
1.  Introduction
The time duration when no ionization activity is detectable during consecutive, separate positive streamer corona 
bursts in long air gap experiments is generally referred to as the dark period (Gallimberti, 1979). The dark period 
is explained by the reduction of the electric field around the highly stressed positive electrode by the space 
charge left behind after a streamer stops propagating (Les Renardières Group, 1974). This electrostatic shielding 
effect has been assumed to inhibit the further development of ionization, usually detected in camera images as a 
dark period without visible illumination. However, if the applied voltage continues increasing, the electric field 
distribution will also augment until a new streamer is again initiated, ending the dark period. It can take place 
multiple times both before and after the initiation of a stable positive leader discharge, when it is referred to as the 
primary or the secondary dark period respectively (Carrara & Thione, 1976). Observe that the dark period that 
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the development of needles, as well as transient luminous events in the upper atmosphere. Only recently, faint 
luminosity has been observed during dark periods, challenging this assumption. This paper aims to study any 
possible electrical activity during dark periods by means of experiments supported by computer simulation. 
Therefore, an experimental platform, including low-current measurements, Schlieren and standard photography 
as well as ultraviolet (UV)-photon detection was used to observe the electrical-optical-thermal characteristics 
of the dark period. A complementary numerical model was used to estimate the streamer space charge spatial 
distribution and its drift during dark periods. It is found that faint UV and visible light during the dark period 
is emitted exactly at the location of the low-density streamer stem channel. This process is accompanied by 
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above 112 Td, which is mainly determined by a combination of applied voltage, space charge distribution, and 
localized heating. Thus, the presented results show that there is indeed ionization activity during dark periods in 
long air gaps, which maintains a continuous glow-like discharge.
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dark periods are prevalent, which refers to the time durations without ionization activity between the 
consecutive and separate streamer bursts. As the name implies, it is traditionally believed that ionization and 
luminosity are absent during dark periods. Recently, faint visible light was detected in dark periods, challenging 
the conventional perceptions. To this end, experiments were carried out to observe the electrical-optical-
thermal properties of dark periods, and a complementary numerical model was built to estimate the space 
charge distribution and its drift during dark periods. Results show that in addition to visible light, there is also 
faint ultraviolet light during dark periods, together with an mA electronic current. Further analysis revealed 
that there is indeed ionization activity during dark periods in long sparks due to strong reduced electric fields, 
maintaining a continuous glow-like discharge. These new findings will help to further investigate the inception 
and stepping processes of positive leaders in both long laboratory sparks and natural lightning, as well as the 
development of needles and transient luminous events in the upper atmosphere in natural lightning.
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we make reference to does not take place during any stage of streamer development. Thus, it does not have any 
relation to the ‘glow at streamer head’ (Ebert et al., 2010; Luque & Ebert, 2010) or the ‘inception cloud’ (Briels 
et al., 2008; Kochkin et al., 2014a) or to the dark trace behind a propagating streamer head (Liu, 2010; Luque & 
Ebert, 2014) documented in the literature during streamers development. Furthermore, it is different from the 
intervals between short streamer discharges under repetitive pulses, without the formation of stems (e.g., Nijdam 
et al., 2011; Ono & Oda, 2003). Instead, the dark period discussed here takes place after a streamer forming a 
stem reaches its maximum length (and stops propagating) and before a new streamer is again initiated.

Although the definition of the dark period is derived from long sparks in the laboratory, it is also of great 
value for the study of several phenomena of natural lightning. First, the primary dark periods are present in the 
initiation process of upward positive leaders under thunderstorms. As a downward negative leader in natural 
cloud-to-ground lightning approaches the ground, multiple corona streamer bursts are generated from grounded 
objects such as towers (e.g., Nag et al., 2021; Visacro et al., 2017). The interval between adjacent corona streamer 
bursts can be considered a primary dark period. As a result, the initiation of upward positive leaders in long 
laboratory sparks was also studied by many scholars (e.g., D'alessandro et al., 2004; Y. Xie et al., 2018). Second, 
the suspected stepwise progression of upward positive leaders contains a process similar to the secondary dark 
period. Before each stepping process, the residual discharge channel is decaying without any changes in leader 
length, until an intense corona streamer burst appears at the leader tip and then a luminosity wave develops toward 
the ground along the residual channel (Gao et al., 2020; Qie et al., 2019; Visacro et al., 2017). As carriers of 
ionization waves for the re-illumination process, the evolution of the residual channel in the so-called second-
ary dark period is crucial for subsequent discharges (Srivastava et al., 2019). Third, the secondary dark period 
may be also important to study the needles in natural lightning (Hare et al., 2019; Pu & Cummer, 2019; Saba 
et al., 2020). Saba et al. (2020) observed that needles blinked in slow motion in a sequential mode. During the 
intervals between these blinks, the intriguing plasma channels also exhibit no obvious ionization activity and 
luminosity as it happens in dark periods. It is reasonable to speculate, however, that the evolution of the channel 
during similar dark periods had a non-negligible effect on its subsequent blinks. In addition, the dark period may 
also link to recoil-type streamers or leaders (B. Wu et al., 2022), which retrace the residual channels created by 
needles. Furthermore, according to limited observations, dark-period-like processes are possibly present in the 
transient luminous events in the upper atmosphere (van der Velde et al., 2019).

Due to the intrinsic experimental limitations (e.g., sensitivity) when observing dark periods occurring during 
natural lightning, research on this subject has focused on dark periods taking place in the laboratory. Observe 
that only until recently, the electric fields, corona discharge currents, and streamer morphology under outdoor 
thunderstorms were observed by Arcanjo et al. (2021). It was found that the frequency of corona streamer bursts 
(i.e., the duration of dark periods) is correlated with the ambient electric field for the first time.

However, extensive laboratory experiments have been conducted to measure the duration and frequency of dark 
periods, including the factors affecting them (Huang et  al.,  2020; Les Renardières Group,  1974,  1977; Shah 
et al., 2018; S. Xie et al., 2013). Furthermore, measurements of the charge and the electric field at the positive 
electrode during dark periods have also been reported (Les Renardières Group, 1974). Thus, it is known that the 
characteristics of primary dark periods depend on the applied voltage (U), its variation rate (dU/dt) as well as the 
spatial electric field distribution near the positive electrode (Domens et al., 1991). In turn, the characteristics of 
secondary dark periods depend mainly on dU/dt and humidity (Chen et al., 2016; Gallimberti, 1979).

In contrast to standard measurements, detailed, high-sensitivity photographic observations during dark periods 
were reported only until recently. The variation in air density in front of the positive electrode during long 
primary dark periods has been first observed using high-speed Schlieren photography (Zhao et al., 2017). It has 
been found that the low-density stem channel(s) formed by the current of filaments converging into the streamer 
root, develop during the dark period as a growing mushroom expanding with a speed of several m/s. Then, the 
stem channels expand radially with an average velocity of 5 μm/μs as estimated from Schlieren images (Xiao 
et al., 2019). Later, the radial air temperature in stem channels during the primary dark period has also been esti-
mated with a quantitative Schlieren technique (Cheng et al., 2020). It was found that the measured temperature 
of the channel during the dark period remained roughly constant or decreased at a low rate. Next, direct optical 
measurements of faint luminosity at the streamer stem from the second primary dark period were presented by 
(Zhao, Becerra, et al., 2021). It was shown that the length of the faint bright channel is nearly equal to that of the 
remaining low-density channel observed in Schlieren images. Furthermore, small current components (∼mA) 
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were detected during dark periods. Interestingly, evidence of such small currents has been already reported 
in early experiments when the measured charge injected in the gap increased slightly during the dark period 
(Les Renardières Group, 1974). This observation was first interpreted based on two possible causes: the drift of 
the remaining streamer space charge into the gap or a continuous weak ionization during the dark period (Les 
Renardières Group, 1974). Following a very simplified theoretical analysis, the drift of the remaining streamer 
space charge into the gap was attributed as the most reasonable cause for any current or charge excess during dark 
periods (Les Renardières Group, 1974). This assumption has not been challenged until recently (Zhao, Becerra, 
et al., 2021; Zhao, Liu, et al., 2021; Zhao, Wang, et al., 2021), in connection to the faint light emission measured 
during dark periods (Zhao, Becerra, et al., 2021; Zhao, Liu, et al., 2021; Zhao, Wang, et al., 2021). This illumina-
tion was attributed instead to an unknown ionization process in the stem taking place under a rising electric field. 
This ionization could be interpreted as the result of a capacitive current that maintains a sufficiently high electric 
field in the stem channel (Bazelyan & Popov, 2020).

The duration of dark periods has been predicted by several numerical models for long air sparks (e.g., Gallimberti 
et al., 2002; Goelian et al., 1997; Y. Xie et al., 2014) and natural lightning (e.g., Becerra & Cooray, 2006a, 2006b) 
under several simplifying assumptions. First, simple approximations of the streamer space charge spatial distri-
butions are generally assumed. Second, the drift of this streamer space charge into the gap under the existing 
electric field as well as the presence of the low-density stem channel(s) produced at the streamer root are also 
neglected. On the other hand, only a few simulations have been reported for the duration of secondary dark peri-
ods (Becerra & Cooray, 2008; Y. Xie et al., 2018). They also generally assume that the streamer space charge 
remains immobile.

Several numerical models evaluating the physical properties of the stems during the dark period have also 
been published. In all of them, no ionization is assumed to take place during the dark period. In early studies, 
zero-dimensional (0D) thermalization models have been used to simulate the energy transfer in the streamer 
stem during the primary dark period (e.g., Gallimberti, 1979). It is suggested that the gas temperature during 
the primary dark period could increase on its own to the critical temperature of 1,500–2000 K to trigger the 
streamer-leader transition due to the vibrational-translational (V-T) relaxation. This model has been widely 
used in later numerical studies on the leader inception (Becerra & Cooray, 2006a; Gallimberti et al., 2002; C. 
Wu et al., 2013). The predictions of 0D models have been later challenged by one-dimensional (1D) numerical 
models with a detailed chemical scheme (Liu & Becerra, 2017, 2018). Thus, the stem temperature was shown to 
decrease instead during dark periods, since conduction losses dominate over V-T relaxation in the absence of any 
electronic current in the dark period (Liu & Becerra, 2017). However, the predicted trend of stem temperature 
decay during the dark period has been recently shown to be faster than measurements (Cheng et al., 2020). This 
disagreement between the modeling theory and measurements had been also attributed to additional heating due 
to the ionic currents caused by the drift of the remaining space charge (Cheng et al., 2020).

Thus, it has been speculated throughout the literature that the drift of the space charge is the cause of small 
currents measured during dark periods as well as the disagreement between the measurements and estimations 
of the stem temperature. However, it is also known that the presence of continuous ionization during the dark 
period could also explain those observations (Les Renardières Group, 1974; Zhao, Becerra, et al., 2021; Zhao, 
Liu, et al., 2021; Zhao, Wang, et al., 2021). Since no proper quantitative evaluation of the effect of streamer 
space charge drift or continuous ionization on measured currents during dark periods exists in the literature, this 
paper will focus on performing that assessment. For this reason, the experimental platform already used in (Zhao, 
Becerra, et al., 2021; Zhao, Liu, et al., 2021; Zhao, Wang, et al., 2021) has been upgraded to allow the simul-
taneous measurement of the optical-electrical-thermal characteristics of the residual channels in dark periods. 
Furthermore, the measurements are analyzed through complementary numerical simulation of the streamer space 
charge spatial distribution and its drift during dark periods.

2.  Methods
2.1.  Experimental Setup

Experiments were carried out on the setup shown in Figure 1a. A positive switching impulse (200/5,000 μs) 
generated with a Marx generator was applied to a 1.4-m rod-plane air gap. The rod electrode was located on 
the high-voltage (HV) terminal and its dimensions were presented in Figure 1b. A conical copper electrode was 
located at the head of the rod electrode in order to increase the probability of producing a single streamer stem 
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at the tip (Yang et al., 2018). The plane electrode was a round aluminum plate with a diameter of 2 m and was 
well grounded by a copper strip. Peak voltages of 172, 230, 289, and 345 kV were applied for producing multiple 
streamer bursts with their corresponding dark periods without breakdown. The applied voltage was recorded by 
a Rigol MSO5104 digital oscilloscope together with a capacitor divider (ratio: 1:586).

The total current in the experiment was measured with two different shunt resistors, that is, R1 and R2 in Figure 2a. 
The epoxy resin was used to electrically isolate the copper electrode tip from the electrode. The resistor R1 
consisted of four 1-kΩ low-inductive resistors in parallel, with an equivalent DC resistance of 250 Ω. The resistor 
R2 consisted of eight 100-Ω low-inductive resistors in parallel, with an equivalent DC resistance of 12.5 Ω. The 
shunt resistors were assembled with a double squirrel cage structure, and its three-dimensional (3D) assembly 
diagram was shown in Figure 2b. The resistors R1 and R2 were connected in series to measure the truncated, small 
current component (iS) during dark periods, while the resistor R2 was used alone to measure the complete current 
of streamer and leader discharges (or the large current component, iL). Figure S1 in Supporting Information S1 
shows how the shunt resistors are mounted inside the electrode. The frequency response characteristic of the 
shunt resistors was measured with a vector network analyzer and plotted in Figure 2c. The total impedance of 
R1 and R2 series connection was almost unchanged up to 10 MHz, while the impedance of R2 alone remained 
fairly constant up to 15 MHz. The bandwidth of R2 can be sufficient to resolve the rise time of the current pulses 
of first streamer bursts, which is about 10 ∼ 50 ns (Gallimberti, 1979; Zhao, Becerra, et al., 2021; Zhao, Liu, 
et al., 2021; Zhao, Wang, et al., 2021). This resistor will perform even better to resolve the current rise time of 
subsequent streamers since it is generally longer (Zhao, Becerra, et al., 2021; Zhao, Liu, et al., 2021; Zhao, Wang, 
et al., 2021). On the other hand, the bandwidth of the series connection R1 + R2 is well above the requirements 
to measure the expected DC component flowing during the dark period (Zhao, Becerra, et al., 2021; Zhao, Liu, 
et al., 2021; Zhao, Wang, et al., 2021). The remaining modules, such as data acquisition (DAQ), electro-optical 
(E/O) conversion and transmission in Figure 2a, were the same as the current measurement system in (Jiang 
et al., 2018; Xiao et al., 2019). A gas discharge tube (GDT) was used to protect the data acquisition module.

The low-density stem channels were visualized with a Toepler's lens-type Schlieren imaging system (He 
et al., 2022). The light path of the Schlieren system was shown in the green area in Figure 1a. For both lenses, 

Figure 1.  Experimental setups: (a) top view of the experimental arrangement (not to scale) and (b) dimensions of the HV 
electrode.
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the focal length was 1,800 mm and the aperture 150 mm. A pinhole with a diameter of 2 mm and a knife-edge 
parallel to the air gap axis were located at the focal points of the lenses. A 60-W light-emitting diode (LED) with 
a central wavelength of 512 nm was applied to illuminate the system. The Schlieren images were recorded with a 
Photron SA-X2 high-speed camera (HSC1) together with a Sigma 150 ∼ 600 mm F/5.6 zoom lens. The camera 
was operated at 192,307 frames-per-second (fps) with an exposure time of 3.56 μs. A frame size of 160 × 256 
pixels was used with a corresponding spatial resolution of 200 μm. The calibration curve of the Schlieren system 
required to estimate the air density of the stem channel from the photographs (Zhao et al., 2019) is included in 
Figure S2 in Supporting Information S1.

The streamer morphology was observed with a Phantom V1212 high-speed camera (HSC2) and a Nikon 50 mm 
F1.4 fixed lens. Camera HSC2 was placed 1.8 m away from the electrode, and the angle between the shooting 
directions of camera HSC2 and camera HSC1 was about 20°. A digital delay pulse generator (Sapphire 9,200+) 
was employed to fully synchronize the exposure sequences of the cameras HSC1 and HSC2. Therefore, the 
camera HSC2 was also operated at 192,307 fps with an exposure time of 3.56 μs. The corresponding spatial 
resolution was 128 × 256 pixels with an observation area of 128 × 256 mm 2. According to the spectral response 
of the camera HSC2 and the transmission of the Nikon lens Figure S3 in Supporting Information S1, the standard 
photography in this paper was most sensitive to a visible light wavelength between 400 and 800 nm.

In the experiment, long-wave ultraviolet (UV) optical emission (337 nm) was observed by a multianode photo-
multiplier tube assembly (Hamamatsu, H10515B-103) with a narrow-band-pass filter (in the range between 330 
and 340 nm). Note that the UV band-pass filter was used to only detect light emission caused by high-energy 
electrons produced by glow or streamer discharges. This also will discard any possible low-energy optical emis-
sion associated with the decay of vibrational energy as observed in afterglows (Ono, 2018). This photomultiplier 
system PMT1 in Figure 1a, had 16 channels arranged vertically to measure the UV emission of different sections 
of the discharge channel. The light cross-talk ratio between different channels was less than 4%. The PMT1 
assembly operated in a gain of 2 × 10 5 under a supply voltage of 600 V. The output signals were recorded with 
oscilloscope modules (TiePie HS6 DIFF) with a sampling rate of 200 MS/s. In order to calibrate PMT1, the 
incident light beam was split by a beam splitter after passing through the UV lens set, with one beam projected 
into the PMT assembly and the other entering the viewfinder with a digital camera. The incident light reached 

Figure 2.  Current measurement system (CMS): (a) the schematic diagram of the measurement system; (b) the 3D assembly 
diagram of shunt resistors; (c) the frequency response characteristic of the shunt resistors.
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the PMT assembly and the viewfinder window with the same light range, achieving a 1:1 magnification. With 
this optical path, the PMT assembly and the camera at the viewfinder had the same viewing area. By dividing the 
camera's field of view into 16 equal parts, the axial observation range of each PMT channel was obtained, that is, 
the spatial resolution of PMT1. In these experiments, the electrode tip was located approximately in the center of 
the first PMT channel and the spatial resolution of PMT1 was estimated to be 5.5 mm. Observe that even though 
PMT measurements have been utilized already to measure optical emission from streamers and leaders (Dwyer 
et al., 2008; Kochkin et al., 2012, 2014b; Rahman et al., 2008), they are here used for the first time to detect light 
during dark periods in long sparks.

In this paper, experiments were divided into two stages. The first stage focused on the current in dark periods, as 
well as the channel luminosity and gas density variation; while the second stage aimed to measure the UV emis-
sion during dark periods. All experiments were conducted on the platform shown in Figure 1, but the PMT1 was 
not included in the first stage and the Schlieren system was not included in the second one. In the first stage, the 
testing conditions were temperature of 303 K, absolute humidity of 16.7 g/m 3 and atmospheric pressure; while 
in the second stage, 291 K, 9.2 g/m 3 and atmospheric pressure. In the experiments, all devices were triggered by 
the output signal of a single anode PMT module (PMT2) in Figure 1a, which was used to detect the ignition of 
the first spark gap of the Marx generator.

2.2.  Numerical Model

Estimating the current produced by the drift of the streamer space charge during the dark period is key to eval-
uating its contribution to the total current measured in the experiment. Such a calculation requires two differ-
ent steps. First, the estimation of the spatial distribution of the charge injected by each streamer burst into the 
gap. Second, the calculation of the current produced by the drift of this space charge during the dark period.

Although the physical properties of single or few short streamer filaments can be calculated in detail using 
microscopic particle or fluid models (e.g., Marskar, 2019), they cannot be used up to date to estimate the spatial 
distribution of an entire streamer burst having multiple ensembles of numerous filaments. On the other hand, 
simplified macroscopic physical models of branched discharge trees can provide qualitative information of 
centimetre-long streamer trees (Luque & Ebert, 2014). However, they are still limited to delivering quantitative 
estimates of macroscopic properties (e.g., charge) as to allow a one-to-one comparison with experimental results. 
Thus, consistent physical approaches cannot yet be used to estimate the final charge distribution left behind a 
fully extended, branched streamer bursts (after propagating several tens of centimeters) in long air gaps.

Thus, simplified approaches have been used instead in the literature to describe the spatial charge distribution of 
long streamers. Early approaches represented the streamer as a point charge source or assume a known charge 
distribution within a given region (Les Renardières Group, 1974). However, later studies have successfully esti-
mated the total charge of streamer bursts (e.g., Becerra & Cooray, 2006a; Goelian et al., 1997) in agreement with 
experimental results. These studies assume that the electric field with a streamer burst after it stops propagating, 
is roughly constant and equal to the stability field Estr. Even though physical models have shown that a constant 
electric field inside the streamer contradicts the conservation of charge (Luque & Ebert, 2014), measurements 
have shown that the electric field produced by the collective of filaments within the streamer volume is roughly 
uniform and equal to Estr (Petrov et al., 1994). Given the experimental evidence supporting the assumption of a 
constant Estr behind the streamer front and the usefulness of this concept to deliver estimates in agreement with 
measurements, it is currently the only available tool to calculate the macroscopic properties (such as spatial exten-
sion and charge) of long streamers. Even though most of the studies using the concept of the stability field only 
estimate the total streamer charge, the complete streamer spatial distribution can be fortunately calculated with 
the method presented in (Becerra, 2014).

Thus, the spatial distribution of the charge density left behind by each fully developed streamer burst is here 
calculated by solving the inverse source problem for the Poisson equation through optimization (Becerra, 2014). 
Observe that in contrast to the direct solution of the Poisson equation, the inverse source problem aims to estimate 
the charge distribution from a known voltage distribution. Since measurements have shown that the electric field 
within a streamer burst keeps a constant stability field Estr (Petrov et al., 1994), the streamer potential distribution 

𝐴𝐴 𝐴𝐴str is defined by the product of Estr and the shortest distance between the point (r, z) to the electrode surface. 
This assumed distribution is then used here to calculate the unknown net streamer charge distribution function 
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𝐴𝐴 𝐴𝐴str (𝑟𝑟𝑟 𝑟𝑟) . In the presence of an existing charge density 𝐴𝐴 𝐴𝐴0(𝑟𝑟𝑟 𝑟𝑟) left behind by previous bursts (with 𝐴𝐴 𝐴𝐴0 = 0 for the 
first streamer but 𝐴𝐴 𝐴𝐴0 ≠ 0 for the subsequent bursts), the calculated potential distribution ϕ within the streamer 
was defined as:

∇2𝜙𝜙(𝑟𝑟𝑟 𝑟𝑟) = −
𝜌𝜌str (𝑟𝑟𝑟 𝑟𝑟) + 𝜌𝜌0(𝑟𝑟𝑟 𝑟𝑟)

𝜀𝜀0
� (1)

and then an optimization procedure was used to find the streamer charge distribution 𝐴𝐴 𝐴𝐴str (𝑟𝑟𝑟 𝑟𝑟) that minimizes the 
squared error between the calculated potential ϕ and the assumed streamer potential 𝐴𝐴 𝐴𝐴str . Outside the streamer 
region, the direct solution of the Poisson equation was calculated as:

∇2𝜙𝜙(𝑟𝑟𝑟 𝑟𝑟) = −
𝜌𝜌0(𝑟𝑟𝑟 𝑟𝑟)

𝜀𝜀0
� (2)

The search for the net charge distribution 𝐴𝐴 𝐴𝐴str (𝑟𝑟𝑟 𝑟𝑟) at the extinction of each streamer burst was performed using a 
gradient-based optimization algorithm. Details of the implementation of the optimization problem can be found 
elsewhere (Becerra, 2014). Observe that the calculated 𝐴𝐴 𝐴𝐴str (𝑟𝑟𝑟 𝑟𝑟) after the streamer stops propagating has the same 
polarity as the electrode. Although negative and positive ions are produced during the streamer propagation 
(Nijdam et al., 2020), the space charge left behind by the extinct streamers in the experiments is known to be 
dominated by positive ions. This is consistent with laboratory measurements showing a decrease in the surface 
electric field of positive electrodes after streamer extinction as the result of the space charge electrostatic shield-
ing (Les Renardières Group, 1974). Once the streamer charge distribution in front of the electrode was calculated 
for each extinct streamer, the total field distribution including the space charge distortion of the Laplacian field 
can be computed during the dark periods.

The drift of the charge left behind by each extinct streamer burst can be readily calculated during the dark period 
once the first step is concluded. In the case of the first streamer burst, its space charge distribution 𝐴𝐴 𝐴𝐴str (𝑟𝑟𝑟 𝑟𝑟) drifts 
away from the electrode in the absence of any space charge from a previous streamer (𝐴𝐴 𝐴𝐴0(𝑟𝑟𝑟 𝑟𝑟) = 0 ). In general, the 
drift of the positive charge distribution in the gap 𝐴𝐴 𝐴𝐴(𝑟𝑟𝑟 𝑟𝑟) was calculated by using (Zhao et al., 2017):

∇ ⋅ 𝐸𝐸 = −
𝜌𝜌(𝑟𝑟𝑟 𝑟𝑟)

𝜀𝜀0
� (3)

𝜕𝜕𝜕𝜕(𝑟𝑟𝑟 𝑟𝑟)

𝜕𝜕𝜕𝜕
+ ∇ ⋅

⃖⃗𝑗𝑗 = 0� (4)

where E is the electric field in the gap and 𝐴𝐴 ⃖⃗𝑗𝑗  is current density, given by the sum of three contributions, that is, 
drift due to electric field, advection, and diffusion:

⃖⃗𝑗𝑗 = 𝜌𝜌(𝑟𝑟𝑟 𝑟𝑟) ⋅
(

𝜇𝜇𝑖𝑖∇𝜙𝜙(𝑟𝑟𝑟 𝑟𝑟) + ⃖⃗𝑣𝑣
)

−𝐷𝐷𝑖𝑖∇𝜌𝜌(𝑟𝑟𝑟 𝑟𝑟)� (5)

where 𝐴𝐴 𝐴𝐴𝑖𝑖 is the ion mobility and 𝐴𝐴 𝐴𝐴𝑖𝑖 is the ion diffusion coefficient with values for positive ions taken from (Liu & 
Becerra, 2016). In the absence of forced convection in the laboratory and neglecting the gas transport produced by 
any shockwave (Zhao et al., 2017), the gas velocity 𝐴𝐴 ⃖⃗𝑣𝑣 was assumed equal to zero. The initial solution for the solution 
of Equation 4 was 𝐴𝐴 𝐴𝐴(init)(𝑟𝑟𝑟 𝑟𝑟) = 𝜌𝜌str (𝑟𝑟𝑟 𝑟𝑟) + 𝜌𝜌0(𝑟𝑟𝑟 𝑟𝑟) . The measured voltage at each streamer initiation time was used 
as input for the boundary conditions for the solution of Equations 1 and 2 in the first step. The measured voltage 
during the dark periods was used for the transient calculation of Equation 3 for the space charge drift calculation step.

The calculation of the second streamer space charge distribution was performed at the end of the first dark period 
drift calculation. For this calculation, the space charge distribution 𝐴𝐴 𝐴𝐴 calculated with Equation 4 at the second 
streamer inception time defined the pre-existing charge 𝐴𝐴 𝐴𝐴0 . Then, the drift of the total charge in the gap was calcu-
lated during the second dark period. A similar two-step procedure was repeated for the calculation of the third 
streamer and its corresponding dark period. Then, the ionic current Ip produced by the drift of the space charge in 
the gap can be calculated as (Morrow & Sato, 1999):

𝐼𝐼p =
1

𝑉𝑉𝑎𝑎 ∫𝑉𝑉

⃖⃖⃗𝐽𝐽 ⋅
⃖⃖⃖⃖⃗𝐸𝐸𝐿𝐿𝑑𝑑𝑑𝑑� (6)

where 𝐴𝐴 ∫
𝑉𝑉
𝑑𝑑𝑑𝑑 is a volume integral over the discharge space, Va is the applied voltage and 𝐴𝐴 ⃖⃖⃖⃖⃗𝐸𝐸𝐿𝐿 is the Laplacian 

electric field.
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3.  Results
3.1.  Experimental Results

Figure 3 shows typical current and voltage waveforms measured under a switching impulse peaked at 172 kV. 
The two measured current components are shown in Figure 3a, that is, namely the large current (iL) and the small 
current (iS) components. The calculated displacement current (iD) flowing through the stray capacitance of the 
air gap, which is superimposed on the current in the discharge, is also included in Figure 3. This current iD is 
estimated by multiplying the first-order derivative of the applied voltage by the gap capacitance (of about 0.32 
pF). This gap capacitance was estimated from the measured voltage and current before the first corona streamer 
burst (see waveforms in Figure 3a at t = 0 ∼ 33.4 μs) using the method proposed by Y. Li et al. (2021). Observe 
that the large-amplitude component of the discharge current cannot be measured by the shunt resistors R1 and 
R2 since it is truncated by the GDT at about 0.01 A. Similarly, the small-amplitude component of the discharge 
current cannot be measured by the shunt resistor R2 due to its lower sensitivity. As a result, the total current can 
be obtained by superimposing the large and small current components. Note that the pulse in iS at t = 0 μs as 
well as the oscillating signals superimposed to the continuous component are noise produced by electromagnetic 
interference from the ignitions and burning for the arcs in the spark gaps of the Marx generator.

As can be seen, the current measured during the dark periods does not correspond to a displacement current iD. 
Although the current measured before the first streamer burst (t < 33.4 μs) obviously corresponds to iD, the iS 
measured afterward cannot be explained by a capacitive current in response to the time variation of the applied 

Figure 3.  Typical results in the first stage of the experiments. (a) Current and voltage waveforms. Three current components 
are included, that is, the small discharge current component iS, the large discharge current iL, and the displacement current 
iD. The dark-period current (i.e., iS-iD) is shown in Figure S4 in Supporting Information S1. (b) High-speed standard images 
of the morphology of streamer bursts and the residual channel, which are color inverted. (c) High-speed Schlieren images of 
the stem channels, which are contrast enhanced. The observation range for (c) is indicated in (b) by the blue box. The number 
of each frame in (b and c) corresponds to the timing sequence marked with the same number at the top of (a).
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voltage. After the first streamer burst initiates with a peak current pulse of 0.77 A, iD gradually decreases reach-
ing less than 0.1 mA at t = 125 μs. This value is well below the measured current (iS = 0.53 mA) at the same time, 
which was more than five times larger than iD. The first dark period ends when the second streamer develops 
producing a current pulse with a peak amplitude of 0.30 A at t = 151.4 μs. Subsequently, the discharge enters the 
second dark period, during which iS gradually decreases from about 1.0 to 0.7 mA. During this period, iS is more 
than one order of magnitude larger than iD. The second dark period ends at t = 194.6 μs by the initiation of the 
third streamer burst, having a current pulse peaked 0.12 A.

Standard photographs of the morphology of the first three streamer bursts and the faint luminosity detected 
during dark periods are shown in Figure 3b. Observe that the morphology of the streamer filaments, as well as 
the elongation of the streamer stem, is as widely reported in the literature (Gu et al., 2020; Kostinskiy et al., 2018; 
Zhao, Becerra, et al., 2021; Zhao, Liu, et al., 2021; Zhao, Wang, et al., 2021; Zeng & Chen, 2013). However, it 
can be seen from the enlarged images that a faint channel is first detected in front of the electrode tip during the 
first dark period after t = 69.2 μs, as marked by the red arrow. The length of the faint channel ranges from 1 to 
3 mm. During the second dark period, a longer thin luminous track having a length of 19 mm keeps on emitting 
light at the location of the main streamer root area. In our previous work (Zhao, Becerra, et al., 2021; Zhao, Liu, 
et al., 2021; Zhao, Wang, et al., 2021), no bright light channel was detected during the first dark period while it 
was visible only during the subsequent dark periods. According to the spectral response of the standard imaging 
system in Figure S3 in Supporting Information S1, the faint luminosity observed in Figure 3b is emitted within 
the wavelength range between 400 and 800 nm. Furthermore, observe that the second streamer burst after the first 
primary dark period (see image ⑥ in Figure 3b) forms from the head of the stem produced by the first streamer 
burst. This is different compared with the case when no stem is formed, in which the second streamer would 
originate from the electrode surface as in the simulations by Niknezhad et al. (2021).

The Schlieren images in Figure 3c provide a closer look at the region where the faint luminosity was detected. 
They show the variation in air density due to heating caused by streamer currents converging into stems. As can 
be seen, a small stem with low density having a length of about 0.6 mm is formed at the electrode tip during the 
first streamer burst. In this stem, the filaments of the first streamer converge as shown in Figure 3b. The streamer 
stem grows continuously during the dark period reaching about 3 mm before the start of the second corona burst. 
After the second streamer burst, the low-density stem elongates further and branches as already reported by 
(Zhao, Becerra, et al., 2021; Zhao, Liu, et al., 2021; Zhao, Wang, et al., 2021). The main channel does not show 
significant elongation during the second dark period and remains at about 18 mm. After the third streamer burst, 
the stem branch to the left of the main channel is heated and several small branches appeared. Interestingly, the 
main stem has the same length and location as the region of faint luminosity observed during the dark periods 
in Figure 3b. This result confirms that the luminosity here detected in the standard photographs during the dark 
period is emitted by the low-density stem region.

The measurements with the photomultiplier system PMT1 also showed that the faint luminosity detected by the stand-
ard photographs during the dark period has also a significant UV component. Figure 4 shows the experimental results 
obtained at a higher voltage (250 kV), necessary to measure with a reasonable signal-to-noise ratio in PMT1. In this 
event, the current components have similar features as those already discussed in Figure 3a, but with larger values 
during the dark period. The colored bands in Figure 4b illustrate the observation line of sight of each PMT channel 
in relation to the position of the discharge channel in the standard images. Figure 4c presents the corresponding 
time-resolved UV emission signals of the different sections of the discharge channel. As expected, all three streamer 
bursts produce pulsed UV irradiance (Arcanjo et al., 2021). However, the UV emission detected during the dark 
periods was about two orders of magnitude smaller than that measured during the preceding streamer burst. For that 
reason, the UV emission during the first dark period was well below the detection level of PMT1. Fortunately, signif-
icant UV signals were observed for channels CH1–CH3 after the intense emission of the second streamer burst. The 
detected UV emission from these three channels covers the  exact observation region where the stem channels look 
the brightest in the photographs. Further, it can be found that the UV emission is most intense closest to the electrode.

3.2.  Simulation Results

Numerical simulation results of the event shown in Figure 3 were here used to give further input for the interpreta-
tion of the measurements during the dark period. Figure 5 shows the charge density and electric field distribution 
estimated after the development of the first streamer burst and during the first dark period. The estimated charge 
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distribution of the first streamer charge follows a bathtub distribution, having a maximum density of 0.2 C/m 3 in 
the close proximity of the electrode that gradually falls to 5 × 10 −4 C/m 3 before increasing again at the streamer 
front. This charge is distributed within a volume (in Figure 5a) well within the streamer region as observed in 
Figure 3b ①. With this charge distribution, the average electric field within the streamer zone at inception is 
rather constant and equal to the assumed stability field Estr. The total charge of this first streamer burst is calcu-
lated as 2.4 × 10 −8 C corresponding to an apparent charge of 1.8 × 10 −8 C. This last estimated value is in good 
agreement with the apparent charge of 1.6 × 10 −8 C obtained by integrating the measured first streamer current 
peak in Figure 3a. Under the influence of the increasing applied voltage during the first dark period, the space 
charge drift leads to the fast recovery of the electric field in front of the electrode Etip = E (r = 0, z = 0). Observe 
in Figure 5e that Etip at t = 50 μs already reached values above the ionization threshold (Ecrit ∼ 3 × 106 V/m) at 
atmospheric density as the result of the charge density drop in front of the electrode by the 2 mm drift of the space 
charge. Assuming that no further ionization is produced during the dark period, the electric field distribution in 
front of the electrode estimated at t = 100 μs even exceeds the original Laplacian electric field at the first streamer 

Figure 4.  Typical observations in the second stage of the experiments. (a) Current and voltage waveforms. The dark-period 
current (i.e., iS-iD) is plotted in Figure S5 in Supporting Information S1. (b) High-speed standard images with color inverted. 
(c) Time-resolved UV irradiance (330–340 nm). The observation area covered by each channel corresponds to the same color 
bar in (b).
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inception time. This result shows that the electrostatic conditions in front of the electrode become favorable to 
start ionization in the gap already during the dark period, much earlier than the time when the second streamer 
is initiated (at t = 151.7 μs).

Figure 6a shows the total charge density estimated soon after the development of the second streamer. In this case, 
the convergence point of the filaments in the second streamer zone is taken at a distance of 2 cm from the electrode 
as observed in the photograph in Figure 3b ⑥. The total charge of the second streamer is estimated as 1.1 × 10 −7 C 
in the presence of the pre-existing drifted charge of the first streamer. Since most of the second streamer charge is 
injected in a region a few centimeters ahead of the electrode tip, the left space charge cloud drifts in a region with 
a relatively low electric field. Since the applied voltage after the second streamer does not increase significantly, 
the space charge drifts and diffuses during the second dark period only a few millimeters as shown in Figure 6b.

The simulation results also allowed quantifying the total ionic current produced by the drift of the space charge 
injected by the first and second streamers during the dark periods. As can be seen in Figure 6c, the drift of the 
first streamer produced an ionic current reaching a maximum of 12 μA while the drift of the total charge during 
the second dark period reached a peak below 22 μA. These ionic currents are more than one order of magnitude 
smaller than the measured currents (in the order of several hundred μA in Figure 3a) during dark periods. Thus, 
these simulation results show that the significant currents here measured during the dark periods cannot be attrib-
uted neither to ionic currents due to space charge drift nor to a displacement current.

4.  Continuous Weak Ionization Produced During Dark Periods
The results described in the previous section show that the current and light emission here measured cannot be 
attributed to the ionic currents produced by the drift of the streamers' space charge, contrary to what has been 

Figure 5.  Calculated charge distributions (a) after the first streamer development at t = 39.9 μs and during the dark period at (b) t = 50 μs and (c) t = 100 μs. The 
charge density distribution and electric field distribution in front of the electrode along the symmetry axis are shown in (d and e), respectively. The Laplacian electric 
field at the first streamer inception time is also included in (e).
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previously assumed in the literature (Les Renardières Group, 1974). Similarly, they cannot be interpreted to be 
caused by displacement currents that maintain a sufficiently high electric field in the stem channel (Bazelyan & 
Popov, 2020). Even though it has been shown that a voltage derivative dU/dt > 1 kV/μs can produce a capac-
itive current that maintains a sufficiently high electric field in the stem channel of E/N = 70–90 Td (Bazelyan 
& Popov, 2020), the currents during the dark period were also here detected under an applied voltage weakly 
changing in time with dU/dt lower than 0.7 kV/μs. Therefore, it is pertinent to further analyze the hypothesis that 
our measurements during the dark period were caused by continuous weak ionization by other conditions.

Although ionization in gases depends on the existing electric field E, it also depends inversely on the particle 
density N of the medium (Gallimberti, 1979). On one hand, the electrostatic simulation results discussed in the 
previous section have shown that the electric fields in front of the electrode can reach values larger than the crit-
ical threshold required for ionization at atmospheric density. On the other hand, the Schlieren images above and 
reported in other previous publications (e.g., Zhao et al., 2017; Zhao, Becerra, et al., 2021; Zhao, Liu, et al., 2021; 
Zhao, Wang, et al., 2021) have also shown that the gas density in front of the electrode is lower than atmospheric 
due to the presence of the stem. Therefore, it is better to assess the presence of ionization during the dark period 
instead as a function of the ratio E/N, known as the reduced electric field. The critical (E/N)crit at which the rate 
of ionization is larger than attachment in humid air is about 112 Td under the conditions of the test here described 
in (B. Li et al., 2018).

Since both the electric field and the density in front of the electrode change in space, it is necessary to know 
their spatial distribution in order to assess where continuous ionization activity could actually take place. For this 
reason, the spatial distribution of the electric field in front of the electrode for the event in Figure 3 is calculated at 
the start of the second dark period (t = 154 μs) under the injected streamer space charge. Although the maximum 
calculated fields in front of the electrode reach values up to about 3 × 107 V/m, the results in Figure 7 are shown 

Figure 6.  Charge distributions calculated (a) after the second streamer development at t = 151.7 us and (b) estimated ionic 
current due to the space charge drift with the applied voltage included as reference.
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with the upper limit of the color legend truncated at the ionization threshold E at atmospheric density (for better 
visualization). The corresponding air density estimated by the method presented by (Zhao et al., 2019; Zhao, 
Becerra, et al., 2021; Zhao, Liu, et al., 2021; Zhao, Wang, et al., 2021) from the Schlieren image ⑦ in Figure 3c, 
is also shown in Figure 7b. This low density is caused by the localized heating of the stem as shown in the temper-
ature plot in Figure 7c. Interestingly, the reduced electric field E/N distribution calculated in Figure 7d clearly 
shows that ionization at the start of the dark period is most intense within the section of the stem closest to the 
electrode. In this case, the reduced field is significantly larger than (E/N)crit, starting at 650 Td in front of the elec-
trode and then reaching more than 900 Td (in this case) some millimeters in front of the electrode surface. Then, 
the reduced field decreases as the distance to the electrode increases, reaching (E/N)crit at a distance of 6 mm. 
Thus, Figure 7d explains why the faint luminosity observed in the second dark period in the standard photograph 
⑦ in Figure 3b corresponds exactly to the narrow area where the stem was formed. Since the stem section where 
the initial reduced field is larger than (E/N)crit has a length of only 6 mm, an ionization wave must have further 
propagated within the low-density stem channel until it reaches the maximum length of 20 mm observed in the 
corresponding photograph.

The results in Figure 7 show solid evidence that ionization within the dark period can be produced due to the 
strong reduced electric field in the residual stem channel, as the result of the Laplacian electric field distribu-
tion, the space charge distribution and the localized heating of the streamer root. This ionization will allow the 

Figure 7.  Spatial distribution of (a) electric field, (b) relative density, (c) temperature and (d) reduced field at the start of the 
second dark period in the event shown in Figure 3.
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formation of a glow-like discharge within the stem during the dark period, granted that free initial electrons are 
continuously produced at the location where the reduced electric field is equal to (E/N)crit. Köhn et al. (2018) also 
found in their experiments that the perturbed air in relation to shock waves or heating could lead to local regions 
of enhanced ionization. Photoionization is likely to be the main mechanism driving the supply of free electrons. 
On one hand, the reduced electric fields present within the stem at the start of the dark period are sufficiently high 
for the excitation of high energy levels as is evident from the UV photons here detected in Figure 4. Observe that 
UV photons not be produced during the dark period in the absence of ionization as in the case of afterglows (after 
switching off an active discharge) (Ono, 2018).

Using the current measured during the second dark period and the diameter of the stem channel from the 
Schlieren images in Figure 3, the current density within that glow-like region is estimated between about 400 and 
1700 A/m 2. Interestingly, the steady-state reduced electric field in glow discharges measured in air under high 
temperatures and within the same current density range and similar diameters are reported between 35 and 45 
Td (Cejas et al., 2020). The corresponding electron density necessary to maintain those currents ranges between 
10 17 and 10 18 m −3.

The presence of ionization and the formation of a glow-like discharge during the dark period has several unac-
counted implications when evaluating the breakdown in long air gaps. Since the existing thermo-hydrodynamic 
numerical models during the dark periods neglect the electron density during dark periods (Cheng et al., 2020; 
Liu & Becerra, 2017, 2018), it is then unsurprising that simulations have predicted a faster decay of the stem 
temperature compared to measurements (Cheng et  al.,  2020). Since the current density during the glow-like 
discharge is much lower than that produced for streamers and since electronic fast heating is also low at 35–45 Td 
(Liu & Becerra, 2017), no increase in the stem temperature should be possible during the dark period. Instead, 
most of the energy injected by the glow-like discharge would be transferred to vibrational excitation, the dominat-
ing process during the dark period. This process will compensate for the drop in the vibrational molecule density 
as the result of the vibrational-to-vibrational VV relaxation, limiting the drop in temperature in the stem channel 
during the dark period. Furthermore, the glow-like discharge will inject space charge in the gap (as each of the 
streamer bursts), but this charge will accumulate only along the narrow stem channel. This highly localized space 
charge density will further distort the electric field distribution in front of the electrode. This will in turn make 
the evaluation of the initiation of subsequent streamer bursts after each dark period more difficult to perform.

Consequently, numerical models evaluating the duration and thermodynamic properties of dark periods in long 
air gaps need to be improved. On one hand, observe that the existing models used to predict the duration of 
dark periods generally assume that the only space charge in the gap is generated by the streamer bursts and 
that it also remains immobile (Becerra & Cooray, 2006b; Gallimberti et al., 2002; Goelian et al., 1997; Y. Xie 
et al., 2014). However, this assumption is not correct in the presence of a glow-like discharge strongly distort-
ing the background electric field distribution. On the other hand, the thermodynamic numerical models assess-
ing the temperature conditions at which the streamer-to-leader transition takes place after dark periods (Liu & 
Becerra, 2017, 2018) also need to be improved by including the non-zero electronic current between streamer 
bursts. This current would flow along a “glowing” narrow stem channel with a significantly distorted electric 
field distribution along the axial direction. In such a case, the channel electric field cannot be calculated assuming 
a linear recovery during the dark period (Liu & Becerra, 2017, 2018) or even roughly estimated by using Ohm's 
law. Instead, it would require at least the two-dimensional calculation of the electric field, which will also lead 
to changes in the chemistry of the discharge along the axial direction (in addition to the radial changes already 
included in the recent models).

The above-described effects of a continuous glow-like ionization between streamer bursts also highlight our 
opinion that the widely used technical term “dark period” in long air gaps can be misleading and inappropriate. 
Although this continuous ionization has not been detected or understood in the literature before, using the term 
“dark period” in the future will continue downplaying the presence of additional ionization physical processes 
that are taking place and affect the sequence of events leading to a breakdown. For that reason, it is here proposed 
to refer to the time between positive streamer bursts in long air gaps as a “weak-ionization period”. Using this new 
term can bring attention to the scientific community about a series of electronic processes that have been up to 
now ignored. It will also make scientists and engineers aware of the glow-like discharge between streamer bursts, 
which should be accounted for when interpreting experimental observations in the laboratory as well as in nature 
(as in the case of lightning discharges).
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In addition, the work in this paper will also inspire studies on dark-period-related phenomena in natural lightning. 
In the case of the inception of upward positive leaders, the ionization activity during dark periods may have a 
significant effect due to the more rapidly changing background electric field and the larger residual heated chan-
nel size. In order to quantitatively assess this effect, it is necessary to accurately measure the electronic currents 
during dark periods. Such a measurement is currently difficult to achieve due to the low signal-to-noise ratio 
of current measurement devices, which should be further improved. Observe that these discussions above may 
also apply to the suspected stepping process of upward positive leaders. However, for the needles and transient 
luminous events in the upper atmosphere, it is impossible to measure the current during dark periods, and it is 
also difficult to detect the luminosity in dark periods. To investigate the role played by dark periods in these 
two phenomena, it is possible to extrapolate laboratory data through the main factors affecting the dark period 
currents, that is, the varying rate of the background electric field, the length of the residual channel, etc. Then 
numerical models can be applied to simulate the effect of dark period currents on the residual channel.

5.  Conclusions
The optical-electrical-thermal characteristics of stem channels in dark periods were simultaneously measured 
with an upgraded experimental platform. Furthermore, the streamer space charge spatial distribution and its drift 
during dark periods were built using a complementary numerical model. Based on experimental and simulation 
results, the ionic and electronic currents in dark periods were estimated, and the mechanism for the electronic 
current generation was discussed. The main conclusions are as follows.

1.	 �The ionic current due to space charge drift is in the order of μA during the dark period, while the electronic 
current ranges from hundred microamps to milliamps. The electronic current is not only related to the applied 
voltage, but also to the charge generated by the previous streamer bursts.

2.	 �The electronic current in the dark period is produced by ionization activity in the stem channel, maintaining a 
continuous glow-like discharge. This process is induced by the high reduced electric field in the stem due to 
the electric field distribution, the streamer space charge drift and the thermodynamic processes at the streamer 
root.

3.	 �The ionization activity at the stem channel closest to the electrode during the dark period is most intense and 
accompanied by stronger ultraviolet irradiance.

Data Availability Statement
The data can be accessed at the WDC for Geophysics, Beijing (https://doi.org/10.12197/2023GA007).
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