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Abstract. The emergence of a streamer from an ionisation wave and its expansion

are ultra-fast processes shaping the very first moments of the streamer development,

and are usually accessible only by complex numerical models. In this Letter, we report

experimental evidence of the emergence of a streamer from an ionisation wave in

1.3 kPa air, a laboratory analogue of early-stage streamers emerging in geophysical Blue

Starters and Jets. The radially and temporally resolved electric field patterns of an

expanding streamer are determined by sub-nanosecond optical emission spectroscopy.

As the emerged streamer expands, the electric field decreases by a factor of 1.4 in

1 ns. We quantify the radial expansion of the streamer head and its axial acceleration,

reaching the velocity of 107 m/s. In combination with electrical measurements, the

transferred charge, electron density, and mean electron energy are quantified, enabling

detailed insight into this ultra-fast phenomenon at its characteristic time-scale.
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Ionisation in atmospheric air frequently takes the form of contracted discharge

filaments ruled by the streamer mechanism [1, 2, 3, 4, 5, 6]. Streamers are ultra-fast

contracted ionisation waves of enhanced electric field producing high-energy electrons

and excited and ionised species [7]. Electron driven processes then change the chemical

composition of the gas around the running streamer head. This fact is of crucial

importance anywhere the streamer mechanism occurs: ozone generation and surface

treatment using barrier and corona discharges [8, 9], as well as the plasma chemistry

generated by streamers in lightning or in transient luminous events (TLEs, i.e. Sprites,

Blue Starters and Jets etc.) [10, 11, 12]. A profound understanding of the effects of

atmospheric electricity [10, 13, 12, 14] or of the streamer-induced air chemistry in various

applications [8, 15] relies on a detailed knowledge of the magnitude of the electric field

in the streamer head.

While the quasi-stationary phase of a development of a non-branching streamer

in free space is a well understood phenomenon (i.e. [16, 17, 18, 19]), the very first

stages of the initiation of the streamer in pulse driven/triggered discharges is still an

unresolved issue. The general mechanism of the emergence of a streamer from a local

instability or irregularity in the effective ionisation rate (due to perturbations in the

background electron density or electric field redistribution) is an important issue for

the physics of transient laboratory discharges [8, 20, 21, 22, 23] as well as for electrical

phenomena in the upper atmosphere [24, 25, 26, 27, 28]. Different models describe

various effects and propose solutions which have not been validated experimentally.

This is due to the typically high velocity of the streamer and to its erratic appearance,

both in upper atmosphere luminous events as well as in large scale ozone generators or

plasma treatment devices in the laboratory. Both theoretical [20, 18, 17, 29, 30, 7] and

experimental [31, 32, 21, 19, 33] efforts have been made to understand this extremely

fast ionisation process and to describe its development by the quantification of the

electric field under different conditions. However, its detailed analysis from the initial

conditions to the self-generated electric field enhancement in the contracted streamer

head and its expansion remains mainly theoretical [20, 34, 26, 35, 36]. For example,

Luque et al. [26], Liu et al. [37, 38] and others have theoretically shown that a

downward-propagating ionisation wave collapses into a Sprite streamer as it propagates

farther down under conditions in the lower ionosphere. We believe that the laboratory

analogues of streamers in such discharges, as presented here, are of great interest for a

deeper understanding of the studied phenomena.

In lower pressure pulse-initiated discharges, the ionisation starts with an initial

diffuse ionisation cloud rapidly being transformed into an ionisation wave propagating

with velocities lower than a typical streamer velocity [22, 26, 39]. Under certain

conditions (see [22, 40, 41]) this wave collapses and transforms into a contracted

ionisation wave, called a streamer, which has the form of a thin discharge filament.

An analogous situation was recently simulated based on different sources of ionisation

enhancement [20, 26, 28, 37, 38]. These results show how the very thin streamer emerges

at first and subsequently expands until it reaches the quasi-stationary phase under
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given conditions. This very first phase of the early-stage streamer development remains

experimentally unresolved. It is usually believed that pulsed corona discharges are

the closest laboratory analogue for TLE streamers [11, 42] (although other approaches

have been investigated as well, e.g. [43]). Such investigations have resulted in the

quantification of the average magnitudes of crucial streamer parameters (velocity,

diameter etc.). However, the irreproducibility of such pulsed discharges and of the real

TLE events hinders spectroscopic studies with high spatiotemporal resolution and makes

any deeper analysis impossible. In particular, an understanding of the emergence of the

streamer from the ionisation wave is experimentally based only on averaged imaging,

see, e.g. [22]. As a result, the only information we have is the fact that at the moment

of the emergence of the streamer its diameter is much lower than typically expected

for the given conditions, compare the figures presented in [22, 40, 41] and recordings

of real geophysical events [28, 37]. Early-stage streamers generated in dielectric barrier

discharges are reproducible as well as stable [33, 44] even though the full development

of the streamer is partially limited by Townsend scaling and the confinement of the

discharge chamber.

The determination of the electric field in small-scale highly-transient plasmas is a

challenging task, as direct measurements using laser spectroscopy still lack the necessary

high-resolution and sensitivity [45]. Even though new methods have emerged [46, 47],

the optical emission spectroscopy based method, as recently further developed by co-

authors of this Letter [19, 33, 48, 49, 50, 51], remains usually the only option. In this

Letter, we present unique experimental results on expanding non-branching positive

streamers in low pressure air. We present a detailed investigation of the very first

moments of the initiation of the streamer, i.e. before the streamer achieves its quasi-

stationary state. The investigated early-stage streamers are laboratory analogues to

those present in the Blue Starters and Blue Jets observed in the lower stratosphere

[52, 53]. We choose the volume barrier discharge setup in which reproducible and

stable streamer events are generated periodically. This allows tracking the streamer

initiation process from its very origin. We reveal an emerging streamer and describe its

expansion by the experimentally determined electric field. This is the first experimental

evidence of elementary streamer stages expressed quantitatively via the electric field

with a resolution enabling a complete insight.

Figure 1. Simplified scheme of the experimental setup (left) and the measured

electrical parameters in the external circuit.
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For the experiment, we selected the pressure of 1.3 kPa to imitate the mid-

stratospheric conditions at an altitude of approximately 25 km. The discharge was

generated in synthetic air between two electrodes (point anode and circle-shaped

cathode, both covered by alumina dielectrics) with an inter-electrode gap of d =

4 cm, see Fig. 1 and in Ref. [33]. The barrier discharge electrode system was placed

in vacuum inside a stainless steel chamber. The barrier discharge arrangement allowed

the stabilisation of the occurrence of the streamer both temporally and spatially, which

enabled a long-lasting accumulation of weak light emission of the streamer. A schematic

drawing of the investigated discharge structure and the way it was radially scanned by

a photomultiplier (PMT) is shown in Fig. 2. The optical emission was recorded by PMT

(Hamamatsu H10721, rise-time of 570 ps) via 25 cm long capillary with an inner diameter

of 1 mm. In order to record only spectrally selected emissions of the first negative and

second positive system band, a set of suitable bandpass filters was applied. For the

signal of the second positive system (SPS) with 0-0 vibrational transition, band head at

337.1 nm, a bandpass filter with FWHM of 9.7 nm was used (LOT Oriel 337FS10). For

the 391.5 nm wavelength, a Semrock FF01-395/11 filter (central wavelength of 395 nm,

FWHM 16.1 nm) was used, and for 370 nm, a Semrock FF01-370/10 filter (central

wavelength 370 nm, FWHM 11.5 nm). The emission FNS waveform was corrected due to

the overlap with the tail of the SPS (2, 5) band, which was done using spectra simulation

as described in [33]. The recorded spectrally resolved waveforms were fitted and an

Abel inversion procedure was applied to obtain the local intensity of the cylindrically

symmetric discharge event.

In order to be able to trigger the streamer discharge with sufficient precision for an

accurate PMT-scanning, a complex applied high-voltage waveform was used. Namely,

an AC burst mode was employed with repetition frequency of 30 Hz. In the burst,

two subsequent sine waveforms with a frequency of 1 kHz and amplitude of 3 kV were

superimposed with a 500-ns long high-voltage pulse with an amplitude of 2.5 kV and rise

time of 10 ns. The stability of the current and voltage waveforms was monitored using

high-bandwidth current (Pearson 2877) and high-voltage (Tektronix P6015A) probes

respectively.

The measured applied voltage and the current in the external circuit are shown in

Fig. 1. Three basic phases characteristic of the streamer discharge [20, 33] under given

conditions can be identified: the primary ionisation and the formation of the diffuse

(not contracted) ionisation wave is responsible for the first increase of the current. The

subsequent rapid current rise tracks the positive streamer emergence and propagation.

Lastly, as the streamer impacts onto the cathode dielectrics at approximately t = 27 ns,

the transient conductive plasma channel is created. The fast deposition of the generated

electric charge onto the dielectrics then quenches the discharge in the next 100 ns. In

this Letter, the dynamics of the ionisation wave and mainly the early-stage streamer

emergence and propagation (see also in Fig. 3) are studied in detail.

In Fig. 3a), the vertical scan of the total discharge luminosity development is

shown. The inter-electrode gap was scanned with steps of 1 mm by the high-
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Figure 2. Schematic drawing of the DBD-electrode geometry, discharge pattern and

the scanning procedures.

speed photomultiplier, which was correlated with the applied voltage waveform. The

above mentioned two important phases are denoted with coloured arrows. From the

spatiotemporal development, the velocity of the diffuse ionisation wave, 1.5×106 m/s,

and the velocity of the streamer, 1.5×107 m/s, were determined and are coherent with

theoretically obtained values of the ionisation wave and early-stage streamer phenomena,

see Ref. [26, 54].

Panel b) of Fig. 3 shows the results of an electrical analysis of the current and

voltage signals measured in an external circuit. The intrinsic electrical characteristics

of the discharge plasma were inferred using methods presented in Ref. [55, 33]. The

resulting development of the resistance of the plasma, of the effective electric field in

the gap, and of the net transferred charge, are shown in Fig. 3b). The resistance was

computed from the following equation (see the analysis in Ref. [55]):

%(t) =
Ug(t)

jR(t)
=

V (t) −Q(t)/Cd

(1 − Ccell

Cd
)−1(i(t) − Ccell

dV (t)
dt

)
(1)

where jR(t) is the net discharge current, Ug(t) is the gap voltage, i(t) is the measured

current, V (t) is the measured applied voltage in the external circuit, Q(t) is the charge

transferred in the external circuit, i.e. the integral of i(t), while Ccell = 1.6 pF and Cd

= 18 pF are the effective capacitances of the discharge system determined by adopting

the approach of Pipa et al. [55].

Apparently, the resistance drops rapidly during the development of the first

ionisation in the gap and subsequently also during the propagation of the streamer

and its impact on the dielectric surface. In total, it drops by over three orders of

magnitude. Within the first 40 ns, a charge of 20 nC is transferred through the gap

(as shown in Fig. 3), finally it is 70 nC by the discharge in total. The ionisation wave

transfers approximately 1.4 nC during the first 20 ns until its transformation into the
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Figure 3. The axial (a) and radial (c) scans of the line-of-sight integrated discharge

light emission as recorded with 570 ps resolution photomultiplier and sampled each

200 ps. In panel (b), the instantaneous development of the gas resistance (red), the

effective electric field (black) and net transferred charge (blue) in the discharge are

shown. The value of Ek is taken as 120 Td for given gas density at pressure 1.3 kPa

(10 torr) and temperature of 300 K. The arrows in panel c) mark the front of the given

ionisation event, wave (up) or streamer (middle, bottom). The repetition frequency of

the high-voltage pulse, together with the sinusoidal waveform burst, was 30 Hz.

early-stage streamer. This value corresponds to a number of electrons on the order of

109, which corresponds to a density of 2·1015 m−3 for the observed centimetre dimensions.

Clearly, the criterion for streamer initiation is locally achieved under given conditions

and the electron multiplication grows rapidly [20, 56]. At that moment, the diffuse

ionisation wave becomes unstable and the early-stage streamer emerges. Between the

20th and 27th nanoseconds, the early-stage streamer generates a charge of 3.6 nC. The

effective electric field in the gap Eeff = Ug(t)/d is expressed relatively to the threshold

value Ek for which the air ionisation equals the electron attachment α = η, i.e. Ek =

120 Td (i.e. 32 kV/cm at atmospheric pressure). During the ionisation wave, the mean

electric field in the gap reaches Eeff = 1.6Ek. Note that this is a value determined
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from the electric measurement and therefore is an averaged value over the whole gap.

The FNS emission at this coordinate was too weak compared with the SPS emission

for a proper spectroscopic determination of the local electric field. Nevertheless, such

a weak FNS intensity clearly provides complementary spectroscopic evidence of a very

weak local E/N [48, 49].

In panel c) of Fig. 3, the radial scans of the total discharge luminosity at three

vertical coordinates y are shown. The arrow with the peak electric field value denotes the

position of the ionisation wave front (15 ns, first radial scan) and the front of the streamer

head (prior to and after the 23th nanoseconds at second and third scan, respectively)

inferred from sub-nanosecond spectroscopy, see Ref.[19] and further in the text. The

horizontal black line at approximately 27 ns denotes the moment of the impact of the

streamer onto the cathode. It is apparent from the luminosity profiles at the denoted

times that the ionisation wave, and later the streamer head, expands. The velocity of its

radial expansion, in the range of 106 m/s, is approximately one order of magnitude lower

than the propagation velocity of the streamer head in the axial direction, as has been

recently shown in Ref. [44]. Here both these velocities are also faster than in Ref. [44],

which is caused by the more efficient photoionisation in the mixture with higher oxygen

content [57] and lower pressure [58] in present case.

Using spectral band-pass filters, the spatially resolved emission waveforms of the

emerging streamer event were recorded for selected nitrogen spectral bands. The line-of-

sight radially resolved emission distribution was found to be Gaussian, and the process

of Abel deconvolution described in Refs. [59, 33] was used to obtain the local emission

of the streamer front. The radially resolved local emission intensities of the radiative

states N2(C
3Πu) (second positive system SPS with (0,0) vibronic transition at 337.1 nm)

and N+
2 (B2Σ+

u ) (first negative system FNS with (0,0) vibronic transition at 391.5 nm)

were obtained from the corresponding line-of-sight waveforms. The differential form of

the ratio of these intensities is strongly dependent on the local electric field [9, 33, 48]:

τFNS
eff · dIFNS/dt+ IFNS

τSPSeff · dISPS/dt+ ISPS
= RFNS/SPS(E/N) (2)

where IFNS and ISPS denote the measured intensities of FNS and SPS, respectively, and

τFNS
eff = 3.05 ns and τSPS

eff = 20.54 ns are the effective lifetimes for the pressure being

considered which were obtained from the same constants as in [33]. The dependence

RFNS/SPS(E/N) was given by the following equation:

RFNS/SPS(E/N) = 0.5 ·46 ·0.065 ·exp[−89(E/N)−0.5−402(E/N)−1.5], (3)

see [48, 49, 33]. The obtained spatiotemporal distributions of the reduced electric field

strength for the emerging and for the expanding streamer are shown in Fig. 4. The

determined electric field data were extrapolated to the lower field values (under the

value of 15% of waveform maximum) by fitting the electric field waveform using the

analytic expression presented by Kulikovsky in Refs. [60].

It is apparent from Fig. 4 that the curvature of the just emerged streamer head,
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Figure 4. Determined electric field in the emerging a) and subsequently expanding

b) streamer head. The enhanced local electric field is given with respect to Ek =

120 Td. The repetition frequency of the high-voltage pulse, together with the sinusoidal

waveform burst, was 30 Hz in all presented experiments.

panel a), is smaller than in the case of the already expanded streamer, panel b). Almost

in 1 ns, the streamer becomes broader and the peak value of the electric field decreases

by a factor of ∼1.4. This is in agreement with the theoretical results of Luque et al.

[16] as well as with recent results of geophysical streamer simulations [37, 38]. Here,

the peak value of the electric field decreases from almost 3Ek for the emerging streamer

stage down to 2.2Ek for the expanding stage. We assume that the influence of the

cathode charging by the approaching streamer head is negligible and so the streamer

can be described as propagating in free space at the given coordinate.

Furthermore, to quantify the electron density, we have adopted the approach

using the determined discharge current and local electric field (similarly to Ref. [61]).

The fundamental parameter ne(t) was computed for the emerging streamer using the

following equation:

ne(t) =
1

eµe(E(t))E(t)

(jR(t)

A
− ε0

∂E(t)

∂t

)
(4)

where µe(E(t)) is the local electron mobility dependent on the temporally changing

electric field, jR(t) is the net discharge current, and A is the local cross-sectional area

of the filament given by its diameter, which was obtained from measurements similar

to those presented in Fig. 3c). This one-dimensional approach may overestimate ne(t)

under the given conditions. The dependence of the electron mobility on the determined

electric fields was computed using the two-term approximation to the solution of the
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Boltzmann equation and the Biagi cross-sections [62, 63]. Furthermore, the development

of the mean electron energy was determined from the same computations.

The results for the streamer-initiated electron ensemble parameters are shown in

Fig. 5. After the 20th nanosecond, the current is rising rapidly. Due to the positive value

of ∂E/∂t, the resulting increase in the electron density is a bit decelerated (see Eq. 4),

but finally reaches the value of 1·1016 m−3 at the moment of the maximum value of the

electric field, i.e. in the streamer head. Subsequently, as the current rise decelerates,

the further growth of the electron density is almost stopped at 26 ns. Later on, the

term ∂E/∂t gets smaller and even negative and so the rise of the electron density starts

again, increasing almost one order of magnitude in the next several nanoseconds. The

values found are in good agreement with the Townsend scaling (for electron density with

∼N2, where N is the air particle density) and with the theoretically obtained values in

Ref. [54]. The maximum mean electron energy reaches 7.5 eV.

Figure 5. Instantaneous development of the electric field, net discharge current a),

mean electron energy and electron density according to Eq. (4), see panel b).

In conclusion, we have reported unique results of an experimental determination of

the basic plasma parameters of a streamer head in the early stages of its development –

when it emerges from the ionisation wave and further expands. We have quantified the

radial development of the electric field, electron density, and the streamer acceleration

in the axial as well as the radial direction with sub-nanosecond resolution. Our results

confirm the outcomes of numerical predictions [16]. It is worth noting that these results

bear a striking similarity to the numerically obtained results of streamer emergence from

ionisation waves reported in [26, 28, 37, 38], yet under different pressures.

In addition, the results in this Letter have an important methodological

consequence. The spectrally resolved imaging of accidentally appearing lightning

events is practically the only method for obtaining spatially and temporally resolved

information about lightning or TLEs streamers [64, 65, 66, 67]. As a consequence, a

detailed experimental spectroscopic understanding of the TLE streamer analogues has

to be obtained primarily under laboratory conditions [33, 64, 7] as has been proposed

here for the streamer analogue of a Blue Starter and Jet. In this Letter we have
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taken an essential step towards revealing the microphysics of the emerging streamers

on their ultra-short characteristic time-scales under conditions of pressure relevant for

the TLEs. The approach presented for the determination of the electric field from

sub-nanosecond recording is important not only for the investigation of atmospheric

electricity phenomena at the ground level, but also for investigations carried out with

balloons or satellites. The appropriately equipped ASIM [68] and TARANIS [69] space-

missions of the European Space Agency and the French Space Agency, respectively, will

provide new insights into the fundamental physics of lightning and TLEs. The space-

mission data [70] might be analysed in the light of laboratory benchmark experiments

trying to mimic specific aspects of those phenomena, as has been presented in this

Letter.
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[69] Lefeuvre F, Blanc E, Pinçon J L, Roussel-Dupré R, Lawrence D, Sauvaud J A, Rauch J L,

de Feraudy H and Lagoutte D 2008 Space Science Reviews 137 301–315 ISSN 1572-9672 URL

https://doi.org/10.1007/s11214-008-9414-4

[70] Neubert T, Østgaard N, Reglero V, Chanrion O, Heumesser M, Dimitriadou K, Christiansen F,

Budtz-Jørgensen C, Kuvvetli I, Rasmussen I L, Mezentsev A, Marisaldi M, Ullaland K, Genov G,

Yang S, Kochkin P, Navarro-Gonzalez J, Connell P H and Eyles C J 2020 Science 367 183–186

ISSN 0036-8075 (Preprint https://science.sciencemag.org/content/367/6474/183.full.

pdf) URL https://science.sciencemag.org/content/367/6474/183

https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2000JA000429
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2000JA000429
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2003JA010064
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2003JA010064
https://doi.org/10.1088%2F0022-3727%2F49%2F17%2F175202
https://doi.org/10.1088%2F0022-3727%2F49%2F17%2F175202
https://doi.org/10.1088%2F0022-3727%2F43%2F50%2F505201
https://link.aps.org/doi/10.1103/PhysRevE.71.016407
https://link.aps.org/doi/10.1103/PhysRevE.71.016407
https://doi.org/10.1088%2F0963-0252%2F21%2F5%2F055014
https://link.aps.org/doi/10.1103/PhysRevE.57.7066
https://link.aps.org/doi/10.1103/PhysRevE.57.7066
https://doi.org/10.1063/1.3601486
https://doi.org/10.1063/1.3601486
https://doi.org/10.1088%2F0963-0252%2F14%2F4%2F011
www.lxcat.net
https://doi.org/10.1088%2F0022-3727%2F47%2F46%2F463001
https://doi.org/10.1088%2F0022-3727%2F47%2F46%2F463001
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1002/2017JD028126
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017JD028126
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2006GL028608
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2006GL028608
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1002/2016JA023111
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1002/2016JA023111
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2016JA023111
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2016JA023111
https://doi.org/10.1007/s11214-019-0592-z
https://doi.org/10.1007/s11214-008-9414-4
https://science.sciencemag.org/content/367/6474/183.full.pdf
https://science.sciencemag.org/content/367/6474/183.full.pdf
https://science.sciencemag.org/content/367/6474/183

