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Abstract – We investigate in this paper the radiated electromagnetic waves together with the 
discharge characteristics of Trichel pulse of negative DC corona discharge in air in pin-to-plate and 
wire-to-plate configurations. The feature of the current pulse and the frequency spectrum of the 
electromagnetic radiations were measured under various pressures and gas gaps. The results show that 
the repetition frequency and the amplitude of Trichel pulse current depend on the discharge conditions, 
but the rising time of the pulse relates only to the radius of needle or wire and keeps constant even if 
the other conditions (including the discharge current, the gas gap and the gas pressure) change. There 
exists the characterized spectrum of electromagnetic waves from negative corona discharge in Trichel 
pulse regime. These characterized radiations do not change their frequency at a given cathode 
geometry even if the averaged current, the gas gap or the air pressure changes, but the amplitude of 
radiations changes accordingly. The characterized electromagnetic radiations from Trichel pulse 
corona relate to the formation or the rising edge of current pulse. It confirms that the characterized 
radiations from Trichel pulse supply information of discharge system and provide a potential method 
for detecting charged targets. 
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1. Introduction 
 
The Corona discharge has been known for a long time as 

a self-sustained discharge which occurs if the electric field 
is sharply non-uniform [1, 2]. Typical corona discharges 
include the discharge in needle-to-plate or wire-to-plate 
configurations used in electrostatic precipitator or in a 
dielectric body with a high electrostatic voltage. Generally, 
the corona discharge in air is not stable. Instead, there 
exists an unstable regime (random or regular pulses) of 
the corona discharge, resulting in the electromagnetic 
(EM) radiation emitted from the pulses. This makes the 
corona discharge being one of the important sources of 
electromagnetic interference (EMI) in electric power and 
electronic systems. It is therefore interesting and important 
to investigate the EM radiations from the corona discharges 
[3-5]. From the aspect of insulation condition monitoring, 
Chen et al. studied the electromagnetic wave from corona 
discharge in needle-to-plate configuration [6]. Although 
a physical model was used in discussions, the effects of 
discharge parameters on the radiation were not discussed. 
The frequency spectrum of radiation from discharges was 
analyzed by Park et al. but their works mainly focused on 
the best frequency width for measurement [7]. On one 
hand, knowing the radiation characteristics is essential for 
both evaluation and measurement of EM environment, as 

well as protection against EMI. On the other hand, the EM 
radiation from the corona discharge might also supply 
some information of the charged body or discharge system, 
which indicates a potential method to detect the charged 
targets. Actually, there were few investigations on the 
correlations between EM radiations and the corona discharge 
configurations. 

In this paper, we investigate the characteristics of Trichel 
pulse and the EM radiation of negative corona discharge 
in air. The effect of discharge parameters on the Trichel 
current pulse and the characterized EM radiations has been 
discussed. The correlations between radiation and discharge 
system are discussed in detail, which may provide promising 
method for evaluation of insulation condition of electric 
apparatus as well as detection of the charged body. 

 
 

2. Experimental setup  
 
The experimental set-up is schematically shown in Fig. 1. 

We employed needle-to-plate or wire-to-plate configuration. 
The discharge system is placed inside a chamber so that it 
can be operated under various pressures. A high dc negative 
voltage is applied on the needle (or wire) and the plate 
anode is grounded through a non-inductive resistor R. The 
radius of needle tip or wire and the gas gap between the 
electrodes are changeable and their effects on the discharge 
are examined in experiments. The applied voltage is 
measured by a digital Oscilloscope (Tektronix TDS-3054B, 
500 MHz-bandwidth and 5 G/s sampling rate) through a 
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HV probe (Tektronix P6015A), and the waveform of 
discharge current through the electric circuit is sampled by 
the resistor R = 2 kΩ, given by I = VR/R. An Ampere-meter 
is used to measure the averaged current of the corona 
discharge. A Spectrum Analyzer (RIGOL DSA815, with 
frequency range 9kHz ~1.5GHz) together with a broadband 
antenna (Discone Antenna OX-08-02, from 10 MHz ~ 1 
GHz) is used to measure the EM radiations from the corona 
discharge. The antenna is placed several meters away from 
the discharge chamber. 

 
 

3. Results 
 

3.1 Voltage-current characteristic of negative corona 
 

We first measure the voltage-current (V-I) characteristics 
of negative corona in air at various pressures. The air 
temperature is T = 250C and the relative humidity RH is 
about 50%. Fig. 2 shows the V-I characteristics of needle-
to-plate negative corona in air at different pressures for gas 
gap of d = 3.5 mm. Physically, the V-I characteristic of the 
negative corona discharge can be separated into several 
stages: the corona discharge occurs above a critical voltage 
and then the current increases with the applied voltage until 
spark bridges the gap. 

The V-I characteristic of negative corona discharge 
follows the classical Townsend’s relation [1], or I = kU 
(U-UC) (where k is a constant decided by discharge 

configuration and mobility of participant particles and UC 
is the corona inception voltage). In the present conditions 
the inception voltage is UC = -5.8, -5.5, -4.5, -3.5 and 
-2.0 kV at air pressure of p = 101, 77, 58, 40 and 20 kPa, 
respectively. Decreasing pressure leads to a drop of both 
corona inception voltage and breakdown voltage for spark. 

The negative corona discharge at low or medium current 
may show very regular pulses. This pulse regime carries 
the name of Trichel pulse [8]. As the applied voltage or the 
averaged current increases, the pulsing frequency increases 
until there appears a stable glow discharge. The transition 
to the pulseless discharge occurs at a critical voltage and 
limited frequency. This steady-state glow will sustain 
until the spark bridges electrode gap. In some cases, the 
transition from pulsed corona to spark is sudden and there 
is no steady glow stage. 

 
3.2 Trichel pulse 

 
When the negative corona enters the stage of Trichel 

pulse, the current shows a regular pulse and highly 
repeatable. The typical current waveform is shown in Fig. 
3 for gas gap of 3.5 mm at applied voltage of ~ 11 kV 
and averaged current of ~ 42 mA. From Fig. 3, the time 
interval between the pulses is tw = 1.14 ms (corresponding 
to repetition frequency of 877 kHz) and the rising time of 
the pulse is tr ~ 20 ns. 

The repetition frequency f of the Trichel pulse always 
performs as a function of the averaged current I. The 
relation is shown in Fig. 4 for example of d = 3.5 mm at 
different pressures. The radius of the cathode needle is 70 
μm. It is seen that the frequency increases linearly with the 
average current and ranges from 1 kHz to about 1 MHz. 
This is similar to the previous results [8-13]. The air 
pressure also has significant effect on the repetition 
frequency when the averaged current is the same. As seen 
in Fig. 4 that the Trichel pulse appears more frequently 
under higher pressures.  

The amplitude Ip of the current pulse changes with the 
discharge parameters, as shown in Fig. 5 (a) for different 
pressures and (b) for different gas gaps. Decreasing the air 
pressure p or the gap distance d (i.e. a smaller pd value) 

 

 
Fig. 1. Schematic of the experimental set-up 

 
Fig. 2. V-I curve of negative corona in air at different 

pressures. 
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Fig. 3. Typical waveform of Trichel pulse of needle-to-

plate corona in air at atmospheric pressure for 
averaged current of 42 μA. 
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leads to an increase of the current amplitude Ip. But the 
averaged current only causes a very slight decrease of the 
pulse amplitude. 

Different from the repetition frequency and the current 
amplitude, the rising time tr of the Trichel pulse is almost 
constant for different discharge current, pressure or gas gap, 
as shown in Fig. 6. The rising time is tr = 20 (± 2) ns 
(marked as the shadow part in Fig. 6). Namely, the 
averaged current, the air pressure or the gas gap has no 
obvious influence on the rising time of Trichel pulse. This 
indicates that the rising time is a characterized property of 
Trichel pulse corona in air. It is determined by the 
formation process of pulsed current [1, 14]. Similar results 

were obtained in wire-to-plate configuration in the present 
experiments. 

However, the radius of needle cathode may affect the 
rising time of Trichel pulse. Generally, increase of the tip 
radius results in an increase of the rising time. For needle-
to-plate configuration, tr=17, 20 and 36 ns for needle radius 
of σ = 50, 70 and 200 μm, respectively. For wire-to-plate 
configuration, tr = 22, 29 and 32 ns for wire radius of 50, 
100 and 150 μm, respectively. The results are listed in 
Table 1. 

 
3.3 EM radiation  

 
When the negative corona operates in Trichel pulse 

regime, some specialized EM radiations are emitted from 
the discharge. The EM radiations are stable and repeatable. 
Typical EM signals are shown in Fig. 7 for needle-to-plate 
corona with needle radius of σ = 70 μm and wire-to-plate 
corona with wire radius of σ = 100 μm. The antenna was 3 
m away from discharge cell. It is seen that there is a series 
of radiation signal bands. For needle-to-plate corona, the 
central frequency fc of the spectra appears at 55 and 110 
MHz, and for wire-to-plate appears around 43, 85 and 124 
MHz, respectively. The spectra shows a base frequency 
together with some multiples (twice of and triple of the 
base). These radiation spectra are very stable and do not 
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Fig. 4. The repetition frequency of Trichel pulse at different

pressures. 
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Fig. 5 (a) The amplitude of Trichel current pulse changes 

with the averaged current at different pressures p = 
101, 58 and 20 kPa. 
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Fig. 5. (b) The amplitude of Trichel current pulse changes 

with the averaged current at different gaps d = 2.0, 
3.5 and 5.0 mm. 
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Fig. 6. (a) The rising time of Trichel pulse changes with the 

averaged current at different pressures p = 101, 58 
and 20 kPa. 
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Fig. 6. (b) The rising time of Trichel pulse changes with the 

averaged current at different gaps d = 2.0, 3.5 and 
5.0 mm. 
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change their position on Spectrum Analyzer when the 
averaged current (or the applied voltage) changes.  

We found in experiment that the characterized EM spectra 
also do not change with the gas pressure or the gas gap. 
The only change on the radiation signals is the amplitude 
which relates to the averaged current, the pressure or the 
gas gap. 

However, the frequency of the EM radiations depends on 
the cathode geometry, as shown in Table 1. Generally, a 
sharper needle or wire cathode results in a shorter rising 
time of Trichel pulse and higher radiation frequency. For 
instance, the base frequency of the measured EM radiation 
in needle-to-plate corona decreases from 75 MHz at σ = 50 
μm to 38 MHz at σ = 200 μm, while the rising time of the 
Trichel pulse increases from 17 ns to 36 ns. 

In any case, once the cathode geometry is given, the 
positions of the EM radiation signals on the Spectrum 
Analyzer will be determined. The change of the averaged 
current, the air pressure, or the gap distance only influence 
the amplitude of the EM signals, but not the radiation 
frequency.

When the negative corona discharge transit into a 
steady-state glow at a critical voltage, the characterized 
EM radiations disappear immediately. Or, when the spark 
bridges the needle-to-plate gap at very high voltage, the 
EM radiations become random on the Spectrum Analyzer 
and no longer characterized [14].  

Table 1. Pulse rising time under different cathode con-
figurations 

Tip  
radius 
σ (μm) 

Pulse  
rising time 

tr (ns) 
Central frequency fc (MHz) 

Needle-to-plate 
50 17 75 and 133 
70 20 55 and 110 

200 36 38 and 72 
Wire-to-plate 

50 22 58 and 121 
100 29 43, 85 and 124 
150 32 39, 77 and 111 

 
 

4. Discussions 
 
We have shown that there exist characterized EM 

radiations from Trichel pulse corona in air. Since the 
frequency of these EM radiations (ranging from tens to 
hundreds of MHz in experiments) is much higher than the 
repetition frequency of the pulse (from 1 kHz to around 1 
MHz) that also changes with the discharge current as well 
as the gas gap and gas pressure, the EM radiation should 
not be due to the repetition frequency but the formation of 
Trichel pulse, or the rising of the current pulse. 

The Trichel pulse is suggested to be a self-pulsing 
discharge in electronegative gases (e.g. air). The negative 
ions play an important role in the formation of Trichel 
pulse and no Trichel pulse was observed in electropositive 
gases [1, 2, 8-13]. The most important characteristics of 
Trichel pulse are the repetition frequency and the rising 
time of the current pulse. The former one is mainly 
controlled by the removal process of negative ions that 
determines the repetition frequency. The latter is determined 
by the electron motion in electric field near breakdown [1, 
14]. The avalanche develops according to the Townsend 
mechanism and this process determines the rising edge of 
the pulse current. The rising time of Trichel pulse is 
decided as tr ~ dc/(μeE) [1, 8, 14], where dc is the distance 
threshold of electron avalanche, μe is the mobility of 
electron and E is the electric field. Under the same voltage, 
stronger electric field is produced around the tips with 
smaller radius. Thus, the Trichel pulse by sharper cathode 
has a shorter rising time.  

The current of Trichel pulse can be featured as double- 
exponential function [15] written as: 

 
 / /

0( ) ( )t tI t I e ea b- -= -  (1) 
 

where I0 is the maximum of the current, α and β are time 
constant for the rising and decay. Fig. 8 shows the 
measured and simulated current pulse (which have been 
normalized) for needle-to-plate corona with σ = 70 μm at 
averaged current of 42 μA. The time for rising is 20 ns and 
for decay is 185 ns, respectively. The repetition frequency 
is 877 kHz. 

 
Fig. 7. (a) The EM radiations of the Trichel pulse for needle-

to-plate corona (tip radius, σ = 70 μm) 

 
Fig. 7. (b) The EM radiations of the Trichel pulse for wire-

to-plate corona (radius, σ = 70 μm) 
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Fig. 8. Measured current and fitting curve by double-

exponential function. 
 

 
Fig. 9. FFT spectra of current pulse in Fig. 8. 

 
Then we can employ the Fast Fourier Transform (FFT) 

method to analyze the radiation from the current pulse. The 
method is adopted and the FFT result of the current (shown 
in Fig. 8) is give in Fig. 9. 

It is seen that the FFT spectra consist of a series of 
enlarged envelopes, including a base frequency band 
(centered at 55 MHz), the double-frequency band (centered 
at 110 MHz), the triple-frequency band (centered at 160 
MHz), and so on. The base band is the strongest in 
amplitude. The amplitude of the other radiation of multiple-
frequencies decreases with the frequency. Actually, the 
frequency bands above 150 MHz are too weak to be 
observed in experiments. The spectrum below 30 MHz 
is scarcely measurable.  

By this method, radiation spectra of Trichel pulse under 
different conditions can be got. The results show that the 
frequency of the radiation spectra depends strongly on 
the rising time of current from FFT, as shown in Fig. 10. 
The square or circle symbols in Fig. 10 represent the 
experimental results of needle-to-plate or wire-to-plate 
corona and lines represent the results from FFT method. 
The calculated FFT frequency at increasing rising time is 
in well agreement with the experimental results, showing 
that the increase of the rising time results in a decrease of 
the radiation frequencies. 

The FFT also shows that the decay time of the pulse and 
the repetition frequency will not affect the radiation 

frequency, but causes a change in the radiation strength. 
This indicates that once the rising time of the current 
pulse is given, the radiation frequencies are determined 
accordingly. The decay time or the pulse repetition frequency 
has almost no influence on the radiation frequency which is 
also observed in our experiments.  

Actually, the EM radiation reduces its amplitude as the 
antenna moves away from the discharge cell. The relation 
between the signal amplitude and the distance follows the 
EM radiation of the current element model in far-field 
approximation [16] that has the energy flux density of 
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where R, θ are spherical coordinates, I is the current of 

element and s is the length, ε is the permittivity and μ is the 
magnetic permeability, f  is the radiation frequency and c is 
the speed of light in vacuum. This has been confirmed in 
experiment as shown in Fig. 11 for example of radiation 
frequency at 55 MHz of needle-to-plate corona with σ = 70 
μm. The radiation amplitude is inversely proportional to 
square of detection distance and becomes too weak to 
detect beyond 5 m. 
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Fig. 10. Frequency of EM radiations from Trichel pulse 

corona as a function of rising time. 

 
Fig. 11. The EM radiations signal changes with antenna 

distance. 
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5. Conclusion 
 
In summary, we have investigated the discharge 

characteristics and the EM radiations of the negative 
corona discharge in air. The correlations between EM 
radiation and discharge part are discussed. Through the 
achievements, a promising method for evaluation of 
insulation condition as well as charged-body detection by 
measuring radiation from corona discharge is provided. 
The results are noted as follows: 

In the present experiment, Trichel pulse is generated in 
negative corona using needle/wire cathode with various 
tip radius (i.e. needle with tip radius σ = 50, 70, 100 μm 
and wire with radius σ = 50, 100 μm). There exist the 
characterized EM radiations under 150 MHz from Trichel 
pulse corona. The frequency spectrum includes a base 
frequency and multiple frequencies. They are absent in the 
steady-state glow or spark mode.  

The frequency spectrum of the characterized EM 
radiations only depends on the cathode geometry (i.e. the 
radius of needle or wire), but does not change with the 
averaged current, the electrode gap or the air pressure. 
Correspondingly, the waveform and the rising time of 
Trichel pulse also only relates to cathode geometry rather 
than the current, the pressure or the gap.  

The amplitude of the EM radiations changes with the 
averaged current, the pressure and the gas gap. At given 
discharge conditions, the amplitude decreases with the 
detection distance according to inverse square function.  

The characterized EM radiations relate to the rising of 
the Trichel current pulse. A sharper needle or wire results 
in a shorter rising time of the pulsing current and higher- 
frequency EM radiations. 
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