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and runaway electron preionized diffuse discharge

MIKHAIL EROFEEV1, 2*, EUGENII BAKSHT1, VICTOR TARASENKO1, 2

1Institute of High Current Electronics, Akademichesky Avenue 2/3, 634055 Tomsk, Russia

2National Research Tomsk Polytechnic University, Lenina Avenue 30, 634050 Tomsk, Russia

*Corresponding author: mve@loi.hcei.tsc.ru

In this work we have studied the energy and spectral characteristics of miniaturized dielectric
barrier discharge KrCl-, XeCl-, XeBr-, and Xe2-excilamps of various designs as well as short pulse
point-like light sources based on runaway electron preionized diffuse discharge. The maximum
ultraviolet power density was 20 mW/cm2, which is comparable with the densities of ordinary
dielectric barrier discharge excilamps, whereas the maximum efficiencies of the excilamps were
not greater than 2.5%. The causes for the low radiation efficiency of the compact dielectric barrier
discharge driven excilamps were analyzed. It is found that at an electron concentration of
ne > 1014 cm–3, the efficiency decreases due to enhanced quenching of excited atoms or molecules
in dissociation by electron impact. The spectral characteristics of a runaway electron preionized
diffuse discharge formed between two pointed electrodes in atmospheric pressure air in
an inhomogeneous electric field at a gap shorter than 8 mm were investigated. It is shown that
the radiation spectrum of the discharge consists of bands of the second positive nitrogen system,
and as the discharge transforms to a spark, lines of the electrode material appear in the spectrum.
At a gap of 0.5 mm, weak X-rays from the discharge gap were detected.
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1. Introduction
The incoherent spontaneous ultraviolet (UV) sources based on the fluorescence of
decaying rare gases molecules and their halides in dielectric barrier discharge (or DBD
excilamps) have been intensively studied in the last 20 years and high efficiencies (tens
of percent) and radiation powers (kW) have been attained [1–4]. The average radiation
power of the gas discharge plasma is increased by increasing the interelectrode gap d
and/or the electrode area, which is well described by similarity laws. By this time, there
have been designed high-power and efficient UV sources, which is interesting for ap-
plications dealing with surface cleaning [5, 6], microelectronics [7], microbiology [8, 9],
ecology [10], and for research purposes such as calibration of optical system [11].
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However, spectroscopy, ion sources of mass spectrometers, and devices for quantita-
tive analysis require miniature gas discharge UV sources which have the same specific
power densities as ordinary DBD sources and provide spatially stable radiation output
in a wide pressure range. The miniaturization will provide lower power consumption
of the sources and make their practical use simpler and wider. In practice, the minia-
turization of the sources by decreasing the interelectrode gap and increasing the oper-
ating pressure under the same discharge excitation conditions faces a series of
problems associated with violation of the similarity laws. As the gas pressure is in-
creased up to hundreds of torrs, the discharge characteristics start being much affected
by the loss of electron’s energy due to decreasing of its free path. That leads to increas-
ing voltage, and, as a consequence, overheating and spurious reactions the rate of which
increases with the temperature. This impairs the discharge operation, or causes its con-
traction, or the discharge is not ignited at all. High radiation powers at increased pres-
sures and small gaps with no preionization can be attained with the use of nanosecond
high-voltage discharges in an inhomogeneous electric field [12, 13]. At macro- and
microprotrusions of the cathode surface, the electric field is amplified tens times.
The electric field near the surface can thus reach critical values at which initiating elec-
trons turn to the so-called runaway mode (when the electrons in the applied electric
field gain more energy than they lose in collisions) and generate slow electrons; this
gives rise to avalanches and their overlapping, and eventually provides a volume dis-
charge [14]. It was proposed to term this type of discharge a runaway electron preion-
ized diffuse discharge (REP DD) [15].

By now, there have been designed UV and VUV sources based on a REP DD [16, 17]
excited by the RADAN nanosecond high-voltage generators [18]. With the RADAN-150
generator, the UV radiation pulse width for DBD-driven XeCl-, KrCl-, XeBr-, and
KrBr-excilamps was 4 ns at a peak radiation power density of up to 700 W/cm2 [19].
Energy characteristics of REP DD in pulse repetition mode have been studied in [20].
However, for designing miniature sources, the emitting volume and the generator volt-
age should be decreased.

The objective of the work is to study the energy and spectral characteristics of
spontaneous UV radiation of the plasma of a barrier discharge and runaway electron
preionized diffuse discharge at small interelectrode gaps (less than 1 cm) in a wide
range of pressures (from tens of torr to atmosphere) of inert gases, their halogenides,
nitrogen, and air on microsecond and nanosecond repetitive pulsed generators and to
design miniature nanosecond repetitive pulsed UV sources.

2. Experimental setups

The compact DBD-driven emitters were made of quartz tubes of high transparency
(no less than 80% at a wavelength of 170–350 nm) and had different designs (Fig. 1)
which allowed to arrange coplanar or planar two barrier discharge and single barrier
discharge. Excilamp of the coplanar barrier discharge arrangement with one parallel
electrode pair located outside a tube of elliptic cross-section is shown in Fig. 1a. In
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the planar two barrier excilamp (Fig. 1b) and cylindrical single barrier excilamp (Fig. 1c)
with outer quartz tube diameter of 2 cm, the radiation was extracted through the bulb
face. The ground electrode (GE) of the coaxial two-barrier planar excilamp (Fig. 1b)
was a metal grid placed on the output windows and their high-voltage (HV) electrode
was inside the inner tube. The HV electrode of the single-barrier excilamps (Fig. 1c)
was either a steel spiral or a tungsten core of diameter 1 mm. Dielectric barrier dis-
charge was formed in rare gases, their mixtures with halogens and in Ar-N2 mixture.
The highest radiation power densities of compact excilamps was attained on Xe2

* ,
KrCl*,  XeCl*, XeBr* and N2 molecules. The discharge gap d was ~8 mm for all excil-
amp designs. 

The solid electrodes were made of Al:Mg foil and had an area of 1–5 cm2; the per-
forated ground electrodes were metal grids of transparency 60%. The working mixtures
were prepared directly in the excilamp bulbs.

The radiation power densities were determined using calibrated HAMAMATSU
H8025 photodetectors with a maximum spectral sensitivity at 222 and 172 nm. The com-
pact excilamps were excited by unipolar and bipolar voltage generators with a pulse
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Fig. 1. Design of compact DBD-driven excilamps (a–c) and schematic diagram of the electrical circuit (d).
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repetition frequency variable from 10 to 300 kHz. The voltage pulse amplitude was
3–12 kV. Figure 1d shows the schematic diagram of the electrical circuit of the gen-
erator loaded with two barrier excilamp described in [4]. In studies of the single-barrier
Xe2-excilamps, we also used a high-voltage generator producing voltage pulses of
FWHM 7.5 μs, 1.5 μs, 250 ns, and 100 ns and amplitude ~20 kV at a pulse repetition
frequency from 340 to 1200 Hz.

The single-barrier N2-excilamps were excited by a generator with a voltage pulse
amplitude in the transmission line of up to 12.5 kV at a pulse repetition frequency of
370–1050 Hz, FWHM of the voltage pulse of about 1 ns, and pulse rise time of about
0.2 ns at a level of 0.1–0.9 (FPG-10 generator, FID GmbH).

Volume discharges in atmospheric pressure air were formed between two elec-
trodes of small curvature radius (pointed electrodes). The electrode material was stain-
less steel, aluminum, copper, titanium, tantalum, niobium, and tungsten. The stainless
steel electrodes were standard medical needles of outer diameter 0.5 mm; the other
electrodes were made of foils of the above materials. The study was performed with
gaps of 0.5, 1, 2, and 3 mm with FPG-10 generator.

The excilamp current and voltage were measured with current shunts, voltage
dividers, and Tektronix TDS-3034 and DPO70604 oscilloscopes (6 GHz, 25 GS/s).
The time dependence of radiation pulses was measured with a Photek PD025 Low
Noise S20 photodiode. The excilamps’ radiation spectra were measured by
a StellarNet EPP2000-C25 spectrometer (operating band 200–850 nm, spectral half-
-width of instrument function no more than 1.5 nm) and calibrated Ocean Optics B.V.
HR4000 spectrometer (operating band 200–300 nm). Photos of the discharge glow
were taken with a Sony A100 digital camera and a HSFC-PRO CCD camera.

3. Results and discussion
3.1. Miniaturized narrow-band UV emitters 

driven by a microsecond two-barrier discharge

The working medium of two-barrier excilamps is most often excited by sinusoidal or
trapezoidal alternating voltage with an amplitude of several kilovolts and pulse repe-
tition frequency from several to hundreds of kilohertz.

At voltage amplitude of 4 kV with 100 kHz pulse repetition rate, the highest radi-
ation power density of the coplanar barrier discharge excilamps were obtained in mix-
tures of Kr:Cl2 = 100:1 and Xe:Br2 = 18:1 at a total mixture pressure of 57 and 45 torr
and were 3 and 7 mW/cm2 at a radiation efficiency to the angle 4π of 2% and 2.5%
for the KrCl- and XeBr-excilamps, respectively.

The microdischarge represented a thin channel of diameter ~2 mm on the inner
emitter surface, diffusely expanding under the electrodes. The position of the discharge
relative to the electrodes was invariant with time. This makes it possible to obtain
uniformly light-struck regions of size up to 1 cm2 at a distance more than 1 cm from
the excilamp surface without using additional optical elements.
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In the mixtures of inert gases with halogens, the radiation of the discharge plasma
arises at the transitions between the lower excited levels and ground repulsion level
of the exciplex molecules formed at low pressures (less than 100 torr) in harpoon re-
actions [3] and, at higher pressures, they can also be formed through ion–ion recom-
bination [21] of a positive atomic ion or positive molecular ion of inert gas with
a negative halogen ion.

The radiation spectrum of the excilamps under study (Fig. 2) contained B-X, C-A,
and D-X transition bands of KrCl* and XeBr* molecules but differed somewhat
from the spectra of capacitive, glow, and barrier discharge excilamps [22–24]. So in
the spectra of the glow and capacitive discharge KrCl- and XeBr-excilamps, the C-A
and D-X transition bands are more pronounced, and in the spectrum of the barrier
discharge excilamps, the D-X band is almost entirely absent. In the coplanar barrier
discharge excilamp, most of the radiation power is concentrated in the B-X band of
KrCl* and XeBr* molecules. The width of this band at half maximum is 3 nm for
the KrCl-excilamp and 4 nm for the XeBr-excilamp, which is 1.5 times narrower than
that found in the capacitive and glow discharge excilamps [23, 24]. This fact is ex-
plained by higher pressures used in the coplanar discharge excilamps. Moreover,
the large buffer volume and proximity of the microdischarge to the wall provide better
cooling and thus increase the lifetime of this type of excilamps: after 1000-h operation,
the excilamp power remained unchanged.

The average electron concentration ne was estimated by the following formula:

(1)

where j is the current density calculated from the oscillograms of the current and
voltage, e is the electron charge, wdr is the drift velocity. The electron drift velocities
in krypton and xenon at specified electric field strengths and pressures were taken
from the reference book [25]. For the KrCl-excilamp, the electron concentration was
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1012 cm–3, and for the XeBr-excilamp, it was 1013 cm–3. Note that the obtained electron
concentrations ne were two orders of magnitude lower than the electron concentration
typical of a barrier discharge [26] for the same working molecules.

The maximum radiation power densities at the planar lamp’s surface are attained
in mixtures of  Xe/Kr:Cl2 = 200:1 at a pressure of 145 torr and pulse repetition fre-
quency of 100 kHz and are 20 and 10 mW/cm2 for the XeCl- and KrCl-excilamps, re-
spectively. At pressures above 200 torr, the discharge transforms into a spark and its
power decreases.

In the planar excilamps, the electric field strength has uniform distribution, and
the plasma is dominated by electron collisions with neutrals; hence, the average elec-
tron concentration ne can be estimated by the formula [27]: 

(2)

where m and e are the electron mass and charge; νc is the electron collision frequency
equal to 25×109 Hz/torr in xenon [27]; P is the specific excitation power and E is
the maximum electric field strength which are calculated from oscillograms of the cur-
rent and voltage. At optimum pressures, the electron concentration was ~2×1012 cm–3.

The spectra of the KrCl- and XeCl-excilamps (Fig. 3) represent narrow B-X bands
of the working molecules and weak C-A bands whose contribution to the total radiant
flux is no more than 4.5%. The radiation pulse width of the excilamps corresponds to
the current pulses through the excilamps and lies in the range from several to tens of
microseconds depending on the pressure of the working medium.

3.2. Miniaturized narrow-band UV emitters 
driven by a microsecond single-barrier discharge

The single-barrier excilamps make it possible to form a discharge at higher mixture
pressures, thus increasing the formation rate of excimer or exciplex molecules and
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the radiation power. However, the metal electrode present in the discharge region, due
to halogen-metal reaction, greatly decreases the halogen concentration in the working
mixture, and hence, the excilamp lifetime. Therefore, experiments were performed on
halogen-free single-barrier Xe2-excilamps (Fig. 1c).

At pressures of several and tens of torr, the radiation spectrum of the plasma in
the discharge in xenon is dominated by transitions of the first and second continua.
The first continuum corresponds to the transitions from high vibrational levels of
the state  or  to the dissociative  ground state of a xenon mole-
cule. The second continuum corresponds to the transitions from low vibrational levels
of both molecular states to the ground state. To determine the optimum voltage pulse
width, we used a high-voltage generator which produced voltage pulses of amplitude
~20 kV and FWHM of 7.5 μs, 1.5 μs, 250 ns, and 100 ns. Varying the voltage pulse
repetition frequency of the generator from 10 to 70 kHz made it possible to vary
the excitation power deposited to the discharge between 10 and 39 W. The maximum
radiation power densities of the single-barrier excilamp were obtained at an excitation
pulse width of 1.5 μs and xenon pressure of 300 torr which was the optimum pressure
for all excitation modes used. Figure 4 shows the dependence of the radiation power
density and efficiency of the single-barrier Xe2-excilamp on the power deposited to
the discharge.

It is seen from Fig. 4 that as the power deposited to the discharge is increased,
the radiation power density increases almost linearly; however, the radiation efficiency
of  Xe2 molecules decreases. The latter fact is explained by overheating of the working
gas and contraction due to the specific excitation power in excess of the optimum val-
ues which, according to [28], are ~1 W/cm3. The main group of reactions in which en-
ergy is released includes elastic collisions, dissociative recombination, predissociation,
and collisional association. In this experiment, the specific excitation power was 1.8 and
7.2 W/cm3 at a pulse repetition frequency of 15 and 68 kHz, respectively. The electron
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concentration calculated by formula (2) for these specific excitation powers was
4.2×1013 and 1.8×1014 cm–3, respectively. The increase in ne also causes a decrease in
radiation efficiency due to enhanced quenching of excited xenon atoms in dissociation
reactions by electron impact. Moreover, as shown [29], the rates of three-particle
formation of  and  molecules with high vibrational states
are equal to α31 = 3.90×10–27 T–1.78cm–6s–1 and α32 = 1.34×10–27 T–1.70cm–6s–1, i.e.,
these rate decrease with increasing gas temperature.

The radiation spectrum of the compact single-barrier Xe2-excilamps at the opti-
mum pressures represents a band with a maximum at 172 nm and does not differ as
a whole from the radiation spectra of conventional DBD-driven Xe2-excilamps.

3.3. Miniaturized narrow-band UV emitters 
driven by a nanosecond single-barrier discharge

Single-barrier excilamps allow a gap breakdown at lower voltages compared to
two-barrier excilamps, all other things (pressure, components ratio in gas mixture, in-
terelectrode gap) being equal. Moreover, decreasing the excitation pulse width and rise
time to several and tens of nanoseconds makes it possible to realize a volume discharge
at higher voltages and mixture pressures, and this increases the radiation power and
decreases the radiation pulse width.

Experiments were performed on the single-barrier excilamp (Fig. 1c) with a pointed
tungsten cathode. The working medium was nitrogen, nitrogen-argon mixtures, air, and
xenon. Figure 5a shows the dependences of the radiation power density in pure N2
(curve 1), Ar:N2 = 50:1 (curve 2), and Ar:N2 = 200:1 (curve 3) for the FPG-10 gener-
ator operating at voltage pulse amplitude of 12 kV. The highest energy characteristics
were obtained in the nitrogen-argon mixtures in which excitation of the C 3Πu state of
a nitrogen molecule from its ground state can proceed not only by electron impact
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(whose efficiency is low), but also through resonant energy transfer from metastable
levels of an argon atom. At a low nitrogen percentage (~1.5%) in the N2-Ar mixture,
most of the energy deposited to the plasma is expended in excitation of the lower levels
of argon and in its ionization and is then transferred to nitrogen molecules. Therefore,
in the optimum mixtures, the partial pressure of argon is much higher than the partial
pressure of nitrogen. The maximum radiation power was obtained at a mixture ratio
of Ar:N2 = 200:1. At pressures higher than 300 torr, the discharge in the Ar-N2 mix-
tures was constricted or was not ignited at all. The radiation characteristic in air and
nitrogen differed but slightly. At the voltage amplitude of 12.5 kV and its rise time of
200 ps, the average UV power in the Ar-N2 mixture was 5.8 mW at a radiation effi-
ciency of 1.28% to the angle 4π.

The least radiation pulse width τ1/2 (~200 ns) was found in barrier discharges in
air and nitrogen (Fig. 5b). However, this width was much longer than the voltage pulse
width of the FPG-10 generator. In nitrogen, the radiation pulse width decreased until
the pressure reached 30 torr, whereupon it increased slightly. This can be associated
with a change in the discharge characteristics. In the Ar:N2 = 50:1 mixture at a pressure
of 180 torr, the radiation pulse width of the N2-excilamp was 210 ns. In the radiation
spectrum of the Ar:N2 mixture, most of the radiation energy is concentrated in the sec-
ond positive nitrogen system in which the highest intensity belongs to the band with
λ = 337.1 nm. On excitation of xenon, the gap was broken down at a pressure lower
than ~10 torr, and this led to a very low radiation efficiency of xenon dimers at 172 nm.

3.4. Short-pulse light sources driven by runaway electron 
preionized diffuse discharge

To create gas discharge emitters with a pulse width of several nanoseconds, we used
a runaway electron preionized diffuse discharge (REP DD). The electrodes of small
curvature radius provide electric field amplification, and this ensures the generation
of runaway electrons and X-rays, preionization of the discharge gap, and diffuse char-
acter of discharges in gases at increased pressures. The use of voltage pulses with a rise
time of hundreds of picoseconds increases the efficiency of generation of runaway
electrons [13].

It is found that on excitation by the FPG-10 generator at a voltage pulse rise time
of 200 ps, a diffuse discharge in the form of a cylinder of height 3 mm and diameter
~1 mm is formed between two pointed metal electrodes spaced by 3 mm at atmospheric
pressure of air and nitrogen (Fig. 6a).

Under these conditions, the FWHM of the radiation pulse τ0.5 was 3 ns, and
the average UV radiation power to the solid angle 4π was 3.5 mW.

As the interelectrode gap was decreased, the discharge became constricted and
transformed into a spark. However, even at an interelectrode gap of ~0.5 mm, the dis-
charge first assumed the volume form and then transformed to a spark. This is clearly
seen in comparing Figs. 6b and 6c which show photos of the discharge taken with
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a CCD camera at different points in time. The FWHM of the radiation pulse in the spark
discharge at a gap of 0.5 mm was ~70 ns. The radiation spectrum of the discharge was
also studied at gaps of 3, 2, 1, and 0.5 mm. At a gap of 3 and 2 mm, the radiation spec-
trum of the diffuse discharge was dominated by bands of the second positive nitrogen
system, like in [18]. As the gap was decreased from 2 to 0.5 mm, the discharge spec-
trum changed: radiation of continuum in the wavelength region of 200–450 nm and
additional spectral lines of metals in the wavelength region of 700–850 nm, along with
the second positive nitrogen system, appeared in the spectrum. In this case, the radia-
tion power of the second positive nitrogen system was almost unchanged, and the pow-
er of broadband radiation and metal lines was increased substantially. The radiation
energy at 200–300 nm was ~40% of the total energy in the spectral range under study
(200–850 nm). Figure 7 shows the radiation spectrum of the spark discharge
(d = 0.5 mm) and the radiation spectrum of  Fe in an arc discharge for comparison.
Most of the lines in the spark spectrum coincide with the spectral lines of Fe. This sug-
gests that the lines in the spark spectrum correspond to the lines of vapors of the elec-
trode material; in this case, to iron. At an interelectrode gap d = 1 mm, the energy
concentrated in the continuum and spectral lines of Fe is lower than that at an intere-
lectrode gap of d = 0.5 mm; that is, this case is intermediate in going from d = 2 mm

ba c

0–1 ns 15–17 ns

Fig. 6. Integral photo of the discharge (a) taken in a pulse with an interelectrode gap of 2 mm and its
photos at different points in time (b, c) with an interelectrode gap of 0.5 mm.
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to d = 0.5 mm. The most interesting results were obtained with electrodes made of cop-
per, niobium, and tungsten. The spectra for these electrodes are shown in Fig. 8. It is
seen that the radiation of the discharge with the above electrodes contains lines of neu-
tral atoms and lines of ions of these materials. In the experiments, it was found that
with a gap of 0.5 mm, weak X-ray radiation propagated from the discharge gap. This
radiation was detected with the scintillation detector. The presence of X-rays from
the discharge gap owes to bremsstrahlung radiation of runaway electrons arising early
in the formation of the discharge and providing conditions for its diffuse operation.

4. Conclusions

Based on a barrier discharge, the compact sealed-off emitters with UV power densities
comparable with those of commercial deuterium lamps were designed. The radiation
spectrum of coplanar excilamps differs from the spectrum of conventional DBD ex-
cilamps by the presence of a C-A transition band, and from that of capacitive and glow
discharge excilamps, by concentration of most of the power in the narrower B-X tran-
sition band. In the single-barrier discharge in Ar:N2 the energy characteristics of

1.0

0.8

0.6

0.4

0.2

0.0

200 220 240 260 280 300

I [
re

l. 
u.

]

λ [nm]

0.8

0.6

0.4

0.2

0.0

0.8

0.6

0.4

0.2

0.0

20
3.

71
 n

m
20

4.
38

 n
m

21
3.

43
 n

m

21
9.

23
 n

m
22

4.
7 

nm

20
2.

93
 n

m

21
0.

94
 n

m

24
1.

39
 n

m
24

5.
81

 n
m

26
9.

86
 n

m
27

1.
66

 n
m

20
8.

45
 n

m

22
5.

01
 n

m

23
9.

83
 n

m

24
8.

95
 n

m

Cu II

Nb II

W I

Fig. 8. Radiation spectra of the discharge with copper, niobium, and tungsten electrodes at d = 0.5 mm. 



486 M. EROFEEV et al.

UV radiation are the same but the radiation pulse width is shorter and is hundreds of
nanoseconds. The spectral characteristics of the REP DD in atmospheric pressure air
were studied. It is shown that this type of discharge can be used in designing compact
emitters with nanoseconds radiation pulse duration whose radiation spectrum in indi-
vidual regions can be varied due to the use of different electrode materials.
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