even the 562 

smallest MSPs are able to attach electrons very rapidly compared with electron 563 

attachment to O2 and O3, and form stable negatively-charged particles, if they contain 564 

silicon. This explains why substantial electron depletions can occur above 80 km, 565 

where the presence of atomic O prevents the formation of stable negative ions. 566 
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Table 1. Rate coefficients in the dusty plasma model 775 

Reaction Rate coefficient a Source 

I+  + e- production q = kDR  [I+] 2 See text 

e- + O2 + O2  O2
- + O2 1.4× 10-29 (300/T) exp(-600/T) b 

e- + O2 + N2  O2
- + N2 1.0 × 10-31 b 

e- + O3  O- + O2
 9.1 × 10-12 (300/T)-1.46 b 

O + O2
-  O3 + e- 1.5 × 10-10                b 

O + O-  O2 + e- 1.9 × 10-10            b 

I+ + e-  products kDR = 3 × 10-7 c 

e- + MSP  MSP-   

d,e 

I+ + MSP  MSP+ + I   

d 

I- + MSP  MSP-  + I   

d 

e- + MSP+  MSP   

d 

I+ + MSP-  MSP + I   

d 

I+ + MSP2-  MSP- + I   

d 

I- + MSP+  MSP + I   

d 

e- + MSP-  MSP2- 

 

 

d 

a Bimolecular reactions: cm3 molecule-1 s-1; termolecular reactions: cm6 molecule-2 s-1. 776 
b Florescu-Mitchell and Mitchell (2006). c Smirnova et al. (1988).  d  Natanson (1960), 777 
Jensen and Thomas (1991). e The factor  (=0.5 in the plasma model) allows for 778 
collisions with MSPs with electron attachment energies below 1.5 eV (see text).  779 
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Table 2. Electron attachment energies to small MSPs, calculated at the B3LYP/6-780 
311+g(2d,p) level of theory.a These should be compared with the electron affinity of 781 
atomic O, which is1.46 eV (Lide, 2006). The number in parenthesis after each species 782 
is the electronic spin multiplicity (= 2S + 1, where S is the total spin quantum 783 
number). 784 

Neutral Anion Electron attachment 
energy / eV 

Olivines 

Mg2SiO4 (1) Mg2SiO4
- (2) 1.98 

Fe2SiO4 (9) Fe2SiO4
- (10) 1.96 

FeMgSiO4 (5) FeMgSiO4
- (6) 2.08 

[Mg2SiO4]2 (1) [Mg2SiO4]2
- (2) 2.65 

[Fe2SiO4]2 (17) [Fe2SiO4]2
- (18) 2.59 

[FeMgSiO4]2 (9) [FeMgSiO4]2
- (10) 2.69 

Pyroxenes 

MgSiO3 (1) MgSiO3 (1) 2.79 

FeSiO3 (5) FeSiO3 (5) 2.59 

[MgSiO3]2 (1) [MgSiO3]2 (1) 1.59 

[FeSiO3]2 (9) [FeSiO3]2 (10) 1.96 

MgSiO3-FeSiO3 (5) MgSiO3-FeSiO3 (5) 1.96 

[FeSiO3]3 (13) [FeSiO3]3
- (12) 2.51 

[MgSiO3]3 (1) [MgSiO3]3
- (2) 2.83 

Metal hydroxides 

FeOH (4) FeOH- (3) 0.42 

MgOH (2) MgOH- (1) 1.18 

[FeOH]2
 (9) [FeOH]2

- (8) 0.97 

[MgOH]2 (1) [MgOH]2
- (2) 1.19 

[FeOH]3
 (10) [FeOH]3

- (9) 0.31 

[MgOH]3 (2) [MgOH]3
- (3) 1.56 

Fe(OH)2 (5) Fe(OH)2
- (4) 1.18 

Mg(OH)2 (1) Mg(OH)2
- (2) 0.23 

[Fe(OH)2]2
 (9) [Fe(OH)2]2

- (8) 0.64 

[Mg(OH)2]2 (1) [Mg(OH)2]2
- (2) 0.32 

a Zero-point energies are not included, but this should not lead to an error of more 785 
than 0.1 eV. 786 

  787 



Table 3.  Molecular parameters for FeMgSiO4 and FeMgSiO4
-, calculated at the 788 

B3LYP/6-311+G(2d,p) level of theory. 789 

Species 

  

Dipole 

Moment a  

Polarizability b Rotational 
constants c 

Vibrational frequencies d 

FeMgSiO4 3.24 

 

1.45 × 10-29 4.97, 0.886, 
0.884 

98, 113, 220, 290, 366, 
367, 518, 551, 627, 695, 
711, 750, 770, 799, 931 

FeMgSiO4
- 6.22 8.65 × 10-29 4.97, 0.865, 

0.863 
93, 105, 223, 281, 348, 
366, 432, 526, 546, 600, 
671, 715, 733, 879, 898 

a In Debye (= 3.336 x 10-30 Cm).  b In m3. c In GHz.  d In cm-1. 790 
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Figure Captions. 793 
 794 
Figure 1.  Comparison of the atomic O profile measured by the NEMI instrument on 795 

HotPay 2, with the Na density measured by the ground-based ALOMAR Na lidar 796 

between 20:00 and 20:09 LT, immediately before the launch at 20:14 LT. 797 

 798 

Figure 2.  Comparison of the profiles of positive ions and electrons measured by an 799 

ion probe and Faraday rotation technique on HotPay 2, compared with the predictions 800 

of the plasma model (including a profile of negative ions). 801 

Figure 3. Detection efficiency of the Dartmouth Dust Detector as a function of 802 

altitude and dust size for the HotPay 2 flight.  Detector performance degrades 803 

significantly below 82 km.  Peak detection efficiency above 85 km is ~0.8, with an 804 

average efficiency of ~0.5 over the 0.5 - 1.0 nm size range.   805 

Figure 4. Vertical profile of negatively-charged aerosols measured by the Dartmouth 806 

Dust Detector on HotPay 2, compared with the prediction from the dusty plasma 807 

model. The difference between the measured positive ions and electrons (see Figure 2 808 

for the profiles of these species) is also shown. 809 

Figure 5.  The temperature profile measured by the ALOMAR Na lidar between 810 

20:00 and 20:09 LT, immediately before the HotPay 2 launch at at 20:14 LT. This 811 

profile is compared with the January mean profile predicted by the SOCRATES 812 

model. Also shown is the January mean profile of the vertical eddy diffusion 813 

coefficient, Kzz. 814 

Figure 6. MSP concentration (particle cm-3) as a function of height and radius, 815 

calculated for an ablated meteoric input of 5 t d-1. 816 



Figure 7.  Probable structures of MSPs with sphere-equivalent radii of about ~0.3-0.5 817 

nm. These examples include, from top to bottom, left-hand side: FeMgSiO4 (olivine) 818 

dimer; FeSiO3 (ferrosilite) trimer; and MgSiO3 (enstatite) trimer. Right-hand side: 819 

MgOH and FeOH trimers. Calculations are at the B3LYP/6-311+g(2d,p) level of 820 

theory. 821 

Figure 8.  Modelled diurnal Na layer using the NaMOD 1D model, with the atomic O 822 

and temperature profiles constrained to the observed profile (Figure 1). The white 823 

broken line indicates the time of the HotPay 2 launch. 824 

Figure 9. Modelled profiles of Na, NaHCO3 and Na+ for the conditions of the HotPay 825 

2 launch, compared with the Na profile measured by the ALOMAR Na lidar. 826 

Figure 10. Vertical profiles of positive, neutral and negatively charged MSPs in the 827 

three size ranges used in the model (MSP1, r < 0.5 nm; MSP2, 0.5  r < 1.0 nm; 828 

MSP3, r  1.0 nm). The steady-state distributions are predicted by the dusty plasma 829 

model for the case of the plasma illustrated in Figure 2.  830 
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 839 
 840 
Figure 1.  Comparison of the atomic O profile measured by the NEMI instrument on 841 
HotPay 2, with the Na density measured by the ground-based ALOMAR Na lidar 842 
between 20:00 and 20:09 LT, immediately before the launch at 20:14 LT. 843 
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Figure 2. 859 
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 861 

 862 

 863 

 864 

 865 

 866 

 867 

Figure 2.  Comparison of the profiles of positive ions and electrons measured by an 868 
ion probe and Faraday rotation technique on HotPay 2, compared with the predictions 869 
of the plasma model (including a profile of negative ions). 870 
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Figure 3. 873 
 874 

 875 

 876 

Figure 3. Detection efficiency of the Dartmouth Dust Detector as a function of 877 
altitude and dust size for the HotPay 2 flight.  Detector performance degrades 878 
significantly below 82 km.  Peak detection efficiency above 85 km is ~0.8, with an 879 
average efficiency of ~0.5 over the 0.5 - 1.0 nm size range.   880 
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Figure 4. 883 
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 888 

 889 

 890 

 891 

 892 

Figure 4. Vertical profile of negatively-charged aerosols measured by the Dartmouth 893 
Dust Detector on HotPay 2, compared with the prediction from the dusty plasma 894 
model. The difference between the measured positive ions and electrons (see Figure 2 895 
for the profiles of these species) is also shown. 896 
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Figure 5. 899 

 900 
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 902 

 903 

 904 

 905 

Figure 5.  The temperature profile measured by the ALOMAR Na lidar between 906 
20:00 and 20:09 LT, immediately before the HotPay 2 launch at at 20:14 LT. This 907 
profile is compared with the January mean profile predicted by the SOCRATES 908 
model. Also shown is the January mean profile of the vertical eddy diffusion 909 
coefficient, Kzz. 910 
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Figure 6. 913 

 914 

 915 

 916 

 917 

 918 

 919 

 920 

 921 

Figure 6. MSP concentration (particle cm-3) as a function of height and radius, 922 
calculated for an ablated meteoric input of 5 t d-1. 923 
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Figure 7. 927 
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 929 
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 932 

 933 

 934 
 935 
 936 
Figure 7.  Probable structures of MSPs with sphere-equivalent radii of about ~0.3-0.5 937 
nm. These examples include, from top to bottom, left-hand side: FeMgSiO4 (olivine) 938 
dimer; FeSiO3 (ferrosilite) trimer; and MgSiO3 (enstatite) trimer. Right-hand side: 939 
MgOH and FeOH trimers. Calculations are at the B3LYP/6-311+g(2d,p) level of 940 
theory. 941 
 942 
 943 
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 947 

 948 

 949 

 950 

 951 

 952 

 953 

Figure 8.  Modelled diurnal Na layer using the NaMOD 1D model, with the atomic O 954 
and temperature profiles constrained to the observed profile (Figure 1). The white 955 
broken line indicates the time of the HotPay 2 launch. 956 
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Figure 9. 961 
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 965 

 966 

Figure 9. Modelled profiles of Na, NaHCO3 and Na+ for the conditions of the HotPay 967 
2 launch, compared with the Na profile measured by the ALOMAR Na lidar. 968 
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Figure 10. 974 

 975 

 976 

 977 

 978 

Figure 10. Vertical profiles of positive, neutral and negatively charged MSPs in the 979 
three size ranges used in the model (MSP1, r < 0.5 nm; MSP2, 0.5  r < 1.0 nm; 980 
MSP3, r  1.0 nm). The steady-state distributions are predicted by the dusty plasma 981 
model for the case of the plasma illustrated in Figure 2.  982 
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