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Abstract To study the mechanism of space stem formation, the high-speed direct imaging technique

and Schlieren photography are used to simultaneously observe the space stems in a 1.35-m air gap under the
lightning impulse voltage. It is found that the average length and diameter of the space stem is approximately 5
and 0.5 mm, which is about 1/3 of the length and 1/10 of the diameter of the local luminous region respectively.
Moreover, the space stem exhibits a non-uniform distributed temperature with a maximum value of several
hundred Kelvin for tens of microseconds. Accordingly, a possible mechanism is proposed that the space stem is
formed at the primary corona streamer boundary as a result of the propagation of a secondary ionization wave
from the HV electrode and survives long enough (to finish the polarization) due to the fast gas heating and
production of atomic oxygen.

Plain Language Summary It is well known that negative leaders in the air develop in a step-wise
manner, with each step originating from a space stem. However, the mechanism of space stem formation is

still unknown, one of the main reasons being the lack of experimental observations. For this reason, this paper
carries out laboratory research to observe the optical and thermal properties of space stems. The observations
reveal that the local luminous region at the primary corona streamer boundary is not fully heated into the

space stem, but only about 1/3 of its length. If based on conventional direct images, the measured length and
diameter of space stems would be 2.5 and 10 times larger than the actual values, respectively. The reconstructed
temperature field shows that the axial temperature and diameter of the space stem are not uniformly distributed,
with higher temperatures and smaller diameters at the end away from the HV electrode. Finally, a new possible
mechanism is proposed for the space stem formation, in which the secondary ionization wave from the HV
electrode contributes to the initial formation of the space stem, and then the voltage changes help the space
stem survive long enough to finish the polarization.

1. Introduction

It is well known that negative leaders in air advance in a stepped fashion (Bazelyan & Raizer, 1998; Rakov &
Uman, 2003), which is one of the outstanding mysteries in atmospheric electricity. Each step is originated from a
bright nucleus in a filamentary corona ahead of the leader tip. This bright nucleus is termed space stem (Bazelyan
& Raizer, 1998; Les Renardieres Group, 1981), which is the key to leader stepping. The mechanism of space stem
formation was summarized in 2014 as one of the top 10 questions in lightning research (Dwyer & Uman, 2014)
and remains inconclusive to this day (Kutsyk & Babich, 2021).

Numerous observations have been made for the step characteristics of negative leaders, both in natural light-
ning (Biagi et al., 2010; Hill et al., 2011; Huang et al., 2018; Petersen & Beasley, 2013; Qi et al., 2016; Wang
et al., 2016) and in the laboratory (Kochkin et al., 2014; Kostinskiy et al., 2018; Les Renardieres Group, 1981;
Ortega et al., 1994; Reess et al., 1995; Xie et al., 2013; Yue et al., 2015). Some of these observations (Kostinskiy
etal., 2018) refer to the space stem, but the expression “space stem/leader” is always used in the text, which means
that it is not certain that this is the space stem state. However, specific observations of space stems are relatively
rare. Reess et al. (1995) observed the origin and development of a space stem with an image converter working in
streak mode, and speculated that the space stem should be located at branched points of negative streamers and an
adequate positive ion concentration was necessary to produce positive streamers. In addition, Reess et al. (1995)
observed the space stem after the primary corona with a Schlieren system, and found that heated channels were
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highly discontinuous, and there were cold tracks (hardly visible in Schlieren images) that connected these hot
channels to each other and possibly to the cathode. Kochkin et al. (2016) observed the pilot system containing the
space stem with an intensified CCD camera, and hypothesized that the positive corona from the beads contributed
to the space stem formation. Recently, Zhao, Lee, & He (2021), Zhao et al. (2022) studied the space stem using
high-speed Schlieren photography and found that space stems exist in both positive and negative sparks in the air.
However, Zhao did not further investigate the mechanism of space stem birth.

Several numerical models (Cooray & Arevalo, 2017; Gallimberti et al., 2002; Guo et al., 2019; Rakotonandrasana
et al., 2008; Syssoev et al., 2020) have been proposed to simulate the stepping process of negative leaders.
However, these models do not consider the mechanism and process of space stem formation, but mostly use
assumptions, for example, Cooray and Arevalo (2017) assumed that a small conducting channel lay at the streamer
boundary of the stepped leader as a space stem. It was only in recent years that scholars began to propose possible
mechanisms for space stem formation. Wang et al. (2016) proposed that the space stem formation was related to
the new corona streamer burst at the boundary of the primary one. This was due to the extension of the primary
leader and the electric field enhancement at the boundary of the primary corona streamer burst. Moreover, the
polarization should be finished first to produce the system of positive and negative corona streamers to heat the
space stem channel. Malagon-Romero and Luque (2019) argued that a new corona streamer burst at the bound-
ary of the primary one was not included in the space stem formation, while the attachment instability inside the
primary streamer filament contributed to the space stem formation. Syssoev and Iudin (Iudin et al., 2018; A.
Syssoev & Iudin, 2021) believed that the space stem was due to the joint action of electron drifting and ioniza-
tion processes at the boundary of the primary corona streamer burst, where the strong inhomogeneous stochastic
electric field was present.

It seems that available experimental research does not allow reliably unveiling a mechanism for space leader
formation (Babich et al., 2021). The aim of this letter is to provide some more refined experimental observations.
To this end, the simultaneous direct imaging technique and Schlieren photography are employed in the experi-
ments, and the temperature field of space stems is reconstructed from Schlieren images. A possible mechanism
for space stem formation is finally discussed.

2. Methods

All experiments in this paper were carried out on the platform we have previously reported by Zhao, Becerra,
et al. (2021), Zhao, Liu, et al. (2021). The experimental layout is detailed in Figure S1 in Supporting Informa-
tion S1. Only two points will be highlighted here, that is, the choice of voltage waveform and the parameters and
synchronization of direct and Schlieren photography.

Reess et al. (1995) proposed that the optimum with respect to observing the space stem formation and develop-
ment was the 0.3/2,000 ps impulse shape, while the duration of this process was about a few hundred nanosec-
onds. This time duration far exceeds the temporal resolution of the observation means in this paper. To this end,
the lightning impulse voltage is chosen in this paper, under which condition only the space stems are produced
and not allowed to continue to develop, facilitating observations. The lightning impulse was generated by a Marx
generator, which was with a rise/fall time of 4.3/45.4 pus as shown in Figure S2 in Supporting Information S1.

A high-speed camera Cam1 (Photron FASTCAM SAS5-X2) was used for the Schlieren photography, and another
high-speed camera Cam2 (Phantom SAS) was for the direct photography. To fully synchronize the exposure
sequences of Cam1 and Cam2, a function generator (Sapphire 9,200+) was employed to trigger these two cameras
and then both cameras were operated with a speed of 192,308 frames-per-second (fps) and an exposure time of
3.6 ps and a dead time of 1.6 ps. Accordingly, the spatial resolution and the observation area were 180 pm/pixel
and 27 X 46 mm?2 for the Schlieren system, while 1.4 mm/pixel and 175 X 360 mm?2 for the direct imaging system.

In the experiments, the testing conditions included a temperature of 300 K, absolute humidity of 22.0 g/m?® and
atmospheric pressure.

3. Results

3.1. Typical Experimental Results

Figure 1 shows typical experimental results under the negative impulse peaked at 200 kV. The exposure sequences
in Figure 1a indicate that the two cameras work almost simultaneously. This means that the corresponding direct
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Figure 1. Typical experimental results: (a) The applied voltage, and the exposure sequences of the two high-speed cameras; (b) Original direct images by Cam?2;
(c) Original Schlieren images by Cam1; Partially enlarged direct images (d) and Schlieren images (e), in which the direct images are color inverted and the Schlieren
images are contrast-enhanced. The number of each image corresponds to the timing sequence marked with the same number in (a).

and Schlieren images present the luminosity and density changes of the discharge channel in the same time
period. According to the direct images in Figure 1b, the negative streamer burst is produced at the electrode tip
before t = 2.2 ps (see direct image ®). The second streamer burst is expected to occur between ¢ = 3.8 and 7.4 ps
(see direct image ®@). The reason is that the first streamer burst in image @ typically lasts only a few hundred
nanoseconds (Reess et al., 1995), which is less than the dead time between image @ and image @. After the
second streamer burst, an isolated luminous region can be identified, and a ring of corona discharge is also present
around the electrode body, which is not concerned here. After r = 9.0 ps (such as direct image ®), the discharge
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stops, and no significant luminosity is recorded. Correspondingly, the Schlieren images in Figure 1c show that
before ¢ = 2.2 ps (see Schlieren image @), no obvious region with density variation is visible at the electrode
tip. Between # = 3.8 and 7.4 ps (see Schlieren image @), however, a small region of density change starts to appear
at the electrode tip with a length of approximately 0.54 mm. After # = 9.0 ps (see Schlieren image ®), an isolated
heated region appears ahead of the electrode tip. According to the traditional definition that the luminous nucleus
formed in the zone previously covered by the corona streamers but isolated from the leader tip in long negative
sparks is called “space stem” (Les Renardieres Group, 1981), the isolated luminous region in Figure 1b @ and the
isolated heated region in Figure 1c ® can be called a space stem.

To further confirm the relative position and size of the isolated luminous region and the isolated heated region,
Figures 1d and 1e shows locally enlarged images of both, keeping all images the same size. We can find several
interesting phenomena. First, the isolated luminous region presumably starts at the primary corona streamer
boundary. Second, the isolated heated region is not along all isolated luminous regions, but only a part of the
latter closer to the HV electrode. Third, appearance of channel density variations lags behind channel luminosity
by about 1.6 ps (or the dead time of the camera). Note that the light-emitting and heating are synchronous and
last for about several hundred nanoseconds (Popov, 2011), while the drop in gas density begins only when the
gas-dynamic rarefaction of the hot channel occurs. For the case in Figure le with a radius of R = 300400 pm
at a temperature T, = 400-500 K, the characteristic gas-dynamic time 7, = R/C, ~ 1 ps, where C, is the speed of
sound in air (Popov, 2011).

Note that the observations by Kochkin et al. (2016) suggest that the space stems appear as luminous beads, which
are different from the thin filaments in Figure le. This may be attributable to differences in the spatial resolution
of the observing system. The spatial resolution of the Schlieren system used in this paper is 180 pm/pixel, and
the average value of the space stem is about 5 mm. However, the spatial resolution of the observing systems used
in the literature (e.g., Les Renardiéres Group, 1981; Reess et al., 1995) is on the order of cm, or even m, which
means that the spatial stem occupies only one pixel point in the images captured by these systems, and therefore
looks more like a bead.

Similar phenomena are present in other groups of experiments. In the Supporting Information S1, another two
sets of experiments are shown in Figures S3 and S4 in Supporting Information S1 with 2 and 3 space stems,
respectively.

3.2. Temperature Field of the Space Stem

According to the modern concepts (Bazelyan & Raizer, 1998), the space stem is a plasma formation capable
of initiating positive and negative streamer flashes. One of the important point of the mechanism of streamer
initiation is the polarization of the space stem plasma, which leads to an increase in the electric field at its poles
and the formation of positive and negative streamers. The polarization time zp of a plasma channel with length L

and radius r can be estimated with zp ~ 7y - (L/2r)*/In(L/r), where 7y = 1/4z6—Maxwellian time (Bazelyan
& Raizer, 2000). At the conditions such as P = 1 atm and L/r = 20 (see Figure 1), the space stem polarization
occurs rather quickly (z, <1 ps) if the electron density N, in the channel is larger than 3 x 10'° cm~3. However,
in the air at room temperature and pre-breakdown fields, it is impossible to maintain such an electron density at
microsecond times due to the rapid attachment of electrons to oxygen molecules. While it is possible to signifi-
cantly increase the lifetime of air plasma in the discharge channel by the gas heating and by generating of O-atoms
(Liu, 2012), which is involved in the destruction of negative ions. That is why the data on the dynamics of gas
heating, which can be obtained by the Schlieren technique, are of particular importance.

The discharge channel temperature is estimated with the method detailed in He et al. (2022), Liu et al. (2021),
Zhao, Becerra, et al. (2021), first to determine whether the isolated section in Figure 1 is a space stem, and
second to investigate its thermal characteristics. Figure 2a plots the temperature field of the isolated heated
channel in Figure 1c, which is not over 700 K. That is, the isolated segment observed in Figure 1 is a space
stem. Furthermore, results in Figure 2a show that the temperature field of the space stem is not uniform, with
its highest temperature distributed at the end away from the HV electrode. In addition, the closer to the HV
electrode, the space stem gradually increases in cross-section. From these measurements, in particular, it follows
that this heated region cannot be called a “space leader,” since the distinguishing feature of the leader channel is
that the dominant process of the charged particle production is thermal (rather than the electric field) ionization
(Bazelyan & Raizer, 1998). At a temperature of less than 1000 K, this is impossible.
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Figure 2. Temperature reconstruction from Schlieren images for the case in Figure 1. (a) Temperature field evolution over time, and the number of each image
corresponds to the timing sequence marked with the same number in Figure 1a. (b) Time-varying axial maximum temperature distribution of the discharge channel. (c)
Time-varying maximum temperatures for typical cross-sections of the main channel and the space stem.

To demonstrate the discharge channel temperature more quantitatively, the time-varying maximum temperature
distribution along the air gap direction is calculated and shown in Figure 2b, where the electrode tip is defined as
the coordinate origin. It can be seen that the gas heating is mainly around the electrode tip and at the space stem,
while the temperature between them remains essentially room temperature. Moreover, the maximum gas temper-
ature at the electrode tip is higher than that of the space stem. More specifically, Figure 2c shows the axial temper-
ature evolution of two typical cross-sections. The results show that the electrode tip region starts to be heated at
t = 2.2 ps and reaches a maximum value of about 1084 K at # = 17.8 ps, while the space stem region starts to be
heated at ¢ = 7.4 ps and also reaches a maximum value of about 622 K at t = 17.8 ps. Note that the color scale
in Figure 2a only goes up to 700 K, which is to allow the temperature distribution of the space stems to be better
identified. Subsequently, the discharge stops, and the axial temperature gradually decreases at both cross-sections,
which should be attributed to the heat conduction effect being greater than the vibrational-translational relaxation
effect (Cheng et al., 2020).

The data in Figure 2 make it possible to evaluate the parameters of hot regions. For the space stem, to heat the gas
by AT =300 K in electric fields E/N = 100 Td, the required value of the specific input energy is approximately
equal to W = 0.6 eV/molecule (under the assumption that the fraction of discharge energy spent on fast gas heat-
ing is about 15% (Popov, 2011)). In this case, the density of atomic oxygen, which estimates the efficiency of
VT-relaxation of N,(v), will be [O] ~ 10'8 cm~3 (considering that the energy cost of O-atoms production in air at
E/N = 100 Td is approximately 10 eV per atom (Popov & Starikovskaia, 2022)).

3.3. Morphology of Space Stems

Observations in Figure 1 show that the space stem exhibits some dimensional differences in the direct image
and the Schlieren image, which are specifically investigated in this section. Figure 3a shows the optical and ther-
mal lengths of space stems. Statistically, in the experiments of this paper, the optical length ranges from 7.0 to
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Figure 3. Optical and thermal dimensions of the space stem: (a) Length and (b) Diameter.

34.6 mm with an average of 17.5 mm, while the thermal length is from 2.4 to 9.5 mm with an average of 4.8 mm.
Figure 3b illustrates the optical and thermal diameters of space stems. In this case, two optical diameters are
defined, one corresponding to the maximum optical diameter in the heated region (see optical-I in Figure 3b) and
the other corresponding to the maximum optical diameter in the unheated region (see optical-II in Figure 3b). The
statistical results show that the optical diameter I ranges between 2.8 and 8.8 mm with a mean value of 5.7 mm,
while the optical diameter II ranges from 2.0 to 5.6 mm with a mean value of 3.1 mm. However, the thermal
diameter is between 0.3 and 0.7 mm with a mean value of 0.5 mm. Note that the thermal diameter is almost 10
times smaller than the optical diameter, which may be due to the contraction of discharge channel as a result of
the development of ionization-heating instability.

Strictly by its definition (Malagon-Romero & Luque, 2019), a space stem should refer to the isolated region that is
heated, rather than the isolated region that is illuminated. Therefore, thermal dimensions are more appropriate for
describing the space stem morphology. As can be seen from Figure 3, if the space stem morphology is estimated
from the optical image, the length will be 2.5 times more biased, and the diameter will be 10 times more biased.

4. Discussions

The mechanism of space stem formation is among the most current topics of interest (Babich et al., 2021).
Although it fails to capture the space stem formation process due to the limited temporal resolution in this paper,
a possible mechanism for the space stem formation is proposed by combining test results and plasma theory,
which is diagrammed in Figure 4.

In the phase I, after the end of the primary corona streamer burst or primary ionization wave, a secondary ioniza-
tion wave may be triggered by a disturbance near the HV electrode, such as a sudden change of electric field due

# Corona discharge @ Positive ions © Negative ions

AT | ! !
»

ee ©

(S¥=) Positive
(S} lv B& streamer

Space stem III——

. Negative
Dllsturbance to Second ionization © streamer
ionization wave Fr|g.ger.the second wave to start new
lonization wave streamer corona Y
J N J \ J
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Figure 4. Schematic diagram of the proposed mechanism of space stem formation in negative long sparks.

ZHAO ET AL.

6 0of 9

Q2T ‘€202 'L008YY6T

 wouy

/'sdny) suonIpueD pue swe | U 88S *[7Z02/TO/0T] Uo ARigiTaulluO AB1IM 'WOH ON NH ALISYIAINN DINHOILATOd ONOM ONOH Ad #€820T 19€202/620T OT/10p/W00" K| M A:

oA

5U90|17 SUOWILLIOD A0 3|qedljdde au Aq pausenob aJe Sopie WO ‘@sn JO S3|NJ 1oy AIq1T aUIjUQ AB|IM UO (SUOIPUOD-P



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2023GL102834

to a corona discharge there. The formation mechanism of such an ionization wave in spark discharges at applied
voltages dU/dr > 40-50 kV/ps was studied by Bazelyan and Popov (Aleksandrov & Bazelyan, 2000; Bazelyan
& Popov, 2020). This secondary ionization wave propagates along the previously created streamer filament and
significantly increases its conductivity. This can explain why there is a thin glowing channel between the local-
ized luminous region and the HV electrode in our observations (see images @ in Figure 1a, Figures S3b—S5b in
Supporting Information S1). Furthermore, the secondary ionization wave can lead to a significant electric field
increase at the head of the glowing channel, and triggers a new corona streamer burst there. That may be the
reason why the localized luminous region appears at the boundary of the primary corona streamer burst (see
images @ and @ in Figure 1b).

In the phase II, the increasing voltage across the discharge gap ensures the injection of charges into the discharge
gap. The movement of these charges produces the current that flows through the plasma channel, providing a
sufficiently high level of conductivity of this channel and, accordingly, gas heating and dissociation of oxygen
molecules (Bazelyan & Popov, 2020). As a result, a long-lived (compared to the polarization times) plasma
region (or space stem), is formed. The fact that the gas heating occurs only in a certain limited area of the formed
space stem in Figure 2 may be due to that the radius of the space stem channel becomes larger as it approaches
the HV electrode. Accordingly, the current density decreases, which leads to a decrease in specific energy input
and gas heating (Popov, 2001). This may be the reason for the following two findings, that is, no space stems
could be observed when the voltage rise time was greater than 15 ps (Reess et al., 1995), and space stems occur
more frequently under lightning impulse voltages than under switching impulse voltages (Zhao, Lee, & He, 2021;
Zhao et al., 2022).

In the phase III, after the polarization, the electric field at the space stem's poles is enhanced, resulting in the
conditions for the start of a system of positive and negative streamers. The current flowing through the space stem
is provided by the movement of charged streamer heads (Bazelyan & Raizer, 1998). This current can be the main
cause of gas heating in the space stem region, which leads to the development of ionization-heating instability and
then the formation of a space leader. The phase III were not observed in our experiments, which is an inference
from the existing knowledge (e.g., Gallimberti et al., 2002; Ortega et al., 1994).

Although the space stem polarize quickly (less than 1 ps in our experiments according to the calculations by
Bazelyan and Raizer (2000)), new space stems can be generated in front of this space stem before it is trans-
formed into a space leader, that is, cascaded space stems, provided that the applied voltage rises fast enough. As
the applied voltage amplitude increases to 360 kV, the cascaded space stems can be found frequently in Schlieren
images, with typical results detailed in Figure S5 in Supporting Information S1. Liu et al. (2022) suggest that
the generation of lightning initial breakdown pulses may be due to the cascaded space stems and connections
between them.

Note that the above discussion is based on the laboratory observations of this paper, namely the space stems
generated around the electrode. It is believed that this space stem formation process may also occur in natu-
ral lightning, although electrodes are not present in lightning. The leader, due to its high conductivity, can be
regarded as an extension of the electrode (Kekez & Savic, 1976) and, by the same token, the leader head can
be equated to some extent with the electrode tip. After the negative leader has completed one step, an intense
corona streamer appears at the main leader head (Qi et al., 2016; Wang et al., 2016), creating a condition similar
to the phase I in Figure 4. The subsequent processes can therefore also occur during the next step of the lightning
discharge. Existing natural lightning observations cannot support this inference, and observations with higher
temporal and spatial resolution are needed in the future work.

In this work, the formation of localized hot channels (~600 K) in the streamer zone of a negative spark discharge
is experimentally shown, therefore, the main emphasis was placed on the analysis of the parameters of these
channels and their possible influence on the development of the discharge.

5. Conclusions

In this letter, laboratory experiments were carried out to observe the space stem in long negative sparks. Using
simultaneously the direct imaging technique and Schlieren photography, the luminosity and the air density varia-
tions were visualized, and the temperature field was reconstructed. A possible mechanism for space stem forma-
tion is finally proposed. Some main conclusions are as follows.
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1. The length and diameter of space stem estimated from the direct images are approximately 2.5 and more than
10 times bigger than those from the Schlieren images, respectively. To observe the space stem morphology,
Schlieren photography is recommended.

2. The thermal properties of the space stem are not uniformly distributed, that is, the thermal diameter decreases,
and the temperature increases as further away from the HV electrode. In addition, the space stem can be at a
temperature of hundreds of Kelvin for tens of microseconds.

3. The space stem starts at the primary corona streamer boundary, and cascaded space stems can be present.

4. The propagation of a secondary ionization wave from the HV electrode contributes to the space stem forma-
tion, and the gas heating and the atomic oxygen production play an important role in a significant increase in
its lifetime and in the polarization of the space stem.
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