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Simultaneous measurements of both NO and, df@ performed downstream a pulsed low pressure

dc discharge in flowing air using tunable diode laser absorption spectroscopy in the infrared region.
Pulse duration and repetition rate range fromu2do 5 ms and from 50 to 1000 Hz, respectively.

The gas pressure is 4 mbar and the peak current is 80 mA. Experimental results show that NO and
NO, production depends only on the duty cycle ratio, that is, on the average power at a given
current. A numerical computation of a simplified kinetics agrees well with experiment results.

© 2005 American Institute of PhysidDOI: 10.1063/1.1935046

Due to recent development of plasma based technologiesystem(TOBI) (Fig. 1).2 The pressure inside the cell was
for environmental applications, extensive literature exists oradjusted from 0.1 to 2 mbar, in order to optimize the signal
the NQ, (NO+NO,) kinetics in atmospheric pressure to noise ratio. Essential basics of absorption spectroscopy are
discharges:®In a recent study concerning the potentials of athe relation between the incidefit) and the transmitted)
pulsed microwave discharge at atmospheric pressure for gaistensity of the laser radiation:
treatment and environmental applications, it was shown that L
the NQ, (NO+NO,) formation depends only on the average In(—°> :f k,n(z)dz,
power injected in the plasma, and not on the pulse duration 0
itself, i.e., a short puls€30 ps) with a high repetition rate
will lead to the same amount of N@s a longer pulsée.g.,

1 m9 with low repetition rate, provided that the averaged
power is the sam&The use of pulses even as short au180

wherek,, is the absorption cross section at the wave number
v; L is the absorption length, and is the density of the
absorbing species. Nand NO lines, which have been used,
o ; are located in the 1626 and 1880 ¢nspectral region, re-
could not prevent significantly the NGormation. However, spectively. Absorption lines with different line strengths were

no Straightforward Qnalysis could be performed sil_'1ce th&)sed in order to increase the dynamic of the detection sensi-
pulsed microwave discharge had strong space gradients. Qi@ity from 1 to 10 000 ppm typically.

the contrary, positive columns of dc low pressure discharges |, Figs. 2 and 3 the influence of the duty cycle ratio
are spatially homogeneous andi have been exter)sivel%/ St“EbCR) on the NO and N@production is presented for dif-
led, both theoretically and experimentally by Gordietsl.”  ferent pulse repetition rates, respectively. DCR is the ratio of
and Rybkinet al,” for a wide range of parameters. In this o nyise duration to the pulse period. NO increases monoto-
letter we report, experimental results concerning the, NO nously from 40 to 15000 ppm as the duty cycle ratio in-
formation in alow pressurepulsed dc discharge. The simul- raases from 0.1% to 50%ig. 2). On the contrary, NQ

taneous measurement of NO and Né@ncentration is Very  gecreases continuously from 160 to 20 pgfig. 3. It is
useful to validate reaction schemes occurring in the dis-

charge and in the post-discharge for different pulse duration,
repetition rate, and discharge current. NO and, @ mea-

i : ; P
sured downstream the plasma region using tunable diode la- Pump=1S2] ;23;‘;"’ Detector
ser absorption spectroscopfyDLAS) in the infrared region. I
The discharge is generated in a 50 cm long and 1.9 cm —— Diode laser IR
inside diameter Pyrex tubéFig. 1). The dc generator is Gg;;li?w e

pulsed by a master pulse generator. Pulse duration and rep-
etition rate are adjustable from 28 to 5 ms and from 50 to
1000 Hz, respectively; the peak current is set to 80 mA. The

1
gas flow is 20 sccm of dry air-like mixturéN,/O,); the gas ( : CI 1)
pressure inside the discharge tube is 4 mbar. The exhaust gas
is pumped out of the discharge tube through a multipath cell

(optical path length is 100 jmwhere NO and N species HV L
are simultaneously detected using a two-laser beam infrared generator

dauthor to whom correspondence should be addressed; electronic maiFIG. 1. Experimental set up: pulsed dc discharge, the infrared laser TOBI
antoine.rousseau@lptp.polytechnique.fr and the multipath cell.

Muttipath cell
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FIG. 2. Influence of the duty cycle ratio, DCR, on the formation of NO for
different pulse repetition rates. Peak current 80 mA, 4 mbar, dry air, 2
scem. The solid line is the computed results from numerical code.

IG. 3. Influence of the duty cycle ratio, DCR, on the formation of,N@
different pulse repetition rates. Labels identical to Fig. 2.

worthwhile to notice that NO and NQdepend only on the was published for a pulsed microwave discharge near atmo-
DCR: the experimental conditions of 4 ms pulse duration aspheric pressure where both NO and N@oduction only

50 Hz are equivalent, in terms of N@roduction, to 20Qs,  depend on the average power.

1 kHz (DCR=20%). The scaling of N@ concentration with An extensive analysis of the NO and Bl®inetics in a

the DCR(Fig. 3) is less remarkable than that of NO; but the low pressure pulsed dc discharge will be published in a forth-
discrepancies in N©density are in the range of 10 ppm, coming paper. However, let us show that a simplified kinetics
which is much less than NO density fluctuations. It is worthof NO gives a very good agreement with experimental re-
noting that DCR is proportional to the time-averaged dis-sults. Table | presents reactions taken into account in our
charge power for the given current. This shows that NO andnodel. The related kinetic equations are numerically solved
NO, density scales as a function of the time-averaged deposvith the following assumptionsi) the electron energy dis-
ited power. The peak discharge povmay be found from tribution function(eedj is computed using a code developed
P=j-E, wherej=1/S=2.8x 102 Acm™2 s the current den- in the Kurchatov InstitutgMoscow'® with Ty=500 K, T,

sity for I=80 mA. E=63 V cnit is calculated from the re- =4000 K, andE/N=65 Td. NO density being less than 1.2%
duced electric field for our discharge conditios/N is not taken into account for the computation of e€ij;the

=65 Td? This corresponds to the peak discharge poRer electron density an&/N are supposed to be constant during
=1.7 W cn® which gives the average discharge power in-the ON phase of the pulse and equal to zero during the OFF
creasing from 0.72 to 360 kJ/I for DCR increasing from phase of the pulsdjii) no ion kinetics are included in the
0.1% to 50%, respectively. Recently a similar observatiormodel; (iv) the computation procedure stands as follows: a

TABLE |I. List of reactions taken into account in the numerical model.

Rate constant

No. Reactions (cm?s™h References
1 Ny+e— Ny(A%S ") +e 5x 1071 10

2 N, +e—N,(B%Il ) +e 7.7x 101t 10

3 N,+e—Ny@''s,)+e 4.4x 10712 10

4 N,+e—N"(®D)+N+e 8.1x 10713 10 and 11
5 0O,+e—0+0+e 4.3k 1071 10

6 0,+e—0+0'('D)+e 2.0x 10710 11

7 NO+e—N+O+e 3.0<101 11

8 NL(A%S ") +0,—N,+0, 2.5X 10712% (T/300)°%5 12

9 NL(A%S, O, —N,+0+0 0.65x kg 12

10 N,(A®S ) +O—N,+O 2.8x 1071 12

11 Ny(A%S, H)+O0—NO+N'(?D) 0.4x 1071 13

12 Ny(BTIg) + N, — No(A®E, ") +N, 5.0x 1071 13

13 Ny(BI1y) +0,— N,+0+0 3.0x 10710 13

14 Ny(@''3,)+0,—N,+0+0 2.8x 101 13

15 Ny(@''2,)+NO—N,+N+O 3.6x10°%0 13

16 N+NO—N,+O 3.1x101 14

17 N'(?D)+0,—NO+0 9.7x 10712 g71857T 12

18 O('D)+N,—O+N, 1.8x 10711 gl07" 13

19 J('D)+0,—0+0, 3.2x 1071 7T 13

20 O(*D)+NO—N+0, 1.7x 10710 13

21 Q+0y—- 0, 254 Fory=0.5x 1073
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sequence of pulse periods is computed, starting from pure In the present study, tunable diode laser absorption spec-
N,/O, air like mixture, followed byt=2 min.nis defined by  troscopy has been performed downstream a pulsed low pres-
the ratio of the experimental residence time of the gas insidgure dc discharge in air, in order to measure simultaneously
the discharge tube 1.2 s to the peritds the gas averaged the formation of NO and Nefor various pulse durations and

residence time between the discharge tube and the m“|tipaFEpetition rates. It is shown that the N@roduction depends
cell where infrared measurements are performed;NO; only on the pulse duty cycle ratio, which is proportional to

kinetics have not been included. R
e pulse power. This is similar to recent measurements per-

Figure 2 also shows the good agreement between thg dd lsed mi disch
results of the numerical computation of the model presente rmed downstream a puised microwave discharge near at-

above and the experimental results for NO. This agreemerffoSPheric pressure. NO density increases with DCR up to
covers a wide range of pulse frequency and duration as wefiPout 1.2% for an averaged specific energy equal to 360 kJ/I.
as they NO density. NO molecules are formed and destroyel numerical computation, solving a set of 21 kinetic equa-
mainly during the plasma pulse. The major process leadingions including some excited states of &hd N, gives a very
to NO formation is the reaction betweer’i(Ne'E:]) molecules  good agreement with experimental results. NO formation is
and atomic oxygen Q@reaction 1). In fact in this reaction driven by the time averaged density oy, "), which is
two NO molecules are created, because the excitddDN  gn increasing function of the DCR.
atoms, that are produced in reactidr), collide with O, to
produce another NO molecule in reactid¥). The destruc- !B, penetrante, M. Hsiao, B. Meritt, G. Vogtlin, and P. Wallman, IEEE
tion of NO occurs by the collision with electrons,(’ 12u‘) Trans. Plasma Sci23, 67 (1995.
molecules and QlD) atoms(reactions 7, 15, and 20 °F. Fresnet, G. Baravian, L. Magne, S. Pasquiers, C. Postel, V. Puech, and

The physical reason for the dependency of the @ A Rousseau, Appl. Phys. Letl7, 4118(2000.
the DCR may be summarized as follows. The rate of 4$h D:;";‘r'];’;‘: '\F’)'ia';“ms:”sir& ie:hg’;' ?:'Ci%(zf;?('z 002
NZ(A EU ) m0|e.CU|eS depends mO.StIy on the electron denSItyF’A. Rousseau’, A. Dantier, L. Gatilova, Y. Io;1ikh, J. Ropcke, and Y. Tol-
(process }, which is constant _dunng the pulse and equal t0 machev, Plasma Sources Sci. Techrid, 70 (2005,
zero after the pulse; thus the time average value of this rate iSg g Gordiets, C. M. Ferreira, V. L. Guerra, J. M. A. H. Loureiro, J.
proportional to the duty cycle ratio. The same is valid for NO Nahorny, D. Pagnon, M. Touzeau, and M. Vialle, IEEE Trans. Plasma Sci.
molecule destructiofprocesses 7, 15, and 20 he destruc- 23, 750(1995.
tion of the Ny(A®S,") excited state goes via the collision ’S.A. Smimov, V. V. Rybkin, I. V. Kholodov, and V. A. Titov, High Temp.
with O, and O(processes 10 and Yliwhere the time aver- 8401 323(2002. _ _
aged O atom density depends only on the DCR for a given J."B. McManus, D. Nelson, M. Zghnlser, L. Mechold, M. Osiac, J.
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