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We investigate a laterally extended dielectric helium discharge system with plane electrodes. The
system is operated in the glow mode and is known to exhibit a rich variety of self-organized lateral
patterns in the current distribution, most of them being filamentary. It is known from theory that surface
charges on the dielectrics play a major role for the emerging patterns. In this work we present a method to
measure the spatial charge distribution on the dielectrics via the Pockels effect of a bismuth-silicon-oxide
crystal. The experimental results of the surface-charge distribution measurements are in good agreement
with previous numerical solutions of the corresponding transport equations.
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Dielectric-barrier discharge (DBD) is a technique with a
broad range of application, e.g., in the field of lighting,
surface treatment, environmental protection, or plasma
display panels [1,2]. Moreover, in recent research experi-
mental systems with large lateral extensions and narrow
discharge, gaps have been of increasing interest. Because
of self-organization these systems tend to form a laterally
structured discharge exhibiting a wide variety of patterns
[3–7]. It has turned out that surface charges play an essen-
tial role in the process of generation and stabilization of the
emerging patterns as the charges serve as memory between
the breakdowns of consecutive half-cycles of the driving
voltage [3,8]. Therefore, we are interested in a direct and
spatially resolved measurement of the surface-charge dis-
tribution in a patterned DBD.

In recent works, the Pockels effect of different electro-
optic crystals has been used to measure surface charges.
Measurements of surface charges in scaled plasma display
cells have been made by this technique [9,10]. The spatial
resolution in [10] was achieved by scanning the discharge
area with a laser beam. This method is rather time con-
suming and yields only modest resolution. A more conve-
nient approach is presented in [11] and improved in
[12,13], by which the whole discharge area can be recorded
at once. However, in this case the experiment is run and
afterwards the static pattern is recorded.

A sketch of our discharge cell is shown in Fig. 1. The
Bi12SiO20 (BSO) crystal has a thickness of aBSO �
0:7 mm. The gas gap is filled with helium at a pressure p
in the range of 200 h Pa to 400 h Pa and has a width of d �
0:8 mm. The diameter D of the discharge area is 40 mm.
The aluminum mirror is grounded and the system is driven
with a positive rectangular voltage with a duty cycle of
50%, a frequency f of 14 kHz, and a pulse heightUpp in the
range of 300 V to 500 V, which is fed to the contact spring.
According to [14], at these conditions the discharge oper-
ates in glow mode, with one breakdown per half-cycle. The
discharge cell is a modified version of the setup used in
recent studies of pattern formation [6].

The optical setup is depicted in Fig. 2. The discharge cell
is illuminated by a polarized light beam from a narrowband
high flux 5 W light emitting diode (LED) emitting at
640 nm with a FWHM of 20 nm. The filter in front of
camera 1 transmits only light from the narrowband high
flux LED and blocks the entire spectrum of the He dis-
charge. The �=8-wave plate alters the working point of the
polarizing optic to the maximum sensitivity for the electric
field and makes the system sensitive to the sign of the
surface charges.

Surface charges accumulating on the (001) face of the
BSO crystal during breakdown cause the voltage UBSO

along the [001] direction of the BSO crystal which, in
turn, induces a relative phase retardation among wave
fronts of the incident light polarized along the fast and
the slow axes of the BSO crystal via the electro-optic
Pockels effect. The phase retardation is given by
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FIG. 1. Sketch of the discharge cell. The BSO crystal with
thickness aBSO is cemented to the reflecting surface of an Al mir-
ror. Together with the BSO crystal, the mirror acts as a dielectri-
cally coated electrode. The insulator defines the discharge gap
length d and diverts mechanical stress caused by the contact
springs away from the BSO crystal. A circular cutout in the
insulator defines the discharge area with diameter D. The indium
tin oxide (ITO) coated glass plate serves as second, transparent
electrode.
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where � is the wavelength of the incident light, index n0 �
2:54 the refraction, r41 � 5 pm=V electro-optical coeffi-
cient, and "BSO � 56 the relative dielectric constant of
BSO. The light intensity observed through the analyzer
by camera 1 is
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I0 is the LED light intensity. The additional phase retarda-
tion of the �=8-wave plate shifts the working point of
Eq. (2) into the linear regime. The expected surface-charge
density in this system is in the order of a few nC=cm2

according to recent numerical simulation [8] as well as
experimental estimations done by separating the active
current using a wheatstone bridge technique in the ac
discharge. In this region the sinusoidal part of Eq. (2) can
be linearized without experimentally noticeable error. The
linearized equation for the light intensity at camera 1 is
therefore
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As the optical system produces a spatially resolved
picture I�x; y� of the parallel light beam traversing the
surface of the BSO crystal, Eq. (3) holds for every point
on the BSO surface. To eliminate I0 from Eq. (3), a
reference image Ir�x; y� with zero surface charge � and a
known voltage Ur

BSO, being a fraction of the driving volt-
age over the BSO crystal, is chosen. The spatially resolved
surface-charge density distribution is then given by
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Hence, the spatially resolved surface-charge density
��x; y� can be obtained from the reference image Ir�x; y�
recorded without surface charges, and the measured image
I�x; y�, recorded with surface charges while the discharge
burns. Figure 3 gives an example of a pair of directly
measured images Ir�x; y� and I�x; y�.

As the time scales of the observed patterns in this system
are often in the range of seconds, conventional video
cameras with a frame rate of 25 fps are sufficient for
observation of the luminescence density distribution (cam-
era 2) and the phase retardation as a function of the surface-
charge density distribution (camera 1). Each obtained
camera frame comprises 280 driver periods. In order to
observe the surface-charge distribution always with the
same phase with respect to the driver, the LED is pulsed
according to Fig. 4. The cell is illuminated during the
positive half-cycles to measure positive surface charges
and during the negative half-cycles to measure negative
surface charges, respectively. To enhance the signal-to-
noise ratio (SNR) it is taken advantage of the slow dynamic
of the observed patterns in the system. It is often possible to
increase the overall averaging time interval tav by averag-
ing over several 10 frames without losing lateral resolution
in the region of interest.

The accuracy for a homogeneous charge density is
limited by the camera accuracy and is 0:2 nC=cm2; taking
the camera noise and the above averaging processes into
account, the final accuracy is of the order of 0:5 nC=cm2.
The spatial resolution corresponds to the thickness of the
BSO crystal and is 0.7 mm. From this we conclude that the
minimum detectical charge from the area of 0:7 mm�
0:7 mm is 2.5 pC.

The final results of our measurements are presented in
Fig. 5. On the left-hand side the luminescence density
distribution in the discharge observed by camera 2 is
shown. On the right-hand side the corresponding surface-
charge density distribution is displayed. Since the picture
taken by camera 2 has been transformed onto the coordi-

(a) (b)

FIG. 3. (a) Reference image Ir�x; y� from camera 1 taken
before the discharge. (b) Raw image I�x; y� from camera 1 while
the discharge burns, averaged over 22 video frames. The visible
structures are discolorations of the BSO crystal. The charges
become visible after calculating � according to Eq. (4). The
result is shown in Fig. 5(a).
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FIG. 2. Sketch of the optic setup. The light of the LED is pre-
pared to be homogeneous and linearly polarized. The beam is ex-
panded by f1 and f2 to illuminate the whole discharge cell. The
reflected light is redirected to the analyzer, passes the bandpass
filter, and reaches camera 1. Camera 2 observes the lumines-
cence distribution in the discharge cell with help of a mirror.
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nate system of camera 1, pixels in both pictures represent
densities at the same lateral position in the discharge cell.
Because of the different sign of phase retardation ��
corresponding to the sign of the surface charge � positive
surface charges appear as bright spots, while negative
surface charges appear dark. In Fig. 5(a) a structured
DBD with a few high current filaments on a low current
background is investigated. The surface-charge distribu-
tion is taken during the positive half-cycle of the driver
voltage. At positions occupied with high current filaments,
i.e., bright spots in the luminescence radiation density,
areas with high positive surface-charge densities can be
seen. Because of some dynamics of the discharge pattern
some filaments have moved during averaging and appear
blurred.

In Fig. 5(b) a similar measurement at the negative half-
cycle of the driver voltage has been made. The DBD
system again exhibits a few high current filaments in front
of a low current background. In contrast to the previous
measurement, these time surface charges with negative
sign are observed.

Figures 5(c) and 5(d) are taken at a relatively high
driving voltage Upp and rather high helium pressure p.
At these parameters a transition to a dense filamentary
discharge has taken place. The surface-charge densities
in Fig. 5(c) and 5(d) are taken during the positive and the
negative half-cycle of the driver voltage, respectively.
Again, the surface-charge density is an image of the cur-
rent density (observed via the luminescence radiation), and
the sign of the surface charges corresponds to the half-
cycle of the driver voltage.

The rectangular driver voltage between 0 V and Upp can
be considered as a dc voltage of Upp=2 superposed by a
rectangular ac voltage with an amplitude of Upp=2. As a
result, the electric potential of the discharge cell is shifted
by this offset voltageUpp=2 relative to ground potential. As
the electrode to which the BSO crystal is cemented is
grounded, the potential difference across the crystal causes
an offset in the phase retardation, i.e., surface-charge den-
sity. This offset can be seen in the measured surface-

charge densities in Fig. 5. In Figs. 5(a) and 5(b) taken at
Upp � 330 V the surface-charge densities are up to � �
2:9 nC=cm2 for the positive species and � �
�2:4 nC=cm2 for the negative species. At a driver voltage
pulse height of Upp � 400 V the surface-charge densities
are found to be � � 8:7 nC=cm2 for the positive and � �
�3:6 nC=cm2 for the negative species, respectively.

In Fig. 6 the radial luminescence distribution as well as
the radial surface-charge distribution for two filaments is
shown. The Gaussian function

 f�x� �
A

2��2 exp
�
�
x2

2�2

�
� b (5)

is fitted to all distributions to determine the width (2��,
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FIG. 5. Luminescence radiation density of the discharge area
(left) and corresponding surface-charge density (right).
Parameters: (a) Upp � 330 V, p � 260 h Pa, tav � 880 ms,
positive half-cycle; (b) Upp � 330 V, p � 260 h Pa, tav �

440 ms, negative half-cycle; (c) Upp � 400 V, p � 345 h Pa,
tav � 3 s, positive half-cycle; (d) Upp � 400 V, p � 330 h Pa,
tav � 2:7 s, negative half-cycle. The arrows depict the charge
spots to which Fig. 6 refers.
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FIG. 4. Timing of the LED pulses (dashed line) relative to the
driving voltage (solid line). (a) Illumination in the positive half-
cycle; (b) illumination in the negative half-cycle.
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2�lum) and the overall charge (A�) or integral brightness
(Alum) of the filament. The negative surface charges are
significantly broader than the distribution of the lumines-
cence density. The positive surface charges are broader
than the luminescence density, too, but this is at least partly
due to the spatial resolution of the measurement limited by
the BSO crystal thickness. Evaluations of further filaments
lead to a ratio of surface-charge width to luminescence
density width ��=�lum of 1.4 to 2.0 for positive charges and
2.1 to 3.0 for negative surface charges. Hence, the negative
surface-charge distribution of a filament is broader than the
positive one, and the latter is at least as broad as the
luminescence radiation density. This poses as an explana-
tion for the interaction law of filaments previously inac-
cessible by the mere observation of the luminescence
distribution. First of all, for dense filaments, as seen in
Fig. 5(d), the distance between filaments is much larger
than the filament diameter in the luminescence radiation
but it is almost the same as that of the negative surface
charges. Essentially the same is true for interacting fila-
ments, as observed in [15,16]: the distance, at which
annihilation is observed, is also of the order of the negative
surface-charge distribution.

It is known from earlier investigations [15] that the
integral brightness of the whole domain is proportional to
the transferred charge. It is interesting to note that in the

present Letter we demonstrate for the first time that this is
also true for individual filaments. The proportionality of
integral brightness and transferred charge within a filament
allows for relative charge and current density estimations
in patterns comprising filaments with different brightness,
as observed, e.g., in [15].

We remark further that in [8] it was possible to calculate
quantitatively the amount of surface charges. In these
calculations one finds a peak surface-charge density of
7 nC=cm2 which is well within the experimental results
of 6 nC=cm2 �50% predented here. Last but not least, the
above-mentioned difference in the extension of the mea-
sured positive and negative surface charge is in good
agreement with recently obtained results in the numerical
simulation of single filaments [17].

Finally we stress that the accuracy and time resolution
can definitely be improved by using a camera with larger
dynamics and repetition rate. This might make it possible
to observe the temporal behavior of the surface charges
within a single breakdown.

This work was supported by the Deutsche Forschungs-
gemeinschaft (DFG).
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FIG. 6. Azimuthally averaged luminescence density � and
surface charge distribution � at the position of a filament in
the (a) positive and (b) negative half-cycle of the driver voltage.
The error bars correspond to the standard deviation from the
azimuthal averaging. The graphs (a) and (b) correspond to the
marked filaments in Fig. 5(a) and 5(b). Filament properties
according to Eq. (5): (a) �� � 0:75 mm, �lum � 0:47 mm,
A� � 61 pC, Alum � 307 a:u:; (b) �� � 1:20 mm, �lum �
0:55 mm, A� � �79 pC, Alum � 405 a:u:.

PRL 98, 255001 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
22 JUNE 2007

255001-4


