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Abstract. The dissociative recombination (DR) of Fei@ns with electrons has been studied

in a flowing afterglow reactor. FéQvas generated by the pulsed laser ablation of a solid Fe
target, and then entrained in an’ &n/electron plasma where the absolute electron density
was measured using a Langmuir probe. A kinetic model describing gas-phase chemistry and
diffusion to the reactor walls was fitted to the experimental data, yielding a DR rate
coefficient at 298 K of k(FeD+ €) = (5.5 + 1.0) x 10 cm® moleculé' s*, where the quoted
uncertainty is at thec®2level. Fe" ions in the lower thermosphere are oxidized gydFeO,

and this DR reaction is shown to provimore important route for neutralizifigg” below

110 km than the radiative/ dielectronic recombination ¢fiieh electrons. The

experimental system was first validated by measuring two other DR reaction rate coefficients:
k(O," + €) = (2.0 + 0.4) x 10 and KN,O" + €) = (3.3 +0.8) x 10 cm® moleculé' s?,

which are in good agreement with the recent literature.



1. Introduction

The presence of metallic ions in the mesospherefitvermosphere (MLT) region between 70
and 140 km has been known for nearly 5 decades tlessurements have been made by
rocket-borne mass spectro but Mg" has also been observed via solar-pumped resonance
fluorescence from a rockgnd UV-visible spectrometers on spaceﬁ:a+ ions are also
observed by ground-based lidar (laser rag@he source of these metals is the ablation of

cosmic dust particles entering the atmosphere,hwhjects a variety of metals between 70 and

120 knﬂ

Metal ions are produced during ablation by hyperthermal collisions with air molecules, and
also by photo-ionization and charge transfer with the ambient ions in the E region of the

ionosphere. In the case of the most abundant meteoric FReetal

Fe+hv—>Fe +¢€ (R1)
Fe+ NO"— Fe + NO (R2)
Fe+ O, > Fe + O, (R3)

This chemistry is illustrated schematically in Figure 1. Under typical daytime conditions at
100 km, the lifetime against ionizati@more than a dﬂNeutralization ofFe inthe MLT
occurs in two ways. The first is through formation of a molecular ion, followed by

dissociative recombination (DR) with an elecl‘f:]J?e+ reacts with @ O, and Nzﬂ

Fe' +0; - FeO' + 0, (R4)
Fe' + O, (+M) - FeO," (R5)
Fe + No (+M) — F€'.N, (R6)

where M is a third body (Nor ;). R5 and R6 are pressure-dependent reactions and become

faster than R4 below about 961but the resulting Fe and F&.N, ions are rapidly



converted to FeOby reaction with atomic EIAS shown in Figure 1, there is then

competition betweeDR:

FeO+€ > Fe+0 (R7)
and reaction with atomic O

FEO'+0O > Fe + O, (R8)
which recycles back tBe" and hence prevents neutralizafign.

The second way in which Fean be neutralized in the MLT is through radiative and

dielectronic recombinatiﬂ
Fe'+e - Fe+h (R9)

Dielectronic recombination (where a free electron is captured and simultaneously excites a
core electron of the ion) is a significant process férdeeause th&D; ground state has fine-
structure splitting“{In fact, the combination of radiative and dielectronic recombination of
Fe is relatively inefficient at the low temperatures of the MLT, vaitiate coefficient

calculated from the R-matrix method to be 8 #4€m® moleculé' s* at 200 K] However,
above 120 km there is essentially ng the atmospheric pressure is very low and the kinetic
temperature is high so that molecular ions do not form readily via R4 - R6. In this region,
radiative and dielectronic recombination explain the small concentrations of neutral Fe that

have recently been observed up to 19ﬁm.

Sporadic E layers are thin layers of highly concentrated plasma consisting of metallic ions -
mainly F€ - and electrons, which affect radio wave propagﬂﬁ)m_idar observations have
revealed the phenomenon of sporadic neutral Fe layers, which often appear explosively
below 100 km and can last for several hﬂrsThere is a strong statistical correlation in

space and time between sporadic E and the appearance of these neutral Fe layers, which has



led to the proposal that sporadic Fe layers are triggered when sgotagers descend
below about 100 km and the neutralisation of fecomes rap|df] Thus the chemical
lifetime of sporadic E layers, and an explanation for sporadic Fe layers, require a complete

understanding of the neutralization pathways df Fe

In the present study we investigate the DR of Fg@yhlighted in red in Figure 1). This is

the only reaction in the sequence R1 - R8 that has not been studied previously. In fact, apart

LO|

from two studies of the DR of Naluster$,{|there appear to have been no other studies of

DR reactions involving metal-containing igrifit should be noted that theoretical
calculations of [R cross sections increase exponentially in complexity with the number of
electrons in the molecular ion. DR usually proceeds amtblectron being first captured in a
high energy Rydberg state, prior to diabatic curve crossing to the dissociative state of the
neutral molecule:|The number of high-lying Rydberg states for a molecule like FeO
prohibits calculation of a complete set of potential energy surfaces, and so experimental
measurement is the only realistic approach. Here we report the first measurem@ra@f k

+ €), and then examine the impact of this reaction on the lifetime’dhRbe MLT.

2. Experimental

Figure 2 is a schematic diagram of the flowing afterglow apparatus. The stainless steel flow
tube is of inner radius 17.5 mm and length 746 mm. A plasma was created by tie\(hg
Standard Litres per Minute (slm) at 1 Torr) through a microwave discharge cavity (McCarroll
cavity, 140 W at 2450 MHz) and then injected at the upstream end of the flow tube, where it
was immediately mixed withr (Ar:He = 1:10) to convert Heand any metastable HeY)

atoms present in the plasma ifo ionﬂAs a result of the removal of metastable atoms

and the large collision cross sectiorHs, the plasma should have cooled down to ~300 K



within 200 mm of the plasma injection pdififThe electron density of the resulting"Ar

plasma was measured with a Langmuir probe (Hiden ESPION, with a tungsten tip that is 10
mm long and 0.15 mm in radius). The ESPION software uses the Orbital Motion Limited
theory to calculate the electron dengsiyrhe typical electron density at the point of the
Langmuir probe, 337 mm downstream of the plasma injection point, was around®cai10

3. Fe" and FeOions were then introducédto the gas mixture via the ablation of a pure iron

rod which was attached to an external rotary drive. The tip of the rod was situated centrally in
the laminar gas flow and ablated by a Nd:YAG laser (Continuum Surelite, wavelength = 532
nm, pulse energy = 8 mJ per pulse, pulse rate = 10 Hz), loosely focused onto the rod through
an orthogonal side-arm by a 150 mm lens. The rod was rotated (2 - 4 Hz) in order to ensure
that a fresh surface of the rod was presented to each successive laser shot. This was

necessary to keep the resulting pulses of ablatsgdates as uniform as possible.

A Roots blower (BOC Edwards, Model EH500A) backed by a rotary pump (BOC Edwards,
Model E2M80)drew the gas down the flow tube, setting up a laminar flow with the

Reynolds number between 200 and 300 (criterion for laminar #&e&low 2000) controlled

by a throttle valve situated on the exhaust. In these experiments the pressure in the flow tube

was maintained at 1.00 Torr, with gas flow velocities ranging from-67®.7 m &.

Concentrations of the ions in the plasma were analysed by a differentially-pumped
guadrupole mass spectrometer (Hiden HPR60) at the downstream end of the flow tube. The
mass spectrometer was run in positive ion mode. The skimmer cone between the flow tube
and the first stage of the mass spectrometer had a 0.4 mm orifice biased at -17 V, and the
skimmer cone between the first and second stage of the mass spectrometer had a 1.8 mm
orifice biased at -86 V. Time-resolved ion pulses were captured with a multichannel scaler
(EG&G Ortec Model 914P; 5 ns resolution) synchronised to the Q-switch of the Nd:YAG

laser. A channel resolution of 108 was sufficient to capture the ion pulse shapes in these



ablation experiments. After an initial 10 minutes of ablation, the' Bagal showed no
temporal drift over the course of an experiment (typically 90 minutes). In order to obtain an
FeO pulse shape for subsequent analysis, Fe@ses from 500 individual laser shots were

signal-averaged. The reproducibility of repeat 500 pulse averages was better than 9%.

Materials He (99.995%, BOC Gases) was purified by passing through a trap of dry
molecular sieve (4A, 1-2 mm, Alfa Aesaf). (99.9999%, BOC Gaseand Q (99.999%,
BOC Gases) were used without further purificatiosON99.99%, BOC Gases) was purified
with three freeze-pump-thaw cycles. Terod used for ablation was 99.95% pure (Alfa

Aesar).

3. Reaults
3.1 Diffusion

A significant difference between the setup used here and previous DR measurements is that
the Langmuir probe is fixed in position relative to the flow; it is able to be retracted from the
flow into a side arm, but only measures electron density at one point in the flow tube. The
mass spectrometer and the iron rod are also fixed in place. The result of this is that the only
way to sample the concentrations of electrons and ions at different times during the reaction
is to vary the flow rate of the bath gas while maintaining a constant pressure. Figure 3
illustrates the absolute electron density decrease due to ambipolar diffusion to the walls in the
Ar* plasma, which is well fitted by a single exponential decay and enables the electron
density to be extrapolated to flow times outside of the range directly accessible by the

Langmuir probe.

The diffusion coefficient for an ion™in He can be obtained from the equation

E (E1)
Dx+ = kloss Pl —
581



where lgssis the first-order loss rate in the absence of any reagents, P is the He pressure, and
r the radius of the tu For the example in Figure 3 wherglc 794 + 43 8, Dp+ = 419+

23 s! Torr cnf s* at 298 K. The diffusion coefficient can be calculated using the expﬁsion

k,T 7
D, .= B
X 2210t un\a € (E2)

whereq is the polarizability of the bath gas (0.20%f8r He, 1.66 & for Ar[*9), i is the

reduced mass of the"XHe(Ar) collision, n the He(Ar) number density, the Boltzmann
constant, and e the elemental charge. This gives{P= 347 and R+ = 52 Torr cmi s*

at 298 K. The overall diffusion coefficient in the’Aslasma is then given by

DD
DheXar + Da Zre

D=

(E3)

wherey is the mole fraction of each bath gase«(= 0.909;ya =0.091). This yields D = 229

Torr cn? s, whereas the measured value is a factor of 1.83 + 0.10 times higher. The ions in
the plasma should diffuse at twice the rate of ions in a neutral gas because of ambipolar
diffusion, where the lighter, more mobile electrons effectively pull the ions to the flow tube
walls, retaining overall a state of quasi-neutrality. The electrons should then diffuse at a rate
close to that of the dominant ion (An these experiments). Note that equation E1 assumes
that ions/electrons striking the flow tube walls are removed with 100% efficiency; since this
may not be case, particularly if the walls becomeeambaith a non-conducting oxide, then

the measured diffusion coefficient will be a lower limit and this probably explains the small



discrepancy between 1.83 and 2. Ambipolar diffusion will be faster than twice the rate of
diffusion of ions in a neutral gas if the electron temperatures hiigher than the ion
temperaturg .’ |However in this case, the fact that the measured diffusion coefficient is
slightly less than twice the rate of the ion-neutral diffusion confirms that the system was

thermally equilibrated at the point where the plasma reached the Langmuir probe.

3.2DR of NO" and Q°

In order to test the experimental system, one experiment was performed gdgrid$ma

with the Langmuir probe mounted axially in place of the mass spectrometer at the end of the
flow tube. This enabled the electron density to be measured up to the point of injection of
N2O. A large excess of J was injected through a ‘showerhead’ type injector (Figure 2),

which is a radially symmetric tubular loop (6 mm OD) with many small holes for rapid

mixing of N;O into the plasma in order to reduce the mixing ﬁfﬁhe resulting NO" ions

undergo ambipolar diffusion to the walls and DR:
N.O" + € — products (R10)

Figure 4 illustrates the decay of electrons due to both DR (second-order kinetics) and
diffusion, both of which are included in a model (see below for more details). A model fit

(solid line in Figure 4) yields
kio(N2O" + €) = (3.3 + 0.8) x 10 cm® moleculé' s*

where the error is the standard deviation from 3 data sets (averaging 7 measurements each).

Table 1 shows that this result compares satisfactorily with previous measurements.
A second test was then performed to measure the DR rate coefficiesition©

O," + € - products (R11)



under conditions where the;Os in a large excess of Aand electrons, thereby simulating
the conditions for the FEMR experiment. Small concentrations ofWere added through

the shower-head injector to producg @ia the charge exchange reaction

O+ Arf > O + Ar (R12)

where k- lies in the range (4.9 - 6.0) x Ybocm® moleculé' s* at 300 K| The chemistry

of O,", Ar*and éin the flow tube is describem the following coupled differential

equations:
O] i tar 10,0~ (g +hoe 1) 03] (&)
T e +a10) 1r' (E9)
o kdos1) e (F0)

These equations were solved using a fourth-order Rwgta integrator, and;kwas

determined from a least squares fit to a set of experimental points obtained over a

range ofAr*/e’ concentrations (2.2 x 10 1.4 x 18° cm®) at the point of @injection, Q
concentrations (5.8 x 101.0 x 16°cm™®) and reaction times (3.3 - 7.9 ms). Figure 5
illustrates the measured and modelled TAr *] ratio over this range of concentration
parameter space, plotted against reaction time. Setting &5 x 10" cm® moleculé' s?,

which is a mean of previous measurements (see above), the best fit yields

k(05" + €, 298 K) = (2.0+ 0.5) x 10’ cm® moleculée® s*



where the quoted error includes an assign&8% uncertainty ink. Inspection of Table 1

shows that the value fog-kobtained in the present study is in very good agreement with

previous measuremerfty. [

3.3 DR of FeO

Initially, FeO" was produced from Fdy adding NO downstream of the ablation souﬁe:
Fe + N.O — FeO + () (R13)

However, addition of BD greatly increases the complexity of the system because it
undergoes charge transfer with"And the resulting X0* both removes electrons and

converts FeO from the ablation source into FdOalso clusters readily with Fand Fe0|j

In fact, it was then found that there was sufficient oxidation of the surface of the Fe rod

(when exposed routinely to air) that Fe@as produced directly by ablation, so addition of

N,O was not required. Figure 6 illustrates a sequence of time-resolvép&s@s measured

at the downstream end of the flow tube for a range of flow velocities (or flow times, since the
pressure is constant). One significant advantage of the pulsed ablation system is that the
arrival time of the pulses gives a direct measure of the axial flow velocity in the tube, rather
than using the mass flow rates and pressure to calculate the plug flow velocity and applying a
laminar flow correctioft.|In practice, this latter procedure for calculating the flow velocity,
which had to be used for the study ofN and Q" described above, always agreed to within

8% of the direct measurement.

The iron species generated via ablation include not orilaf@ FeO ions, but also neutral
Fe and FeQ.|Resonance absorption measurements, performed transverse to the flow tube
axis with a Fe hollow cathode Iaﬂshowed that the Fe concentration was less than 10

cm®. Charge transfer between*and neutral FeO is an additional source of EFeO



Ar* + FeO —» FeO + Ar (R14)

The rate coefficient for this reaction was estimated using modified Langevin ﬂ‘]'éi)ry,

because FeO has a significant dipole moment of ﬁ)@elding ka(Ar* + FeO, 298 K) =

4.4 x 10° cm® moleculé' st

The chemistry of FeQ FeO, Af and éin the flow tube is described by the following

coupled differential equations:

d[F;U] ~ k JAr JFed - (ki +ki[e]) [FeO] E7
L iz +kutar) (Fe (59
d[:q _ _(k?g . kl4[Feq) [Ar] (E9)
d[:t] — kg, +k,[FeO]) [e] (E10)

The electron diffusion rate® averaged 815%at 1.0 Torr, measured by the Langmuir

probe. The diffusion rate of Arthe dominant positive charge carrier was assumed to match

the electron diffusion rate, and that of Festas scaled using the relative diffusion

coefficients calculated with equation E2. Since the reduced masses of the ion-neutral pairings

are very similar, the diffusion rate of F&i®3% smaller than that ofr”. The diffusion rate

of neutral FeO was calculated to be 431rsthe flow tubﬂ



Equations E7 - E10 were solved numerically to predict the relativé dea@entration at the
downstream end of the flow tube. The two unknowns aeaé [Fe(], the initial neutral

FeO concentration produced by ablation of the Fe rod. By repeating the model ruams over
wide range of flow velocities (67.5 - 105.7 i) &ind electron densities.(8x 16 - 9.2 x 18
cm®) and comparing with the measured Fa@nal, ay* goodnessf-fit parameter was

calculated for N experimental points in a data set:

FeQO'

expt,i

5 ZNZL(Feong —FeQ g )Jz (E11)

A Nelder-Mead iteration algoritrﬁwas then used to find the optimal values-cdukd

[FeQy]. Note that in order to model the time-resolved Fe@ncentration, the model actually
requires the product{FeO] in equatiorkt7; since we fix k4 to the calculated value, [FglO

is then the other unknown fitted parameter. Figure 7 is an example of the results of a single
experiment. Panels (a) and (b) compares the measured and modellsijRal® as a

function of velocity and initial electron density (t = 0 being defined as the time when the
plasma passes the iron rod). The dotted lines in both panels show how&d® have

varied in the absence of DR, showing that DR makes a significant difference to the measured
FeO' signal.Figure 7(c) is a contour plot of ¥* as a function of4and [Fe@]. The minimum

of the y* surface is marked with a white cross. In this case(®.5+ 1.8) x 10’ cm®

moleculé' s*. The error was estimated by using Monte Carlo selection of the following
model parameters within their percentage uncertainties indicated in parentheses: FeO
produced directly by ablatiorr20%); initial electron density-(0%); and flow velocity

(+0.3%). The kinetic model was then rerun to obtain new optimised fitsawfck[Fe@] to

the experimental data points. The standard deviatiopfodik 10° model fits then provided



the estimate of the uncertainty. The grey envelope in Figure 7(a) and (b) indicates the

uncertainty in the fit predicted from this Monte Carlo procedure.

Eleven such experimental data-sets were obtained, ytrking from 4.0 x 18 cm®
moleculé' s* to 7.2 x 10 cm® moleculé' s*. The largest random error arises from
extrapolating the electron density along the flow tube using the measured valu€, @frid
this is likely responsible for the range ofrktrieved from the x> minimization. The average

value from these 11 individual experimeigts
k/(FeO + €, 298 K) = (5.5 + 1.0) x T0cm® moleculé' s*

where the quoted error is the &andard deviation. The average fitted value for gfFe&O

(3.7 £ 1.0) x 16 molecule cr.

4. Discussion

The measured value of is 2 - 3 times larger than the rate coefficients typical of DR
reactions involving diatomic iofislexemplified by the @ DR reaction measured herejk
This probably reflects the high density of FeO Rydberg states that will be involved in the

reaction. kis also roughly twice as large as the value that that has been used in atmospheric

models of meteoric FT ~°| A comprehensive review shows that DR reactions tend to have a

small negative temperature dependence, which can be expressedigs T between 0.5

and E’IIf n were 0.5 thenkwould be only 22% higher at 200 K, a typical mesospheric
temperature. While the experimental temperature range of the flow tube could be extended to
200 K as we have done previoﬂn would not be possible to measure a difference of only
~20% in k, given the additional uncertainties with the temperature dependences of other

parameters in the kinetic model. Here we assum&°al&pendence.



We now consider the impact of the FEDR reaction on the lifetime of Fén the MLT

region. As discussed in the Introduction and illustrated in Figure 1, reaction R7 is the key
reaction for neutralizing Feso long as there is sufficient @ form FeO via reaction R4,
although the overall efficiency of this process is controlled by atomic O (reaction R8).

Putting FeO in steady-state yields the first-order rate of Eanversion to Fe:

k,[e"]

DR ra.te(l:e+ - Fe): k4 [Os]m

(E12)

“[8 1 Gincek, [e7] <<k, [O]

~ k,[O,] k7 [O]

The rate of neutralisation via radiative recombination (RRy[&]kFigure 8 illustrates

vertical profiles of the DR and RR rates in the MLT, for daytime and night-timetia0
March. The vertical profiles of the relevant atmospheric constituept€((@&) are taken

from the Whole Atmosphere Community Climate Model (WACﬁ'INote the large

increase of the RR rate in the daytime, when photo-ionization leads to a more than 10-fold
increase in electrons. In contrast, there is little diurnal change in the DR rate, because the
roughly 10-fold decrease ins@aused by photolysis during daytime is roughly balanced by
the increase in electron density through photo-ionization, and the DR rate is proportional to
[O4] [e7] since [O] does not exhibit significant diurnal variation above 85 (Karing

daytime, DR is more important than RR below about 102 km; whereas at night, this transition
occurs around 108 km. The top abscissa of the plot in Figure 10 shows the lifetimie of Fe
Note that the atomic ion is very long-lived (more than 1 day) above 95 km. However, if the
metallic ions and electrons become concentrated into a sporadic E layer where the electron

density can exceed 16m?, then the lifetime will decrease to only a few minﬁs.



We have recently developed a global atmospheric model of meteoric iron (WACCM-Fe).

The model includes the seasonally varying meteoric injection rate profile of Fe and a detailed
description of the neutral and ion-molecule chemistry of iron, incorporated into the WACCM
chemistry-climate model. WACCM-Fe simulates the mesospheric Fe atom layer
satisfactorily, particularly for northern mid-latitug¢i€s-However, in that modeling study the

high sensitivity to kof the underside of the Feon layer was identified using a 1D model.

We have now rerun the full 3D model simulation using the measured valueafith lan

assumed ¥° dependence. Figure 9 shows the vertical profilenff@asured over Red Lake

(51°N, 267E), Canada using a rocket-borne mass spectrometer during \ how

the Fé density increases extremely rapidly by over 3 orders of magnitude between 80 km and
the peak around 95 km, before decreasing again above 100 km. Plotted for comparison are
two WACCM simulations for similar conditions (solar maximum year), using the previously
assumed value of land the larger value measured in this study. Clearly, the model run with
the new value ofkcaptures the very small scale height on the underside of the layer and the
Fe" peak density very well, whereas the smaller value abkd previously causes the peak
density to be overpredicted by a factor of ~3. Note that the discrepancy between both
WACCM simulations and the measurements above 100 km appears to be due to an
incomplete description in WACCM of electrodynamic transport in the thermoﬁmre.
Specifically, WACCM does not include the Lorentz force, which manifests as an upward

drift of ions when an eastward wind transports through them through the Earth’s magnetic

field. This can result in significant upward transport of a long-lived species such alsove

100 krﬂ



5. Conclusions

In this study we have reported the first measurement of the rate coefficient for the DR of

FeO with electrons. The rate coefficient is roughly double the “typical” value assumed for

the DR reactions of diatomic molecular ions, probably as a result of the high density of
Rydberg states in FeO which are likely to be involved in the reaction. The most important
reactions which govern the reduction of @ Fe in the upper mesosphere and lower
thermosphere have now been measured, which should lead to better quantitative prediction of

the chemical lifetime of sporadic E layers and their effect on radio propagation.
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Table 1. Rate coefficients for the dissociative recombination £fadd NO™ with electrons,

compare with recent previous measurements (see AFﬁldtn’rpre-ZOOO measurements)

DR rate coefficient, 290 - 300 K Source

(cm® moleculé s1)

O +€ (2.4 +0.7) x 10 Peverall et af’
(1.9 + 0.5) x 10 Fournier et
(2.0 + 0.5) x 10 This work

N,O*+e  (3.3+0.8) x 10 Hamberg et &’
(3.0 +£0.5) x 10 Fournier et a’

(3.3+0.8) x 10 This work




Figure captions.

Figure 1. Reaction scheme illustrating the coupling betwe€naRd Fe in the
mesosphere/lower thermosphere. The reaction highlighted in red is the subject of the present

study.

Figure 2. Schematic diagram of the flowing afterglow apparatus.”F@@ are produced by

pulsed laser ablation of an iron rod.

Figure 3. Electron density measured by the Langmuir probe (solid symbols) with fitted
exponential decay (solid line) to illustrate ambipolar diffusion in thephasma.
Experimental conditions: pressure = 1.0 Torr, temperature = 298 K, total flow rate 4.58.1
slm, flow velocity 70.3- 103.0 m &. t = O refers to the time of injection of plasma from the

discharge into the flow tube.

Figure 4. The measured decay of electrons in a@Nplasma, compared with a model of the
second-order DR kinetics and diffusion to the walls. Experimental conditions: pressure = 1.0
Torr, [N,O] = 8 x 13> molecules cri, temperature = 298 K, total flow rate = 3.08 slm, flow

velocity 70.3 m 8.

Figure5. Plot of the measured and modelledJO [Ar ] ratio versus reaction time in a
study of the @ DR reaction. Experimental conditions: pressure = 1.0 Torr, temperature =

298 K, total mass flow rate = 2:24.0 sIm, flow velocity = 58.8 104.4 m &.

Figure 6. Pulses of FeOions as a function of flow time, measured by the mass spectrometer/
multichannel scaler for a range of flow velocities. Experimental conditions: pressure = 1.0

Torr, temperature = 298 K, flow velocity 73.0005.7 m &.

Figure 7. Plots of fitted and measured concentrations of the BgDal as a function of flow
velocity (panel a) and electron density at the Fe rod (panel b). The fitted rate coefficient is k

= 4.7 x 10’ cm® moleculé' s*. The envelope corresponds to the + 16 uncertainty determined



from a Monte Carlo procedure (see text). The dashed line indicates the concentratioh of FeO
that would have been observed if DR were not occurring. Experimental conditions: pressure
= 1.0 Torr, T = 298 K, total mass flow rate = 3.2.6 slm. Panel c is a contour plot of * as a

function of k and the initial concentration of neutral FeO.

Figure 8. Vertical profiles of the daytime and night-time rates of neutralization ofie
dissociative recombination (DR - black lines) and radiative recombination (RR - blue lines)
with electrons (bottom abscissa). Thé Fetimes (red lines) are shown on the top abscissa.

The conditions are March, 29.

Figure 9. Comparison between concentrations of &ea function of altitude: measured by
rocket-borne mass spectrometry at Red Lake, Canada (51°N, 267°E at 16732 UT)
(diamonds); modeled by Feng (solid line); and modeled using the rate coefficient for

k;(FeO + €) measured in the present study (dashed line).
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Figure 1. Reaction scheme illustrating the coupling betweéarkkFe in the
mesosphere/lower thermosphere. The reaction highlighted in red is the subject of the present

study.
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Figure 2. Schematic diagram of the flowing afterglow apparatus’. i6@® are produced by

pulsed laser ablation of an iron rod.
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Figure 3. Electron density measured by the Langmuir probe (solid symbols) with fitted
exponential decay (solid line) to illustrate ambipolar diffusion in thephasma.
Experimental conditions: pressure = 1.0 Torr, temperature = 298 K, total flow rate 4.8.1
slm, flow velocity 70.3- 103.0 m &. t = O refers to the time of injection of plasma from the

discharge into the flow tube.
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Figure 4. The measured decay of electrons in # Mlasma, compared with a model of the
second-order DR kinetics and diffusion to the walls. Experimental conditions: pressure = 1.0
Torr, [N,O] = 8 x 13> molecules cni, temperature = 298 K, total flow rate = 3.08 slm, flow

velocity 70.3 m 8.
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Figure 5. Plot of the measured and modelled][O[Ar ] ratio versus reaction time in a study
of the Q" DR reaction. Experimental conditions: pressure = 1.0 Torr, temperature = 298 K,
total mass flow rate = 2.24.0 slm, flow velocity = 58.8 104.4 m &.
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Figure 6. Pulses of FEQons as a function of flow time, measured by the mass spectrometer/
multichannel scaler for a range of flow velocities. Experimental conditions: pressure = 1.0
Torr, temperature = 298 K, flow velocity 73.0L05.7 m §".
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Figure 7. Plots of fitted and measured concentrations of thé sig@al as a function of flow
velocity (panel a) and electron density at the Fe rod (panel b). The fitted rate coefficient is k
= 4.7 x 10’ cm® moleculé' s*. The envelope corresponds to thés uncertainty determined

from a Monte Carlo procedure (see text). The dashed line indicates the concentratioh of FeO
that would have been observed if DR were not occurring. Experimental conditions: pressure
=1.0 Torr, T = 298 K, total mass flow rate = 3.2.6 slmPanel c is a contour plot of ¥* as a
function of k and the initial concentration of neutral FeO.
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Figure 8. Vertical profiles of the daytime and night-time rates of neutralization ofde
dissociative recombination (DR - black lines) and radiative recombination (RR - blge lines
with electrons (bottom abscissa). Thé Fetimes (red lines) are shown on the top abscissa.
The conditions are March, 2.
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Figure 9. Comparison between concentrations dfBe function of altitude: measured by
rocket-borne mass spectromettyfRed Lake, Canada (51°N, 267°E at 16:52@T)
(diamonds); modeled by Feng q@(solid line); and modeled using the rate coefficient for
k;(FeO + €) measured in the present study (dashed line).



