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Abstract

A small, low-pressure dielectric barrier discharge used as a detector for the analysis of halogenated hydrocarbons
was studied by diode laser absorption spectroscopy of excited plasma atoms. The distribution, as well as diffusion of
the excited atoms, was measured with high spatial and temporal resolution. The major part of the excited atoms was
found in a very narrow discharge volume, where the maximum gas temperature and electron density, determined
from broadening of the absorption line profiles, were approximately 1000 K and greater than 10 cm , respectively.15 y3
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1. Introduction

We recently reported on the application of a
small, low-pressure dielectric barrier discharge
(DBD) for the analysis of CCl F , CClF and2 2 3

CHClF by diode-laser atomic absorption spec-2

trometry(DLAAS) of chlorine and fluorinew1x. It
was demonstrated that the analytical figures of
merit of DLAAS in a DBD are comparable with
data obtained using microwave-induced plasmas
(MIP), although the DBD was operated at much
lower power (-1 W) than for MIPs. It was
particularly surprising that the DBD was found to

* Corresponding author. Fax:q49-231-1392-310.
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be very efficient for dissociation of the halogenated
hydrocarbons.

The present paper is devoted to plasma diagnos-
tics of the low-pressure DBD. This is a challenging
task, since the electrode distance of the discharge
is very small(1 mm) and the processes in the AC
plasma are highly transient. Although DBDs close
to atmospheric pressure are widely used, for exam-
ple, in flat-panel plasma displays for color TV
screensw2x or for industrial production of ozone
w3x, the plasma processes are yet not fully under-
stood. There are only a few papers on the plasma
diagnostics of atmospheric DBDs, but to the best
of our knowledge, there are no detailed investiga-
tions on low-pressure DBDs, such as those used
for the analysis of halogenated hydrocarbons.
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Fig. 1. Experimental arrangement for diode laser absorption measurements of high spatial resolution.

Diode-laser absorption spectroscopy was used
for plasma diagnostics of an argon DBD. The
measurements were performed with high spatial
and temporal resolution(40 mm and 10 ns, respec-
tively). They provided not only the excited-state
distribution of short- and long-lived Ar atoms and
the diffusion of the metastable atoms, but also the
gas temperature and electron density from the
analysis of Doppler and Lorentzian line
broadening.

2. Experimental

The DBD is the same as was used in our
experiment on the analysis of CCl F , CClF and2 2 3

CHClF by DLAAS w1x. The DBD was generated2

between two glass plates, each with 50 mm long
and 0.8 mm wide aluminum electrodes covered by
a 20 mm thick glass layer. The distance between
the electrodes, including the dielectric layers, was
1 mm (Fig. 1). The DBD device was operated in
an argon atmosphere at pressures between 10 and
50 mbar with gas flow-rates between 50 and 500
mlymin. The discharge was sustained by rectan-
gular AC-voltage of 750 V with a frequency ofpp

5 kHz and rise times of approximately 2ms. The
half-widths of the current pulses were approxi-
mately 10ms. During the pulses, the plasma filled
the whole volume between the electrodes. A more
detailed description of the experimental arrange-
ment can be found inw1x.

Absorption measurements were performed with
a single-mode laser diode(Sharp LTO16MDO;
line width, approx. 45 fm) tuned to either the

800.836 or the 801.699 nm argon line belonging
to the 1s™2p and 1s™2p transitions, respec-4 6 5 8

tively, providing the time-dependent optical depths
K(t)slnwI yI(t)x, whereI is the incident andI(t)0 0

the transmitted laser intensity. Typical transient
signalsI(t), together with the current pulse of the
discharge, are shown in Fig. 2. The optical depths
are proportional to the concentrations of the argon
atoms, either in the resonant 1s or the metastable4

1s state. Investigations of the spatial atomic dis-5

tribution in the small plasma layer between the
electrodes require a spatial resolution of better than
100 mm. For this purpose, we used an optical
arrangement that is shown in Fig. 1. The widened
beam of the laser diode, directed through the
discharge zone parallel to the DBD glass plates
and expanded by a lens( fs16 cm), fell on a
screen with a pinhole(diameter 0.2 mm). The
intensity of the laser light passing through the
pinhole was detected by a photo-multiplier(Hama-
matsu). The distance between the lens and screen
was 1 m. With this arrangement, it was possible
to measure the absorption of a plasma volume
with a diameter of approximately 40mm parallel
to the DBD glass plates. A similar optical arrange-
ment, using a hollow cathode as a light source,
was already presented inw4x.

The absorption signals were measured stepwise
by moving the screen with the pinhole in the
direction perpendicular(x direction) and parallel
(y direction) to the DBD glass plates. In this way,
the time-dependent spatial absorption distributions
K(x,y,t) with a spatial resolution of 40=40 mm in
the x–y plane were obtained. The measurements
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Fig. 2. Discharge current and absorption signals obtained for Ar atoms in the resonance state near to one electrode.

were performed for two orientations of the DBD
with respect to the observation axis(z-axis). In
the first case, the plasma column was orientated
perpendicular to the observation axis(side-on
measurements), whereas in the second case, the
plasma column was orientated parallel to the obser-
vation axis(end-on measurements).

3. Time-dependent and spatial distributions of
excited plasma atoms

In the case of side-on measurements, the length
of the absorbing layer was approximately 1 mm
long and the absorption lines were optically thin,
with maximum optical depths of approximately
0.06 and 0.28 for the 800.836 and 801.699 nm
lines, respectively. The optical depthsK and K ,r m

related to the argon atoms excited to the resonance
and metastable state, respectively, were strongly
dependent on the positionx between the electrodes,
while they were constant along the plasma column.

The optical depthsK (x,ys0,t) and K (x,ysr m

0,t) measured for one full discharge cycle at an
argon pressure of 20 mbar are shown in Fig. 3. In

each half-period, the absorption shows a maximum
located at approximately 300mm from one of the
electrodes, which is identified as the temporary
cathode. At this position, the highest concentra-
tions of Ar atoms in their resonance and metastable
state appear at approximately 12 and 17ms,
respectively, after the polarity changes. The differ-
ent delays are obviously due to different excitation
mechanisms for the 1s and 1s states. The reso-4 5

nance state is populated by electron impact and
recombination and relaxation processes, while only
recombination and relaxation are important for the
metastable state. Furthermore, it is evident in Fig.
3 that the concentration of metastable atoms
decreases much more slowly than the concentration
of atoms in the resonance state. This is a conse-
quence of the different lifetimes. The natural life-
time of the Ar 1s resonance state is 7.9 nsw5x,4

while it is 55.9 s for the metastable 1s statew6x.5

However, the actual lifetimes greatly vary from
the natural lifetimes under the experimental con-
ditions chosen. Radiation trapping of the argon
resonance line increases the actual lifetime of the
resonance state, while the lifetime of the metasta-
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Fig. 3. Time dependence of the peak absorption of Ar measured side-on at different positions between the electrodes(pressure 20
mbar, gas flow 200 mlymin, KslnwI yI(t)x; left, Ar in the resonance state; right, Ar in the metastable state).0

ble state is mainly reduced by quenching processes
on the near walls of the discharge. The lifetimet

of the resonance state can be estimated using the
Holstein formulaw7x t yts1.15=(l y3p d) ,2 1y2

0 r

wherel is the wavelength of the argon resonancer

line (106.666 nm), d represents the size of the
optically active volume in the form of a thin slab
(in our case,df1 mm), and t is the natural0

lifetime. The value calculated oftf4 ms is in
agreement with the experimental data obtained by
fitting the transient signals to an exponential decay.
The actual lifetime of the metastable atoms
(approx. 0.1 ms) is still significantly larger than
that of the resonance state.

The end-on measurements ofK (t) were per-r

formed at various argon pressures and in both
vertical (x) and horizontal(y) directions. Fig. 4
shows K (x,ys0,t) measured at two argon pres-r

sures(10 and 50 mbar) between the electrodes.
The distance between the temporary cathode and
the absorption maximum is pressure-dependent. It
is approximately 400 and 200mm for 10 and 50
mbar, respectively. This behavior is similar to the
situation in a glow discharge, where the negative
glow is shifted towards the cathode if the pressure
increases. Furthermore, Fig. 4 shows that the
absorption maximum is shifted towards the tem-
porary anode after the discharge current has
peaked. This effect should be due to excitation
processes caused by a much weaker second dis-

charge maximum at 37ms, which is barely evident
in Fig. 2.

In order to determine the plasma distribution
outside the region between the electrodes,
K (x ,y,t) was measured. As indicated, the datar max

were taken at thex-position where the highest
concentrations were detected at 10 and 50 mbar.
The results are displayed in Fig. 5. As already
observed in Fig. 4, the concentration of excited
atoms depends on the pressure, and at lower
pressure, the distributions are broader. However,
the excited atoms are mostly confined to the region
between the electrodes. Therefore, the shift of the
absorption maximum in thex-direction cannot be
caused by the diffusion of atoms. On the other
hand, the excited atoms outside the electrode
region indicate the extension of the plasma at
lower pressures, i.e. the diffusion of free electrons
in the y-direction.

4. Plasma diagnostics

The results presented in the previous section
show that excited atoms are mainly generated in a
very thin layer near the temporary cathode. There-
fore, the time-dependent and spatially non-homo-
geneous discharge is a rather challenging system
for plasma diagnostics of the gas temperature and
the electron density. These data were obtained by
analysis of the absorption profile of the Ar 800.836
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Fig. 4. Time dependence of the optical depthK of the 800.836 nm Ar line measured end-on at different positions between ther

electrodes at 10(left) and 50 mbar(right).

Fig. 5. Time dependence of the optical depthK of the 800.836 nm Ar line measured end-on at the positions of the highest populationr

density at 10(left) and 50 mbar(right).

nm line measured end-on at the position of highest
concentration(x ). The optical depthK (x ,ysmax r max

0,t) was measured by tuning the laser stepwise in
the wavelength region betweeny15 andq15 pm
around the line center atl . In this way a set of0

data for K (t) with the laser detuning parameter,r

Dlsl yl, was measured. Typical results0

obtained for three different laser detunings are
shown in Fig. 6. Taking into account the complete
data set, the absorption profileK (Dl) at particularr

times can be constructed, as shown in the inset of
Fig. 6.

At this point, it should be noted that the line
profiles may be affected by interference effects in
the observation plane if the laser beam is not
sufficiently spatially filtered. In this case, the
variation of the refractive index within the line
profile may cause asymmetries in the absorption
line measured. Blue, as well as red, asymmetries
may be observed. This effect can be very pro-
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Fig. 6. Procedure for the construction of the 800.836 nm Ar line profiles at different times(for details see text).

nounced if the optical depths in the line centers
are greater than 2.

The measurements were performed in the line
kernel, where the line profile is generally deter-
mined by Doppler and impact broadening and can
be analytically described by Gaussian and Loren-
tzian functions, respectivelyw8x. The profiles
measured forK (Dl) are of the Voigt type, i.e. ther

convolutions of Gaussian and Lorentzian profiles.
The shape of the Voigt profile depends on the
parametersw and w , which represent the fullG L

widths at half-maximum(half-widths) of the Gaus-
sian and Lorentzian contributions, respectively.
The half-width w of the Voigt profile is relatedV

to w and w according tow9x:G L

1y222 .Ž . xŽw sw w q w y2 qw y2 (1)V G L L

The half-width w of a Gaussian profile givesG

information on the gas temperatureT :a

1y2. .w sŽ2l yc Ž2RT ln2yM (2)G 0 a a

whereR is the universal gas constant andM thea

mass of the absorbing atoms. On the other hand,
the half-widthw of the Lorentzian profile is givenL

by the sum of particular broadening contributions.
In DBD, the main contributions are due to inter-
actions between the optically active atoms and the
ground-state argon atoms(pressure broadening)
and electrons(Stark broadening). Therefore, the
actual Lorentzian half-width is of the formw sL

w qw . w sg N , where g is the gaspress Stark press
L L L a a a

temperature-dependent broadening parameter and
N the argon density. The Stark-widthw is aStark

a L

complex function of the electron temperatureTe

and the electron densityN . The data forg ande a

w can be found inw10x and w11x, respectively.Stark
L

In order to extractw and w from the absorp-G L

tion coefficients measured, we used a standard
method which is based on the fact that the nor-
malized Voigt profilesP (Dl) have LorentzianV

wings:

2Ž . Ž .P Dl ;Ž1y2p.w y Dl (3)V L

if ±(Dl)±4(w y2). Then,w can be derived fromV L

the profile measured forK (Dl) applying:r

2Ž . Ž . Ž .w s2p Dl K Dl y K Dl dl (4)L r r|
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Fig. 7. Time dependence of the Gaussian half-widthsw obtained by analysis of the line profiles measured(upper graph). TheG

corresponding gas temperature dependence on time(lower part). The measurements were performed at the position of highest
concentration of Ar atoms in the resonance state(near the temporary cathode).

Taking into account the experimentalw andL

w , the corresponding values forw were calcu-V G

lated via Eq.(1).
The time-dependent Gaussian half-widths are

plotted in Fig. 7. The data represent the widths
measured in the volume of highest population
density(at x ). Furthermore, the values calculat-max

ed for the gas temperature are also displayed in
Fig. 7. At the time of maximum excitation, the
gas temperature is approximately 1000 K. The gas
then cools down to room temperature within 10
ms. During the remaining time of the discharge
cycle, the temperature stays constant within the
limits of experimental uncertainty, even during the
period when the polarity has changed and the
second, weaker excitation maximum can be
observed.

The time dependence of the Lorentzian width
w , displayed in Fig. 8, qualitatively shows similarL

behavior to the Gaussian width. With the exception
of the time of the first discharge maximum,w isL

constant during the whole discharge cycle
(w f1.7 pm). Taking into account the experimen-L

tal error bars, this room-temperature value ofwL

agrees well with the values for pressure-broadening

w derived fromw10x. The contribution of pres-press
L

sure broadening tow for the ‘hot’ dischargeL

period (see Fig. 8) was calculated taking into
account the reduced number density in the dis-
charge volume probed(application of Dalton’s
law) and the typical temperature dependence
(AT ) of the pressure-broadening parameter. The0.3

difference between the values measured forwL

and thew data calculated yields the contribu-press
L

tion of Stark broadening(w ) to the measuredStark
L

half-width w . The Stark widthsw are plottedStark
L L

in Fig. 9. Outside the ‘hot’ discharge period, the
w data cannot be evaluated, since the experi-Stark

L

mental error bars are too large.
The calculation of the electron density from

w requires the electron temperature. Unfortu-Stark
L

nately, the electron temperatures could not be
determined within the scope of the present work.
However, taking into account the experimental
conditions, the electron temperature should be in
the range 10 000–300 000 K. The lower limit of
10 000 K corresponds to the excitation temperature
of the resonance and the metastable argon states
obtained from the excited to ground-state argon
atoms density ratio, while the upper limit is related
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Fig. 8. Time dependence of the Lorentzian half-width of the argon line at 800.836 nm measured at the position of highest concen-
tration of Ar atoms in the resonance state(near the temporary cathode). Furthermore, the contribution from pressure broadening
w (with upper and lower error bar) is shown. See text for further details.press

L

to the maximum kinetic energy the electrons can
accumulate on the average free path in the electric
field applied. Nevertheless, this large uncertainty
in the experimental electron temperature does not
affect the uncertainty of the electron density to the
same extent.

The inset in Fig. 9 showsw in relation toStark
L

N and T obtained by use of theoretical resultse e

published inw11x. The Stark broadening parame-
ters in w11x were calculated for electron tempera-
tures in the range between 2500 and 80 000 K.
The dashed curve(T s320 000 K) in the inset ofe

Fig. 9 is an extrapolation of the theoretical results.
Taking into account the experimental error bars
and the uncertainty inT , the data in Fig. 9 showe

that the largest value ofw corresponds to anStark
L

electron density in the range 1–3=10 cm .15 y3

Taking into account the maximum electron den-
sity of 1–3=10 cm and the Ar number density15 y3

of about 1.5=10 cm at 20 mbar and 1000 K17 y3

derived from the ideal gas equation, approximately
1% of all Ar atoms are ionized. The number
density of the Ar atomsN in the metastable andAr*

resonance states can be calculated from the Lad-
enburg equation:

2pe 2.K dls lnŽI yI dls l L f N (5)*l 0 l 0 Ar| | 2mc

taking into account the side-on measured optical
depthsK of the 801.699 and 800.836 nm lines,l

respectively, at the time and position of maximum
absorption(see Fig. 3), the approximate absorption
length for side-on measurements(Ls1 mm), and
the oscillator strengthf of the transitionsw5x. The
maximum number density values were found to
be N f1=10 andN f2=10 cm .13 12 y3

meta res

5. Conclusion

High spatial-resolution plasma diagnostics of
low-pressure DBD diode-laser absorption spectros-
copy gave clear evidence for a thin, short-lived
plasma layer of approximately 40mm in thickness
and 1 mm in width near the temporary cathode.
In this layer, plasma atoms are highly efficiently
excited, the gas temperature reaches approximately
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Fig. 9. Time dependence of the Stark width of the 800.836 nm line obtained from the data shown in Fig. 8. Inset shows theoretical
values ofw dependent on electron density within the range given by the possible minimum and maximum electron temperatures,Stark

L

10 000 and 320 000 K, respectively.

1000 K and electron density of greater than 1015

cm can be found. In all other areas, the excita-y3

tion is much less efficient, the gas temperature is
near room temperature, and the electron density is
below 10 cm . This means that most of the14 y3

electrical power is used to heat a very small plasma
volume. Despite the fact that the average power
of the DBD is small(F0.1 W), in this volume
the plasma should have an efficient dissociation
capability not only for halogenated hydrocarbon,
as shown inw1x, but also for larger molecules, at
least for the main discharge period of approxi-
mately 10ms.

Preliminary diode-laser absorption measure-
ments of excited chlorine in the low-pressure DBD
filled with argon and small concentrations of chlo-
rinated hydrocarbons revealed the same spatial
distribution as found for excited Ar. As a conse-
quence, the measurements of halogenated hydro-
carbons by diode-laser absorption spectroscopy of
excited chlorine or fluorine as reported inw1x can
be significantly improved. In the former experi-
ment, the diode laser beam filled the whole space

between the electrodes. The main absorption, how-
ever, was obviously only due to the small layers
near the temporary cathodes. Approximate esti-
mates give an improvement in the detection limit
of at least one order of magnitude in comparison
to the former experiment if absorption measure-
ments are only restricted to the small area of the
plasma layer near the cathodes. Such measure-
ments are now being performed in our laboratory.
Furthermore, it is interesting to study the dissoci-
ation of molecules in the DBD with high spatial
resolution. Such investigation should help to
answer the question of whether the DBD is also
suitable for dissociation and element-selective
detection of larger molecules than halogenated
hydrocarbons.
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