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Abstract. The basic properties and applications of corona discharges have been 
studied for a long time. The fundamental research covers a wide range of discharge 
parameters, including corona starting voltage, current values and its distribution, 
several modes depending on the applied voltage polarity (glow and streamer for 
positive coronas, Trichel pulse and pulseless glow for negative coronas), ionic wind 
induced EHD gas flow, and ozone levels.  In recent years, we have developed the 
methodology for the investigation of these all characteristics under repetitive ramp 
and triangular voltage applications. In particular, recent advances in measurement 
methods have led to an in-depth the understanding of corona discharges. Here, a 
typical needle-to-plate electrode system is used as the discharge electrode. The elec-
trical characteristics of both positive and negative corona discharges (e.g., the co-
rona onset voltage, the voltage at which the corona discharge transfers its mode, the 
appearance of corona discharge modes, the average current-voltage (I-V) character-
istics, and the corona discharge hysteresis) is automatically investigated by repeti-
tive ramp and triangular voltages generated with a high voltage amplifier with a 
function generator. Optical study makes clear the corona emission by full color ob-
servation with optical emission spectroscopy.  Furthermore, real color corona im-
aging is performed by using a highly sensitive digital camera equipped with a zoom 
lens. Also the gas velocity flow field generated by ionic wind is observed by Schlie-
ren technique. These extensive research opportunities will further advance our 
knowledge of corona discharges. This paper presents a broad overview of the latest 
corona discharge measurement technology we have developed.   
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1. Introduction 

In recent years, the three major discharges that produce atmospheric pressure 
non-thermal equilibrium plasmas are corona discharges [1, 2, 3], barrier discharges 
[4], and plasma jets [5, 6]. Among them, corona discharge is effectively employed 
for particle charging in electrostatic precipitators (ESPs) [7], as ion sources in ion-
izers. Streamer corona discharge is used for the removal of harmful particulate mat-
ters/gaseous components and the sterilization of microorganisms in air-cleaning 
ESPs [8].  In addition, scientific challenges in the understanding of corona dis-
charges are exciting because of their several modes depending on the applied volt-
age polarity.  The basic properties and applications of corona discharges have been 
studied for a long time [1, 2, 3, 7, 8]. Experiments dealing with the corona discharge 
date back more than 100 years ago. Many early studies by Japanese researchers, 
especially those published in Japanese, have been little known, with a few excep-
tions [9, 10]. We have been studying corona discharges for more than 30 years. In 
particular, recent advances in measurement methods have led to an in-depth the un-
derstanding of corona discharges. Our group found that ramped and triangular volt-
ages enabled us to investigate the electrical characteristics of corona discharges 
more easily and quickly than DC voltage [11]. In the past, some characteristics of 
the corona discharge (e.g., the corona onset voltage, the transition voltages of the 
discharge modes, and the hysteresis of the corona discharge) were measured by 
changing the DC voltage manually and slowly, but such measurement was time 
consuming [12, 13]. To improve this measurement procedure, the repetitive ramped 
and triangular voltages instead of the DC voltage were used, and we found that these 
voltages were more useful than the DC voltage to obtain the characteristics of co-
rona discharges. Our optical study includes the laser-induced fluorescence (LIF) 
and optical emission spectroscopy (OES) to detect the molecules such as NO [14, 
15], N2 metastable [16, 17] and OH radicals [18, 19]. Furthermore, real color corona 
imaging is performed by using a highly sensitive digital camera equipped with a 
zoom lens. Also the gas velocity flow field, electrohydrodynamic (EHD) effects, 
generated by ionic wind is observed by Schlieren and PIV techniques [20, 21]. 
These extensive research opportunities will further advance our knowledge of co-
rona discharges. This paper presents a broad overview of the latest corona discharge 
measurement technology we have developed.   

 

2. Experimental Setup 

Fig. 1 shows a schematic diagram of an experimental setup. We generated the 
corona discharge between a needle electrode and a plate electrode. The needle 
electrode, which was made of tungsten and had a curvture radius of 30 m, was 
placed at the center of the plate electrode. The plate electrode was made of brass 
and had a diameter of 70 mm, and a gap distance between the needle and the plate 
electrodes was set to 10 mm. We used a function generator (NF, WF1974) and a 
high voltage amplifier (Trek, Model 20/20A) to generate arbitrary high voltage 
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waveforms. In our experiment, positive and negative DC and ramped high voltage 
waveforms were employed. The ramped voltage was varied from 0 V to a peak 
value linearly within 49 ms and returned from the peak value to 0 V linearly within 
1 ms with a repetition frequency of 20 Hz. This high voltage was applied to the 
needle electrode in order to generate the corona discharge. A ballast resistor (20 
MΩ) was inserted between the high voltage amplifier and the needle electrode so 
that the discharge current would be limited when unexpected breakdown occured 
between the gap. In order to measure not only pulse currents in streamer or Trichel 
pulse but also dc component in glow mode, a shunt resister (10 kΩ) was inserted 
between the plate electrode and the ground to measure the corona discharge current. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.  1 Schematic diagram of experimental system. 

 
A digital oscilloscope (ROHDE&SCHWARZ, RTA4004) was used to record 

voltage and current waveforms. The voltage at the needle electrode and the corona 
discharge current were measured with a high voltage probe (HV-P30, Iwatsu) and 
the shunt resistor, respectively. Measurement values of the discharge current were 
obtained by dividing the voltage drop across the shunt resistor by its resistance. 
Automatic measurement of corona discharge was performed using the Python 
programming language. Combining this phenomenon-traceable voltage application 
method with automated measurement, the statistical analysis of corona discharge 
characteristics was made for more than 100 discharge events under the same 
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operating condition. The numerical data treatment enables us to determine the 
corona onset voltage and the transition voltage for glow-to-streamer or Trichel 
pulse-to-glow as well as those average values and the standard deviations. 

Optical emission of the DC corona discharge was observed by using a 
spectrometer (Ocean Photonics, Maya 2000Pro) with an optical fiber equipped with 
a convergence lens. We observed the optical emission around the tip of the needle 
electrode for both the positive and negative polarity.  On the other hand, discharge 
full color images were captured by a digital camera (Nikon, D6) with a zoom lens 
(KEYENCE, VH-Z50l).  Moreover, time-resolved discharge images were captured 
with an ICCD camera (Andor, iStar DH734) when the ramped voltage was applied. 
We synchronized the corona discharge with the ICCD camera gate using the 
function generator, and a delay (tdelay) of the ICCD camera gate from the beginning 
of the voltage increase was controlled to capture an image at the appropriate timing. 

The EHD gas flow due to ionic wind was observed by Schlieren method. Fig. 2 
shows a schematic of the Schlieren system.  The system consists of a high intensity 
halogen lamp, twin concave mirrors (15 cm in diameter), a kinfe-edge, and the 
digital camera.   

The experiment was carried out at room temperature and under atmospheric 
pressure. Temperature, relative humidity, and pressure in each experiment were 
recorded using a thermo recorder (T AND D,  TR-73U). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.  2 Schematic diagram of Schlieren system. 

3. Results and Discussion 

3.1. Discharge characteristics 

Fig. 3 shows typical current-voltage (I-V) characteristics for positive corona when 

a DC high voltage was applied to the needled electrode manually. The time-aver-

aged discharge current was measured by a moving-coil type ammeter.  Except for 

the streamer mode in positive corona, I-V characteristics can be well fitted by the 

theoretical formula 

I = AV(V-Vonset)                                              (1) 
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where I, A, V and Vonset are the corona current, a constant that is dependent on the 

experimental conditions, the voltage at the needle electrode and the corona incep-

tion voltage, respectively. When a positive glow corona discharge transitions to a 

streamer corona discharge, the pulse current component becomes larger and I-V 

curve does not fit the theoretical formula. On the other hand, Fig. 4 shows one ex-

ample of voltage and current waveforms when we applied positive ramped voltage 

repeatedly. In this case, we observed large current spikes started to be generated 

when the voltage was +4.0 kV, indicating a discharge-mode transition from the 

glow to streamer mode.  In order to analysis of streamer onset voltages, the data for 

voltage and current waveforms of 100 discharge events under the same operating 

condition was stored into a computer memory. The voltage and current waveforms 

of the discharges were acquired every second, and the overall measurement time 

was 10 minutes. Fig. 5 shows the variation and its histogram of streamer onset volt-

ages.  Fig. 6 shows typical current-voltage (I-V) characteristics for negative corona 

when a DC high voltage was applied to the needled electrode manually. The I-V 

curve of negative corona discharge is well fitted by the theoretical formula. Fig. 7  
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Fig.  3 I-V curve for positive corona.                 Fig.  4 I-V waveforms for positive corona.  
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Fig.  5 (a) Variation of streamer onset voltage and (b) its histogram.  
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shows one example of voltage and current waveforms when we applied negative 

ramped voltage repeatedly. In the case of negative polarity, a low of current spikes 

began to be observed at −3.0 kV, which indicates the generation of the Trichel pulse 

corona. The peak heights of the current spikes gradually decreased as the voltage 

increased, and then the current spikes were not observed when the voltage was 

lower than −6.0 kV, indicating a discharge-mode transition from the Trichel pulse 

to pulseless glow mode. Figs. 8 and 9 show the variation and the histogram for 

Trichel pulse onset voltages and transition voltages from Trichel pulse to pulseless 

glow mode, respectively. These results show that under the same discharge condi-

tions, the variation based on standard deviation is about 2%.  
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Fig.  6 I-V curve for negative corona.                 Fig.  7 I-V waveforms for negative corona.  
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Fig.  8 (a) Variation of Trichel pulse onset voltage and (b) its histogram.  
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Fig.  9 (a) Variation of transition voltage from Trichel pulse to pulseless glow mode and (b) 

its histogram.  

 

 

3.2. Optical emission characteristics 

Fig. 10 shows time-integrated optical emission spectra and full color discharge 

emission images for the positive DC corona discharges. The spectra were measured 

with an integration time of 10 s. In the positive glow corona discharge with an ap-

plied voltage of +9.4 kV (Fig. 10(a)), we mainly observed peaks in a wavelength 

range from 290 nm to 430 nm, which are derived from the N2 2nd positive 

(C3Πu→B3Πu) and N2
+ 1st negative (B2Πu

+→X2Πg
+) systems. In the case of glow 

corona, faint luminous film-like glow of bluish violet tint is observed in darkness at 

the tip of the needle electrode.  Meanwhile, in the positive streamer corona dis-

charge with an applied voltage of +10.5 kV (Fig. 10(b)), we found some peaks in 

wavelength ranges of 200 nm–290 nm and 600 nm–900 nm in addition to the peaks 

corresponding the N2 2nd positive and N2
+ 1st negative systems. According to the 

literature, the peaks in the wavelength ranges of 200 nm–290 nm and 600 nm–900 

nm are derived from transitions of nitric oxide (NO) (A2Σ+→X2Π) and the N2 1st 
 

    
 
Fig.  10 Emission spectra of (a) glow mode (9.4 kV) and (b) streamer mode (10.5 kV). 
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Fig.  11 Emission spectrum of pulseless glow mode (-10.7 kV). 

 

positive system (B3Πg→A3Σu
+), respectively [22]. When this glow transits to 

streamer mode, a brilliant reddish streamer channel passes though the gap. The col-

ors of the observed discharges reflect the emission spectra.  Those discharge images 

could not be observed in the ISO sensitivity range that a normal digital camera can 

set. Fig. 11 shows time-integrated optical emission spectrum for the negative pulse-

less glow corona and the full color discharge emission image for the negative pulse-

less glow corona discharge, respectively. The optical emission spectrum for the neg-

ative glow corona discharge was similar to that for the positive streamer corona 

discharge. However, the negative corona emission is characterized by its fan-like 

spread as shown in Fig.11. The characteristics of the discharge luminescence shown 

here have been described in black-and-white photographs and sketches in previous 

literature [1, 2], but in this study they are captured for the first time in color photo-

graphs. 

 

3.3. EHD characteristics 

Fig. 12 shows typical Schlieren image under the positive DC glow corona dis-

charge at steady state.  The downward airflow, i.e. ionic wind, is generated on the 

axis near the tip of the needle electrode. This airflow gradually changes to more 

radial directional flow next to the surface of the plate electrode. This change in air-

flow direction and airflow into the needle electrode generates a doughnut-shaped 

circulating EHD airflow, which is difficult to see in Fig.12 because of the image 

 

 
Fig.  12 Schlieren image of glow corona.      Fig.  13 Schlieren image of streamer corona.  
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was taken during steady state operation. The observed airflow is consistent with the 

simulation predictions [20]. While the airflow due to the streamer corona discharge 

is more violent as shown in Fig.13. The image was taken immediately after the 

transition from the glow to streamer.  This transition has increased the discharge 

power by a factor of 10 or more. Recently, transition phenomena after the applica-

tion DC high voltage have been investigated using a high-speed particle image ve-

locimetry and Schlieren visualization [24, 25]. 

 

 

4. Conclusion 

This study shows that corona discharges are an old and new field of research. The 

method we have developed of applying ramped voltage enables observation of dis-

charge phenomena from the start of corona discharge to just before spark discharge 

all at once. In particular, it is characterized by the fact that it can quickly acquire the 

many discharge data needed for statistical analysis by repeatedly generating dis-

charges under the same conditions. The discharge generated by this voltage appli-

cation method are distinct from DC discharge, AC discharge, and pulsed discharge 

that have been sped up to the nanosecond order, and provide a new means of meas-

urement. We are currently planning to obtain data under a variety of environmental 

conditions in which corona discharge are used to create a mapping, or what we can 

call a discharge diagram, of corona discharges. 

Regarding EHD characteristics, the flow field generated by a corona discharge is 

much different from that generated by a barrier discharge, and different fluid control 

can be expected to be realized [26]. For example, local area cooling by using fine 

needle electrode, drying enhancement of bulk material with arbitrary shapes by us-

ing electrode system consisted of multi-needle-to-mesh electrodes, and treat-

ment/processing by discharge-induced chemical reactions are possible. 
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