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Abstract: We have investigated a novel type of streamer-to-spark transition discharge in air at
atmospheric pressure named the transient spark (TS), applicable for flue gas cleaning or bio-decon-
tamination. Despite the DC applied voltage, TS has a pulsed character with short (<100 ns) high current
(>1 A) pulses, with repetitive frequencies of a few kHz. The emission of N2 2nd and 1st positive, N2

+ 1st

negative, and atomic N and O lines, was detected. The non-equilibrium character of TS was confirmed
by calculated vibrational (3 000�5 000 K) and rotational (500�1 500 K) temperatures. Additionally,
temporal emission profiles were obtained using PMT measurements.

1. Introduction

Atmospheric pressure plasmas in air generated by electrical discharges present a con sid er -
able interest for a wide range of environmental, bio-medical and industrial applications,
such as air pollution control, waste water cleaning, bio-decontamination and sterilization,
or material and surface treatment [1�6]. New types of discharges are therefore still being
developed and studied, with a focus on efficiency, power requirements, stability, reliability 
and simplicity [7].

Besides measurements of electrical discharge parameters, optical emission spectro-
scopy (OES) in UV-VIS regions is widely used for plasma diagnostics. It provides
valuable information on excited atomic and molecular states, enables to determine the
rotational, vibrational, and electronic excitation temperatures of the plasma and thus the
level of non-equilibrium and the gas temperature [8, 9]. In addition, it enables to identify
many radicals and active atomic or molecular species and it so gives insight into the
plasma chemical processes. This enables understanding and optimizing air or water
pollution control processes [6].

2. Experimental Setup

Experiments were carried out at the room temperature in atmospheric pressure air with 
an axial flow of 10 l/min. The distance between stainless steel needle electrodes in
point-to-point configuration varied from 3.5 to 5 mm. A DC High Voltage (HV) power

supply HCL 14-20000 connected via a series resistor (R = 10 MW) limiting the total
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current was used to generate the positive TS discharge. The discharge voltage was
measured by a high voltage probe LeCroy PMK-14kVAC and the discharge current was
measured using the Pearson Electronics 2877 (1V/A) current probe linked to the 350 MHz 
digitizing oscilloscope LeCroy Waverunner 434 (maximum 2GS/s).

The UV-VIS spectra were obtained using a monochromator (Acton SpectraPro 2500i)
fitted with an intensified CCD camera (Princeton Instruments PI-MAX). For time-
resolved optical emission measurements, a photomultiplier tube (PMT) module with
a 1.4-ns rise time (Hamamatsu H9305-3) was used in place of the monochromator. Its
signal was recorded using the oscilloscope. Whenever it was necessary to isolate
a specific spectral transition for PMT measurements, a bandpass interference filter (e.g.
Melles Griot 03 FIU 127 for the N2 (C-B 0-0 transition)) was inserted into the optical path. 
The experimental set-up is depicted in Fig. 1.

3. Transient Spark

TS is a fil a men tary streamer-to-spark tran si tion dis charge ini ti ated by a streamer,
which trans forms to a short spark pulse (Fig. 2) due to the dis charge of the ca pac ity (C),
com posed of the in ter nal ca pac ity of the dis charge cham ber Cint, ca pac ity of the HV ca ble
be tween the re sis tor R and the HV elec trode, and ca pac ity of the HV probe. When C is dis -
charged, the cur rent given by

I t C
dU

dt
( ) = -    (1)

reaches a high value (~1 A) and the volt age drops to zero due to the re sis tive fall on the ex -
ter nal re sis tance R. Then, dur ing the quenched phase, C is re charged by a grow ing po ten tial 
U on the stressed elec trode.

The po ten tial U grows in time t ac cord ing to the fol low ing equa tion:
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where Uo is the high volt age ap plied to the stressed elec trode. Usu ally, dur ing this re lax -
ation phase when the gap po ten tial crosses a spe cific thresh old, there ap pears a co rona dis -
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Fig. 1. Schematic of the experimental setup, HV � high voltage, R � re sis tor.



charge in its glow re gime, and some pre-break down stream ers. As soon as C is suf fi ciently
charged again, it trig gers a new TS pulse. It oc curs in time t T= , at dis charge volt age UTS

which is given ac cord ing to the (2) by:
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From the (3) we get the characteristic repetition frequency f of this process:
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For typ i cal R and C, the rep e ti tion fre quency f is in or der of sev eral kHz. How ever, the
mea sured fre quency is not ab so lutely reg u lar. The TS break down volt age UTS may also de -
pend on f, es pe cially at higher f, when the elec trode�s gap may re main pre-ion ized. Thus,
the next TS break down oc curs at lower UTS. Lower UTS con se quently in creases f. As f ex -
tends a cer tain value, TS may trans form into a pulse-less glow dis charge re gime with a con -
stant cur rent of few mA. This tran si tion is con trolled by the ex ter nal re sis tance R, the
dis tance be tween the elec trodes, and the gas flow rate. Both TS and glow dis charge re gime
are de scribed in more de tail in [6, 10, 11].

4. Results and discussion

4.1. Elec tri cal char ac ter is tics of the discharge

When the high volt age Uo ap plied to the stressed elec trode is pro gres sively in creased,
we first ob serve a streamer co rona. When the thresh old volt age for TS is reached, a tran si -
tion to TS oc curs at the dis charge volt age UTS. The rep e ti tion fre quency of these first TS
pulses is low and very ir reg u lar (Fig. 3). The fur ther in crease of Uo leads to a mo not o nous
in crease of f (Fig. 4) and TS pulses be come more reg u lar (Fig. 3). How ever, in di vid ual
pulses are not iden ti cal and UTS, as well as f, vary around their av er age val ues.
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Fig. 2. Typ i cal TS cur rent and volt age wave forms, rep e ti tion fre quency ~5 kHz, Uo = 10 kV.
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Fig. 3. Voltage waveforms of different discharge regimes: a) the first random TS pulses, b) reg u lar TS,
c) un sta ble glow re gime.

Fig. 4. Dis charge fre quency as a func tion of the ap plied volt age Uo, TS-UG rep re sents the re gion of the
un sta ble glow re gime, ex per i ments with three dif fer ent elec trode�s gaps (d).

Fig. 5. Discharge voltage UTS as a function of applied voltage Uo.



Fig ure 5 shows the de pend ence of the av er age UTS on Uo. The de crease of Udis for a
higher Uo can be ex plained by the in creas ing gas tem per a ture in the dis charge chan nel, re -
sult ing in a de creas ing gas den sity N. Since some thresh old re duced elec tric field E/N is
needed to ini ti ate the TS pulse, E and there fore also UTS may be low ered now.

With the in crease of Uo, the max i mum pulse cur rent (Imax) de creases (Fig. 6) and this
de crease is ac com pa nied by the broad en ing of the pulses (Fig. 7). As a re sult, no sig nif i -
cant de pend ence of the in te grated cur rent per pulse (Q) on Uo is ob served, and due to the
in creas ing f the mean dis charge cur rent (Imean) in creases lin early with Uo. When the fre -
quency ex ceeds around 20 kHz, the dis charge tends to con vert to the glow re gime. How -
ever, due to the high value of R and the elec tro-negativity of air, this re gime is not sta ble
and the dis charge ran domly switches be tween the glow re gime and the high fre quency TS
re gime (Fig. 3).

TS is based on the charg ing and dis charg ing of C, the in te grated cur rent Qp and the en -
ergy de liv ered to the dis charge gap per pulse (Ep) are there fore func tions of Udis and they
can be ex pressed as
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Fig. 6. Max i mum cur rent in pulse Imax as a func tion of ap plied volt age Uo.

Fig. 7. Full width of the pulse at half max i mum (FWHM) as a func tion of Imax.



Q CUp TS= (5)

and

E CUp TS= 2 2/  , (6)

re spec tively. The knowl edge of the value of C is there fore im por tant for the de scrip tion and 
char ac ter iza tion of TS. First, we cal cu lated C by fit ting the ob tained cur rent wave forms
with cur rent ob tained as the neg a tive deri vate of the mea sured volt age wave forms (Eq. 1).
By this way we found C to be 6.3 ± 0.3 pF. The val ues of Q

p
 and E

p 
cal cu lated from Equa -

tions (5) and (6), re spec tively, us ing this value of C, are in agree ment with Q
p
 and E

p
 ob -

tained by the in te gra tion of I(t) and U(t).I(t) for the whole pe riod of the cur rent pulse. On
the other hand, this value of C sig nif i cantly over es ti mates the TS rep e ti tion fre quency cal -
cu lated from Equa tion (4).

We there fore cal cu lated the C also from the growth of the volt age on the stressed elec -
trode dur ing the re lax ation pe riod (Eq. 2). We ob tained an other value of C = 14 ± 1 pF,
which en ables a cor rect cal cu la tion of f. As a re sult, we have two val ues of C, the lower
one suit able for the de scrip tion of the dis charg ing event and the sec ond one suit able for
the de scrip tion of the charg ing pe riod. The un der stand ing of this phe nom e non re quires
fur ther study, but we as sume that it can be par tially ex plained by the losses through the
HV volt age probe and co rona dis charge. The used HV probe has its char ac ter is tic re sis -

tance Rs = 100 MW. This re sis tance is very high if com pared with the re sis tance of the dis -
charge gap dur ing the spark pulse when the gap is bridged by the con duc tive plasma.
Nev er the less, it is higher or com pa ra ble with the gap re sis tance dur ing the re lax ation time
with out spark pulse. Dur ing this time when C is charged, there ap pears a cur rent which es -
capes through Rs. Ad di tion ally, when the thresh old volt age for the co rona dis charge is
achieved, the co rona cur rent also slows down the charg ing of C. As a re sults, these two
pro cesses pro long the time re quired to achieve UTS, and this is re lated to the ap par ent in -
crease of C in the Equa tions (2), (3) and (4).

4.2. Emission study

In the UV-VIS emis sion spec tra of TS, the stron gest lines ob served can be at trib uted to 

the emis sion of N2 2
nd pos i tive sys tem (C3Pu � B3Pg)

 and atomic O line (at 777 nm). Emis -

sion of N2 1
st pos i tive sys tem (B3Pg � A3S+), N2

+ 1st neg a tive sys tem (B2S+� X2S+), and
atomic N lines is also ob served. The pres ence of N2

+ and atomic lines in di cate that the
plasma has a high elec tron tem per a ture and a sig nif i cant level of non-equi lib rium.
Non-equi lib rium con di tions are also con firmed by a dif fer ence be tween the vi bra tional
(Tv) and ro ta tional (Tr) tem per a tures ob tained by fit ting the ex per i men tal spec tra of N2 2

nd

pos i tive sys tem with the sim u lated ones (us ing the Specair pro gram [13]). de gree of
non-equi lib rium prob a bly de creases with in creas ing Uo, be cause Tr in creases from about
500 K to 1 500 K (Fig. 8) and Tv in creases from about 3 800 K to 5 000 K (Fig. 9).

The temporal emission profiles (Fig. 8) were obtained using the PMT with either no
filter or with bandpass interference filters transparent for radiation around 337 nm and
777 nm for the selection of N2 2nd positive system and atomic O line emission,
respectively. It was found that the maximum intensity of total emission lags from
approximately 5 to 15 ns behind the current pulse maximum. This value decreases with
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Fig. 8. Ro ta tional tem per a ture mea sured from N2 (C-B, 0-0) as a func tion of Uo.

Fig. 9. Vi bra tional tem per a ture of N2 (C) spe cies as a func tion of Uo.

Fig. 10. Nor mal ized tem po ral emis sion pro files ob tained by PMT with fil ter for N2 (C-B, 0-0) (337 nm),
fil ter for O* emis sion (777 nm), and with no fil ter.



increasing Uo. The maximum of the emission of N2 2nd positive system precedes the
maximum of total emission and emission of atomic O line by about 5 and 8 ns,
respectively. The emission of N2 2

nd positive system is also quenched faster, within 20 ns
after the current pulse maximum, than the emission of atomic O (Fig. 8), which is
quenched within 100 ns after the current pulse maximum. The dependence of integrated
intensity of total emission and the emission of N2 2

nd positive system (Fig. 11) on Uo is
similar to behavior of UTS as functions of Uo (Fig. 5). Thus, they are proportional to the Qp. 
On the other hand, the intensity of atomic O line emission decreases monotonously with
Uo. The explanation of all phenomena observed by PMT measurements will require
further research, including plasma kinetic modeling.

5. Conclusions

We investigated electrical characteristics and emission spectra of a DC-supplied
periodic streamer-to spark transition discharge in atmospheric air, called transient spark
(TS). Thanks to the very short spark pulse duration given by the small internal capacity of
the discharge chamber and a limiting series resistor, the plasma generated by TS cannot
reach the LTE conditions. The periodic streamer-to-spark transition provides non-equi -
lib rium conditions with fast electrons resulting in strong chemical effects. The existence
of non-equilibrium conditions is also confirmed by the inferred vibrational and rotational
temperatures.

TS in air gen er ates N2 ex cited spe cies, N and O at oms, and N2
+ ions. The low fre -

quency mode with stron ger and shorter cur rent pulses ap par ently gen er ates higher con -
cen tra tions of rad i cals per pulse. How ever, due to in creas ing av er age rep e ti tion
fre quency, the re gime with pulses of av er age am pli tude and rep e ti tion fre quency around
10 kHz, where the stron gest emis sion of N2 2

nd pos i tive sys tem was ob served, seems the
most suit able for the chem i cal ef fects.
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Fig. 11. In te grated emis sion of N2 (C-B, 0-0) (fil ter for 337 nm), O* (fil ter for 777 nm) and to tal emis sion
(no fil ter) per pulse, ob tained by PMT as a func tion of Uo, d = 4.5 mm.
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