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I.

OVERVIEW ON THE ASSOCIATIVE DETACHMENT (AD) MECHANISM IN AIR
A. Historical notes

In many gases at moderate values of E/N (ratio of the electric field to gas density) detachment
mechanisms are considered to be unimportant and, consequently, it is usually satisfactory to attribute
all ion loss processes to ion conversion. However, this is not the case of air. Different authors since
the 1930s have emphasized the important role played by negative ions in the upper atmosphere and
low pressure laboratory discharges in air [1–7]. In particular, associative detachment (AD) was of
considerable interest during the early 1940s because of the possibility that O−2 and O− ions, present

in the ionosphere of the Earth, were destroyed by AD in collisions with atomic oxygen [8].

Since nitrogen does not form stable negative ions, under the conditions of electric breakdown in
air, the electron attachment mechanism only involves oxygen through dissociative attachment [1]:
e + O2 → O− + O.

(1)

However, since the late 1950s several authors have been reporting an apparent lack of electron
attachment or attachment coefficients that were significantly lower than the values expected from
the oxygen content in air [8–12]. Several investigations conducted during the 1960s and 1970s [13–
17] explained the absence of electron attachment in air as due to the action of a fast detachment
reaction that destroys most of the O− ions formed during dissociative attachment. Moruzzi and
Price [18] performed low pressure (10-100 torr) experiments with dry air and air-CO2 mixtures to
conclude that the fast detachment mechanism of O− in air involves nitrogen molecules (N2 ) since
other detachment mechanisms observed in oxygen [13, 16, 17], are too slow. This contradicted
previous results that suggested that the collisional detachment of O− by N2 had a slower [19] or
similar [20] rate to that of collisional detachment of O− by O2 . In order to definitively clarify which
mechanism involving N2 was responsible for the lack of detectable electron attachment in air, a
number of studies were carried out between the mid 1970s and early 1980s.
A first attempt, put forward by Moruzzi and Price [18] and Moruzzi and Lucas [21] in 1974,
postulated that the absence of electron attachment in air below 100 torr was due to a fast detachment
reaction involving O− ions and vibrationally-excited N2 , with an estimated rate of 10−9 cm3 s−1 .
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However, in 1978, Rayment and Moruzzi [22] designed a detailed and controlled experiment, the
definitive one, that allowed them to observe possible effects due to changes in the concentration of
vibrationally-excited N2 and to remove the limitations of the 1974 experiments. They concluded
that at pressures below 3 torr any detachment of O− by vibrationally excited N2 is negligible and
therefore the explanation suggested in [18] and [21] was not correct. Hence the only possible
associative detachment reaction responsible for the absence of electron impact attachment in air
below 100 torr was one that involves ground state N2 , that is,
O− + N2 → N2 O + e,

(2)

for which they measured a rate constant that rises rapidly with increasing E/N up to a maximum
value of 10−12 cm3 s−1 at E/N = 120 Td, consistent with previous measurements by Fehsenfeld and
coauthors [23] and Lindinger and coauthors [24]. The rate measured by Rayment and Moruzzi
was confirmed by Doussot and coauthors [25] in 1982 in an experiment with O2 /N2 mixtures using
between 0 and 60% N2 , also consistent with the upper limit reported by Fehsenfeld and coauthors
[23] and Lindinger and coauthors [24].
It is now accepted that AD is a fundamental process in low-pressure discharges in air and it is
listed as such in textbooks such as Fridman and Kennedy’s [26] and the comprehensive monography
by Capitelli et al. [27], that refers to Rayment and Moruzzi but gives a field-independent reaction
rate. However, most texbooks on electric breakdown, such a Raizer’s [28], deal primarily with
atmospheric-pressure discharges and therefore give little or no consideration to AD. We speculate
that this is the reason that researchers in upper-atmospheric electricity have neglected this process
for so long.
As a final note, we mention tha the work by Moruzzi and Price [18], published in 1974, discusses
also the influence of adding CO2 to dry air, concluding that small additions (several percents) of
CO2 produced significant attachment in the air-CO2 mixtures. This is rationalized in terms of a fast
detachment reaction occurring in dry air that is inhibited by the addition of CO2 and, in particular,
by the reaction O− + CO2 + CO2 → CO−3 + CO2 that stabilises O− . This result could be interesting

to understand the electric breakdown mechanisms underlying the possible TLE activity in the upper
atmosphere of Venus with 96.5 % of CO2 and 3.5 % of N2 . However, the results of the experiments
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by Moruzzi and Price [18] are only valid in a range of pressures between 10−2 and 10−1 atm. The
TLEs in Venus could take place well above (84-90 km) the tops of the uppermost H2 SO4 clouds
[29] where the pressure is below 10−3 atm and where, consequently, the associative detachment of
O− by CO (O− + CO → CO2 + e) could compete with O− + CO2 + CO2 → CO−3 + CO2 (equivalent

to O− + O2 + M → O−3 + M in the Earth atmosphere) and become the key mechanism of the Venus
upper atmosphere electrical breakdown underlying the possible existence of TLEs in Venus.
B.

Kinetic rates and physical interpretation

Figure S1 shows the kinetic reaction constant of the three most important reactions for electric
breakdown in low-pressure air. The ionization and dissociative attachment rates are obtained by
the BOLSIG+ Boltzmann solver [30] while the associative detachment (AD) reaction is obtained
by fitting the data of Rayment and Moruzzi [22] (see the Methods section in the main text). From
Fig. S1a, one is tempted to conclude that the relative importance of each of the reactions depends
only on the reduced electric field E/N. However, one must bear in mind that the reactants of each of
the processes are different and, whereas ionization and attachment are produced by free electrons,
AD is produced by O− ions. That is the reason that in the main text we introduced the parameter η,
defined as the ratio of the electron density to the density of O− .
Figure S1b shows the electron multiplication or depletion rates due to each of the reactions at 75
km altitude and for three values of η. The figure shows these two features:
1. At very low electric fields, detachment always dominates over atachment, no matter what
is the value of η. However, when E/N is below ∼ 30 Td, attachment and ionization have

characteristic times ν−1 longer that ∼ 100 ms and are therefore very slow compared with

characteristic times of sprite discharges. Detachment plays a role at low electric fields only
if the relative density of O− is high.

2. For large η the electron production mechanisms (ionization and detachment) dominate over
the electron losses (attachment) and therefore electric breakdown is possible for any value of
E/N. In this limit, conventional breakdown is not a valid approximation.
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FIG. S1. Kinetic rates of the main reactions for upper-atmospheric breakdown. We show (a) the rates
of the three most important reactions and (b) the contribution of each of them to the logarithmic derivative
of the electron density according to equation (5) in the main text. In (b) we used densities of N 2 and O2
corresponding to an altitude of 75 km.
II.

2D MESOSPHERIC MODEL

In the main text we use a very simple mesospheric model that emphasizes the role of associative
dettachment, isolating it from the rest of the complex physics and chemistry of upper-atmospheric
discharges. Here we show results from a more complex model of upper-atmospheric discharges.
This model, developed by Luque and Ebert [31] was recently used to study the inception of streamers out of collapsing, downward-moving ionization fronts (halos).
The model is detailed in the supplementary material of Ref. [31] and further details are discussed in Ref. [32]. It is a 2D model (3D with cylindrical symmetry) that includes the drift
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and diffusion of electrons with altitude-dependent diffusion coefficient and mobility. The electric field is calculated by solving the Poisson equation for the space charge and the field generated
by the cloud charge that we model as a point-charge between planar electrodes at ground and at
the lower edge of the ionosphere at 85 km. Ionization and attachment are calculated through the
Townsend approximation but in this work we have updated the model with the attachment parameters Eatt = 6.04 · 104 (N/N0 ) V/cm, αatt = 64.6(N/N0 ) cm−1 , where N is the air number density and

N0 is the air number density at standard temperature and pressure. For reduced fields lower than

about 50 Td, these values improve the fit with the rate of attachment calculated with BOLSIG+ [30]
using the cross sections of Phelps and Pitchford [33]. Reference [31] did not consider associative
detachment (AD); here we model AD with the analytical approximation described in the Methods
section of the main text.
A.

2D simulation with AD

Figure S2 shows a simulation with the 2D, full transport model. We represent the electric field
and densities in the central axis of the simulation, which is the atmospheric column that contains the
cloud charge. The current moment is the same as in Fig. 2 of the main text, obtained from Gamerota
et al. [34].
The results in Fig. S2 are very similar to those in Fig. 2 in the main text. This confirms that the
simple zero-dimensional model that we used in the main text captures most of the relevant physics
of delayed sprite inception. The differences between the two models are:
1. The 2D, full transport model is delayed by about 8 ms. A possible explanation is that this
model uses a constant mobility that under-estimates the field-dependent mobility at low reduced fields. Therefore in this case it is possible that the zero-dimensional model is more
accurate.
2. The highest electric fields are higher in the 2D model. This is due to the enhancement of electric fields due to the curvature of the discharge. The curvature explains also the acceleration
of the high-field fronts that is absent in the zero-dimensional model.
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FIG. S2. Simulation of delayed sprite inception with a 2D, full-transport model. The zero-dimensional
model used in the main text (see Fig. 2) captures most of the physics of delayed sprite inception. (a) Current
moment waveform of a thunderstroke on 3 July 2008, 08:55:11 UT obtained by Gamerota et al. [34]. (b) and
(c): Simulated mesospheric reduced electric field E/N and electron density. The observed inception time (54
ms) and altitude (75 km) are marked by a red spot. (d): Reduced electric field at the inception altitude. For
given values of the electron and O − densities (e), we show in red the values of E/N that induce a net increase
of the electron density and in blue those values that produce a net decrease. In (e) we also show the ratio of
O− to electrons (see main text), that shares the same scale as the densities.
B.

2D simulation without AD

To weight the importance of AD in the mesosphere, we also run a simulation of the 2D, fulltransport model with supressed AD. We show the results in Fig. S3. There we notice a strong
depletion of electrons due to dissociative attachment. Without AD, the electrons are not released
again so there is no breakdown until the reduced electric field exceeds the conventional breakdown
threshold Ek /N ≈ 120 Td shortly after 60 ms. At that moment the electron density is already below

10−7 cm−3 .

Observing Figure S3 one is tempted to postulate that delayed sprite inception can also be ex-
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FIG. S3. 2D, full-transport model with supressed associative detachment. The remarkable differences
between this figure and Figs. 2 in the main text and S2 in this supplementary material underline the relevance
of associative detachment for upper-atmospheric discharges. See the caption of Fig. S2 for a description of
each panel.

plained with a model without AD. Nevertheless, the two inception mechanisms that can be postulated are not compatible with observations:
1. First one may argue that a sprite ignites when E > Ek inside the attachment hole at around
t = 65 ms and 75 km altitude. However, a sprite that starts from isolated avalanches within
a low-conductivity region will first appear as a double-headed streamer [35, 36] propagating
simultaneously upwards and downwards. This form of propagation has never been observed,
neither in prompt nor in delayed sprites [37].
2. Another possibility would be a mechanism similar to that described by Luque and Ebert
[31], whereby a streamer emerges from the destabilization of a sharp front. Figure S3 shows
a sharp jump in the electron density at about 77 km altitude after 65 ms. Contrasting with
the simulations of Ref. [31], here the front is concave and propagates slowly upwards. It is
unlikely that the mechanism of field enhancement described in Ref. [31] is also active in this
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scenario.
III.

STREAMER INCEPTION

All the simulations discussed above, both within 0D- and 2D-models show a diffuse breakdown
with a typical length-scale of tens of kilometers. This form of breakdown corresponds to the diffuse
light emissions in sprite halos but in most observations breakdown below ∼ 80 km occurs as a bunch
of filamentary discharges known as streamers.

The transition from a diffuse breakdown toward a streamer-type discharge is a complex and
still poorly understood process. Luque and Ebert [31] developed the first quantitative model of
this transition, where streamers emerge from a collapsing, wide positive ionization front. However,
atmospheric inhomogeneities, which are suspected to act as streamer seeds, were absent from their
model. Our models here suffer from the same drawback, which ultimately arises from a lack of insitu measurements of the upper-atmospheric electronic density or a reliable model for small-scale
mesospheric inhomogeneities.
Given this limitation, we must rely on the assumption that large-scale breakdown below ∼ 80 km

is unstable against atmospheric inhomogeneities and transforms into a bunch of streamers. We justify this assumption with a simulation of the 2D-model with an inhomogeneity artificially embedded
into the initial electron density. We used a gaussian bump located at 75 km with a radius of 2 km
and a highest electron density of 100 cm−3 . We used the same current-moment as in Figs. 2 and S2.
The resulting electron density and reduced electric field can be seen in a supplementary movie and
in Figure S4 that shows a snapshot at 60 ms. We observe that a downward-propagating, positive
streamer emerges from the initiation seed at the moment of AD-driven electric breakdown. We
must note, however, that not any seed would ignite a streamer and that we hand-picked this one as a
illustration (see also the supplementary material of [31]). We believe nevertheless that this example
serves as evidence that our assumption is justified, although further investigation is desirable.
Under the assumption that electric breakdown at below ∼ 80 km leads to streamers, it is then

reasonable to assume also that sprite inception is most likely to occur whenever there is a fast
growth of the electron density. In figure S5 we plotted the time derivative of the electron density
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FIG. S4. A streamer is launched from a local inhomogeneity during breakdown. We show the electron
density (left) and the reduced electric field (right) after 60 ms in a simulation with an artificially embedded
inhomogeneity. The current-moment waveform is the same as in Figs. 2 and S2. Results of this simulation
are also available as a supplementary movie.

FIG. S5. The growth of the electron density peaks sharply at a different time for each altitude. The
figure shows the time derivative of the electron density in the simulation of Fig. 2 of the main text. The white
line indicates the time og fastest growth of the electron density whereas the red dot marks the earliest time of
this line and therefore what we speculate would be the most probable time and altitude of sprite inception.
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FIG. S6. An M-component in the current moment waveform induces faster breakdown. Here we show
the results of a 0D simulation, similar to that discussed in the main text where an M component has been
artificially added to the current moment waveform.

from the simulation shown in Fig. 2 of the main text. For each altitude, the growth of electrons
peaks sharply around a given time; the earliest of each of these peaks gives the most probable time
and altitude of sprite inception, marked by a red dot in the figure. With this criterium we calculated
the times and altitudes of inception in Fig. 3 of the main text.
IV.

INFLUENCE OF THE CURRENT-MOMENT WAVEFORM

In order to investigate how a different current-moment waveform affects our results, we performed a simulation similar to that represented in Fig. 2 of the main text but with a superimposed
spike in the current-moment (M-component). The M-component was simulated by a Gaussian peak
with an amplitude of 40 kAkm and a width of 20 ms. Figure S6 shows the results of this simulation;
comparing it with Fig. 2 in the main text, we see that that the M-component accelerates the electric
breakdown about 10 ms. This is consistent with previous findings by Li et al. [38] and Asano et al.
[39].
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