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Electron density and recombination rate measurements in CO-seeded
optically pumped plasmas
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Nonequilibrium Thermodynamics Laboratory, Department of Mechanical Engineering,
The Ohio State University, Columbus, Ohio 43210-1107
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Electron production rate and electron density in cold optically pumped CO–Ar and CO–N2 plasmas
in the presence of small amounts of O2 and NO have been measured using a Thomson discharge
probe and microwave attenuation. Nonequilibrium ionization in the plasmas is produced by an
associative ionization mechanism in collisions of highly vibrationally excited CO molecules. It is
shown that adding small amounts of O2 or NO ~50–100 mTorr! to the baseline gas mixtures at
P5100 torr results in an increase of the electron density by up to a factor of 20–40~from ne

,1010cm23 to ne5(1.5– 3.0)31011cm23). This occurs while the electron production rate either
decreases~as in the presence of O2! or remains nearly constant within a factor of 2~as in the
presence of NO!. It is also shown that the electron–ion recombination rates inferred from these
measurements decrease by two to three orders of magnitude compared to their baseline values~with
no additives in the cell!, down tob>1.531028 cm3/s with 50–100 mTorr of oxygen or nitric oxide
added to the baseline CO–Ar mixture, andb>(2 to 3)31027 cm3/s with 75–100 mTorr of O2 or
NO added to the baseline CO–N2 mixture. The overall electron–ion removal rates in the presence
of equal amounts of O2 or NO additives turn out to be very close, which shows that the effect of
electron attachment to oxygen at these conditions is negligible. These results suggest a novel
method of electron density control in cold laser-sustained steady-state plasmas and open a
possibility of sustaining stable high-pressure nonequilibrium plasmas at high electron densities and
low plasma power budget. ©2001 American Institute of Physics.@DOI: 10.1063/1.1359754#
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I. INTRODUCTION

Steady-state nonequilibrium optically pumped enviro
ments are produced by resonance absorption of infrared
radiation by molecules in low vibrational quantum stat
with subsequent collisional vibration-to-vibration (V-V)
pumping up to high vibrational levels,1,2

AB~v !1AB~w!→AB~v21!1AB~w11!. ~1!

In Eq. ~1!, AB stands for a diatomic molecule, andv
and w are vibrational quantum numbers. This method c
ates strong vibrational disequilibrium at high densities~up
to a few atm in the gas phase!, wide temperature
range (T5100– 1500 K), and a low power budge
(;1 – 10 W/cm3). In particular, optical pumping by a CO
laser has been previously achieved in gas phase CO/A
mixtures3–8 at pressures of up to 10 atm,3 gas phase nitric
oxide,9,10 liquid phase CO,11,12 and solid CO and NO
matrices.13,14 Recently, optical pumping has also been de
onstrated in mixtures of CO with infrared inactive gas
such as nitrogen and air, at atmospheric pressure.15,16 In this
case, N2 and O2 molecules become vibrationally excited b
near-resonanceV-V energy transfer from CO,

CO~v !1N2~w!→CO~v21!1N2~w11!, ~2!

CO~v !1O2~w!→CO~v21!1O2~w11!. ~3!

a!Electronic mail: adamovich.1@osu.edu
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In the experiments of Refs. 2–16, the CO laser power w
fairly low, ranging from a few watts to 200 W cw.

Ionization in optically pumped gases is produced by
associative ionization mechanism in collisions of two high
vibrationally excited molecules when the sum of their vibr
tional energies exceeds the ionization potential,17–20

AB~v !1AB~w!→~AB!2
11e2,

~4!
Ev1Ew.Eion .

Ionization of carbon monoxide by this mechanism has b
previously observed in CO/Ar/He gas mixtures optica
pumped by resonance absorption of CO laser radiation.18–20

The estimated steady-state electron density sustained by
W CO laser in optically pumped CO/Ar/He plasmas wi
high vibrational level populations of nCO(v;30)
;1015cm23 is ne;1010– 1011cm23.19 Note that unlike elec-
tron impact ionization, the ionization mechanism of Eq.~4!
is not susceptible to the ionization heating instability, whi
is responsible for filamentation and the glow-to-arc collap
in high-pressure nonequilibrium plasmas, where ionization
primarily produced by electron impact.21 Indeed, since the
high vibrational level populations of diatomic molecules d
crease with temperature due to an exponential rise of
vibration-translation (V-T) relaxation rates,22 there is a
negative feedback between the gas heating and the ra
associative ionization. This precludes the ionization insta
ity development and provides a possibility for the use
3 © 2001 American Institute of Physics
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FIG. 1. Schematic of the experimenta
setup.
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associative ionization for sustaining unconditionally sta
optically pumped nonequilibrium plasmas at high gas pr
sures~1 atm and above!.

The present article addresses the effect of adding air
cies, such as O2 and NO, to optically pumped CO/Ar an
CO/N2 plasmas on the electron production and removal
netics. Previous results20 suggest that adding these spec
produces a significant electron density rise in these plas
at a nearly constant plasma power budget and electron
duction rate. Therefore the main objective of the pres
study is to investigate the role of these additives on the e
tron density and on the electron removal rate in the plas
This would provide insight into the feasibility of sustainin
large-volume atmospheric pressure nonequilibrium air p
mas at a minimum power budget.

II. EXPERIMENT

The overall schematic of the experimental setup
shown in Fig. 1. A carbon monoxide laser is used to exc
CO/Ar and CO/N2 gas mixtures, with additives such as O2 or
NO, slowly flowing through the pyrex glass optical absor
tion cell shown. The residence time of the gas mixture in
cell is of the order of a few seconds. The liquid nitrog
cooled CO laser8 is designed in collaboration with the Un
versity of Bonn and fabricated at Ohio State. It produce
substantial fraction of its power output on thev51→0 fun-
damental band component in the infrared. In the present
periment, the laser is typically operated at 10–13 W
broadband power on the lowest ten vibrational bands.
output on the lowest bands~1→0 and 2→1! is necessary to
start the absorption process in cold CO~initially at 300 K! in
the cell. The laser beam can be focused to a focal are
Downloaded 27 Oct 2007 to 169.231.32.210. Redistribution subject to AI
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;1 mm diameter to increase the power loading per CO m
ecule, producing an excited region 10–20 cm long and 2
mm in diameter.

The lower vibrational states of CO,v<10, are populated
by direct resonance absorption of the pump laser radiatio
combination with rapid redistribution of population byV-V
exchange processes. TheV-V processes then continue t
populate higher vibrational levels abovev510, which are
not directly coupled to the laser radiation@see Eq.~1!#. The
large heat capacity of the Ar and N2 dilutents, as well as
conductive and convective cooling of the gas flow, enab
control over the translational/rotational mode temperature
the cell. At steady-state conditions, when the average vib
tional mode energy of the CO would correspond to a f
thousand degrees Kelvin, the temperature never rises abo
few hundred degrees. Thus a strong disequipartition of
ergy can be maintained in the cell, characterized by v
high vibrational mode energy and a low translation
rotational mode temperature. As shown in Fig. 1, the po
lation of the vibrational states of CO in the cell is monitor
using a Biorad FTS 175C Fourier transform infrared sp
trometer, which records spontaneous emission from the
fundamental, first and second overtone bands through a C2

window on the side of the cell.
Ionization of highly excited CO molecules in the ce

occurs by the associative ionization mechanism of Eq.~4!.
The electron production rate in this optically pumped plas
is determined from the saturation current of the non-s
sustained dc Thomson discharge18–20 between two 3 cm di-
ameter brass plate electrodes located in the absorption ce
shown in Fig. 2. Two infrared transparent CaF2 windows
were placed upstream and downstream of the plates~see Fig.
2! so that the laser beam creates a nearly cylindrical exc
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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region between the windows. Thus the plasma generate
the interelectrode space is isolated from the plasma susta
in the remainder of the cell, which significantly reduces t
charged species drift and diffusion into the interelectro
space. This allows reaching a well-pronounced current s
ration. The electrodes, which are typically 10–20 mm ap
are connected to a reversible polarity dc power sup
~Thorn EMI GENCOM Inc., model 3000R!, which produces
voltage in the range 0–3000 V. The induced current is m
sured with a Keithley 2001 multimeter, with a 1 MV resistor
connected in series with the cell to protect the multimete
case of breakdown. The applied dc voltage is delibera
kept sufficiently low to preclude electron impact ionizatio
Therefore in the saturation regime of the Thomson discha
the applied electric field, which does not produce any ioni
tion by itself, removes as many electrons per second as
produced in the entire discharge volume. The electron p
duction rate per unit volume of the plasma is found from
saturation current as20

S>
I s

epd2D/4
, ~5!

whered is the diameter of the ionized region created by
focused laser beam,D is the electrode diameter, andpd2D/4
is the volume occupied by the plasma. The plasma diame
d52.560.5 mm, is estimated from the diameter of the v
ible blue glow of the C2 Swan band radiation, which i
strongly coupled with the high vibrational level populatio
of CO.7

The electron density in the optically pumped plasma
independently measured by microwave attenuation. The
crowave experimental apparatus consists of an oscillato
transmitting and receiving antenna/waveguide system,
transmitted and reflected microwave power detectors.
phase-locked dielectrically stabilized oscillator generates
mW ~13 dBm! of microwave radiation at a frequencyn
510 GHz, which is transmitted via SMA-type semirig
cable to an antenna within the transmission waveguide.
gap between the waveguides is 1 cm. The receiving wa
guide is positioned directly opposite the transmitting wa
guide, with the laser-generated plasma located between t
~see Fig. 2!. The signal transmitted through the plasma
received by an antenna at the back of the receiving wa

FIG. 2. Schematic of the Thomson discharge electrode and microw
waveguide arrangement in the absorption cell.
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guide and sent to a tunnel diode detector with a low-no
preamplifier. The detector produces a low-noise dc volta
proportional to the received microwave power, ranging fro
0 to 15 V for the transmitted power in the range from260 to
230 dBm. The voltage noise level is typically 1 to 2 mV, s
that the resultant signal-to-noise ratio is;104. Power re-
flected by the plasma is detected by a zero-bias Scho
diode detector through an isolator in the line between
oscillator and the transmitting antenna. This detector p
duces a dc voltage in the mV range proportional to the
flected microwave power in the range from 0 to 20 mW.
the present experiments, the measured change in refle
power between the laser on and laser off conditions is n
ligible.

Typical microwave power levels transmitted across th
cm gap between the waveguides were in the range of210 to
0 dBm, decreasing by up to 1 dB when the plasma w
generated. To scale the transmitted signal down to the po
range over which the detector has the highest sensitivity~that
is, down to the260 to 230 dBm range!, attenuators were
inserted in the line between the receiving antenna and
transmitted power detector. From the relative difference
the transmitted power with and without a plasma the atte
ation of the microwave signal across the plasma was de
mined with an uncertainty of 0.002 dB. This assumes a n
ligible difference in the power radiated from the gap betwe
the waveguides, with and without the plasma present, wh
is justified by the negligible change in the measured reflec
power at these conditions.

During the microwave attenuation measurements, the
ser beam was chopped at a frequency of 57 Hz, providin
square wave laser input into the cell. The laser remained
and off for approximately 8 ms. Our previous time-resolv
Fourier transform infrared spectroscopy measureme8

showed that at CO partial pressuresPCO.0.5 torr this time is
sufficiently long to reach both the quasi-steady-state fu
V-V pumped distribution and the complete vibrational rela
ation of CO in the cell. In addition, the characteristic tim
scales for associative ionization and for electron–ion reco
bination, t ion;ne /(kionnCO

2f v.30
2 );0.1 ms, and t rec

;1/bne;0.1– 1.0 ms are both much shorter than the ch
per cycle duration. Herekion51.5310213cm3/s is the asso-
ciative ionization rate coefficient,20 nCO51017cm23 is the
CO concentration in the cell~at PCO53 torr!, f v.30;1023 is
the fraction of the CO molecules participating in the assoc
tive ionization process of Eq.~4!,20 b51028– 1027 cm3/s is
the electron–ion dissociative recombination rate, andne

51011cm23 is the estimated maximum electron density20

Therefore the laser on and laser off conditions correspon
the quasi-steady-state weakly ionized plasma and ne
fully recombined plasma conditions, respectively. The diff
ence between the incident and transmitted microwave p
ers between the plasma on and plasma off conditions
determined from the amplitude of the resultant nearly squ
wave forward power detector signal,dV5Vinc2Vtrans,
modulated by the chopper, and averaged by a Textro
TDS380 oscilloscope over 256 averages. The average e
tron density in the plasma was inferred from these meas
ments using the relation,21

ve
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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ne5
mec«0

e2 ncoll

dV

Vinc

1

d

W

d
, ~6!

where ncoll is the electron–neutral collision frequenc
dV/Vinc5 (Vtrans2Vinc)/Vinc is the relative attenuation facto
in terms of the forward power detector voltage proportio
to the incident and the transmitted microwave power,W
51 cm is the waveguide width, andd52.560.5 mm is the
diameter of the ionized region. The electron–neutral co
sion frequency in CO–Ar and CO–N2 mixtures at P
5100 torr andT5600 K, ncoll51.131012cm3/s and ncoll

52.131012cm3/s, respectively, was obtained from th
Boltzmann equation solution19 using the experimental cros
sections of elastic and inelastic electron collision proces
available in the literature.

O2 or NO were both diluted in nitrogen at the 5000 pp
level to add controlled small amounts~from a few millitorr
to a few hundred millitorr! of these species to the cell. Th
resultant O2/N2 and NO/N2 gas mixtures have been added
the baseline CO/Ar and CO/N2 gas mixtures. The baselin
pressure in the cell wasP5100 torr, with the CO partial
pressure ofPCO53 torr. The O2/N2 and NO/N2 mixture par-
tial pressure was varied from 1 to 100 torr. Note that add
the same amounts of pure nitrogen~without the additives! to
the baseline gas mixtures did not produce significant chan
in the measured electron density.

III. RESULTS AND DISCUSSION

Figure 3 shows the low-resolution (8 cm21) CO first
overtone infrared emission spectra measured in the optic
pumped CO–Ar plasmas with O2 and NO additives. At these
conditions, vibrational levels up tov;35– 40 are populated
and radiating. From Fig. 3 one can see that adding sm
amounts (;0.1%) of oxygen to the cell gases results in t
depopulation of the high vibrational levels of CO (v
.15– 20), without producing significant changes in the lo
vibrational level populations. This is most likely due to th
rapid near-resonanceV-V energy transfer from highly ex
cited CO to O2,

FIG. 3. First overtone CO emission spectra in optically pumped CO–
mixtures with small amounts of O2 and NO added.PCO53 torr, PAr

5100 torr.
Downloaded 27 Oct 2007 to 169.231.32.210. Redistribution subject to AI
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CO~v !1O2~0!→CO~v21!1O2~1!, v;25 ~7!

as discussed in our previous publication.15 On the other
hand, adding comparable amounts of nitric oxide to the ba
line CO–Ar mixture, in addition to reducing the intensitie
of the high vibrational bands (v8520– 30) compared to the
low bands (v852 – 5), decreases the absolute intensity
the entire spectrum~see Fig. 3!. This indicates that the popu
lations of all CO vibrational levels in the rangev;2 – 35 are
substantially reduced in the presence of NO. This is con
tent with the fact that compared to CO and O2, NO is a much
fasterV-T relaxer,23 so that even the low vibrational level
of CO are depopulated by the rapidV-T relaxation processe
such as

CO~n51!1NO→CO~n50!1NO ~8!

which are competing with theV-V pumping process of Eq
~1!. Thus in both these cases, the concentration of the hig
vibrationally excited CO molecules in the cell is reduce
Indeed, Fig. 4 illustrates this effect showing CO vibration
distribution functions inferred from the high-resolutio
(0.25 cm21) CO infrared spectra in CO–Ar–O2 mixtures.
Similar behavior has been previously observed from the
distribution function measurements in CO–Ar–N
mixtures.20 At these experimental conditions~P5100 torr,
PCO53 torr!, the translational/rotational mode temperatu
inferred from the high-resolution (0.25 cm21) infrared spec-
tra is in the range ofT5500– 700 K.8,18,20

Figure 5 displays the microwave signal intensity tran
mitted through an optically pumped CO–Ar–NO plasma.
discussed in Sec. II, the signal is modulated by a chop
providing a square wave laser input into the cell. It can
seen from Fig. 5 that turning on the laser results in the w
pronounced attenuation of the transmitted signal due to
vibrationally stimulated ionization in the cell.

Figures 6 and 7 show the average electron density in
optically pumped CO–Ar plasmas with small admixtures
O2 and NO, respectively. One can see that in both ca

r

FIG. 4. CO vibrational level populations for the conditions similar to tho
of Fig. 3. PCO52 torr, PAr5100 torr.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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adding 50–75 mTorr of oxygen or nitric oxide to the ce
gases increases the electron density by about a factor of
40, up to ne5(1.5– 3.0)31011cm23, compared with the
baseline case with only CO and Ar in the cell,ne5(3 – 6)
3109 cm23. This type of behavior is somewhat unexpect
since oxygen is known to be an efficient electron attache
a three-body process,

e21O21M→O2
21M ~9!

with a rate ofkattN510211cm3/s,24 which is likely to reduce
the electron density. Further increase of the additive pa
pressure up to 400–500 mTorr resulted in the gradual red
tion of the electron density back tone5(1 to 2)
31010cm23 ~see Figs. 6 and 7!. The uncertainty in the mea
sured electron density, indicated by the error bars in Fig
and 7 is mostly due to uncertainty in the diameter of
ionized region, estimated to be in the range between 2.0
3.0 mm~see Sec. II!. The measured maximum electron de
sities are consistent both with the values predicted
coupled master equation/Boltzmann equation mode

FIG. 6. Electron density in CO–Ar–O2 mixtures as a function of the O2
partial pressure.

FIG. 5. Transmitted microwave signal with the pump CO laser turned
and off. PCO53 torr, PAr5100 torr, andPNO550 mTorr.
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calculations19 and inferred from rf probe conductivity
measurements.20 Similar behavior of electron density as
function of additive partial pressure was observed
CO/N2/O2 and CO/N2/NO mixtures~see Fig. 8!, where the
electron density also increased by about a factor of 10–2
the presence of 25–75 mTorr O2 or NO.

The observed sharp electron density rise with the ad
tive partial pressure between 0 and 100 mTorr~see Figs. 6
and 7! occurs despite the fact that the CO vibrational lev
populations have been found to monotonously decre
when oxygen or nitric oxide are added to the cell~see Figs. 3
and 4 and Ref. 20!. This rise might be interpreted by th
participation of O2 and NO molecules, which both hav
lower ionization potentials than CO~12.1, 9.6, and 14.0 eV
respectively!, in the vibrationally stimulated ionization pro
cess of Eq.~4!. However, measurements of the net electr
production rate at these conditions turn out to be inconsis
with this suggestion. Figure 9 shows current–voltage ch
acteristics of the Thomson discharge sustained between
dc electrodes in the CO–Ar–O2 plasma~see Fig. 2!. One can
see that the saturation current of this discharge, proportio

FIG. 7. Electron density in CO–Ar–NO mixtures as a function of the N
partial pressure.

FIG. 8. Electron density in CO–N2 mixtures as a function of the NO partia
pressure.

n

P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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to the electron production rate in the plasma, is actua
dropping with the O2 concentration. As discussed in Sec.
in the saturation regime, the applied electric field removes
many electrons per second as are produced in the entire
charge volume. This is illustrated by the measurements
electron density in the Thomson discharge as a function
the applied voltage~see Fig. 10!. The fact that the electron
density in the plasma drops by about an order of magnit
as the discharge approaches saturation confirms that the
ration current indeed approaches the net electron produc
rate ~within about 10%!.

The independent measurements of the electron den
and the electron production rate lead us to conclude that
simultaneous electron production rate drop and electron d
sity rise with the additive partial pressure can be only due
the net electron removal rate reduction in the presence
small amounts of O2 or NO ~up to 100 mTorr! in the opti-
cally pumped CO–Ar and CO/N2 plasmas.

To infer the electron removal rate in the optical
pumped plasmas, we measured both the electron produ
rate and the electron density in the same experiment.

FIG. 9. Saturation of the Thomson discharge in the optically pum
CO–Ar–O2 mixtures.

FIG. 10. Electron removal by the applied field in the Thomson discha
approaching saturation.
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these conditions, the electron removal rate is essential
sum of three processes,~i! ambipolar diffusion of charged
species out of the ionized region,~ii ! electron–ion recombi-
nation, and~iii ! electron attachment to oxygen molecule
The time scales for the electron removal by the first t
mechanisms differ by about an order of magnitude,tdiff

;d2/Da;10 ms and t rec;1/bne;0.1– 1.0 ms, whered
;0.2 to 0.3 cm is the diameter of the ionized region,Da

;5 cm2/s is the ambipolar diffusion coefficient atP
5100 torr,25 b;1028– 1027 cm3/s is the dissociative recom
bination coefficient, andne;1011cm23 is the electron den-
sity. Therefore in the present work we neglect charge spe
loss by diffusion. Also, O2

2 ion formation by the three-body
electron attachment process of Eq.~9! is neglected. The ar-
guments in favor of this assumption are as follows:~i! add-
ing small amounts of O2 to the cell gases results in an in
crease of the electron density in the plasma, which sugg
that rapid three-body electron attachment to oxygen is m
gated to a large extent,~ii ! similar results were obtained
when comparable amounts of NO, which is not an efficie
electron attacher, are added to the cell gases, and~iii ! Raman
spectroscopy measurements of the O2 vibrational level popu-
lations (v50 – 12) in the optically pumped CO/N2/O2

plasmas15,16show that O2 in these mixtures becomes strong
vibrationally excited, reaching a vibrational temperature
Tv(O2)52200– 3600 K. In particular, the latter result su
gests that strong vibrational excitation of O2 might well
stimulate detachment of electrons from the weakly bound2

2

ions ~with an electron affininity of;0.43 eV!.
With the dominant electron removal process being d

sociative recombination, in the steady state its rate can
directly inferred from the electron production rate per u
volume,S, and the electron density,ne ,

b5
S

ne
2 . ~10!

Figures 11 and 12 show the results of simultaneous m
surements of the electron production rate inferred from
Thomson discharge saturation current and the electron
sity in the optically pumped CO–Ar–O2 and in CO–Ar–NO

d

e

FIG. 11. Electron production rate and electron density in CO–Ar–O2 mix-
tures as a function of O2 partial pressure.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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mixtures, respectively. From Fig. 11, one can see that
electron production rate drops with the O2 partial pressure by
about a factor of 5, while electron density increases by
proximately a factor of 30. Similarly, Fig. 12 shows that t
electron production rate weakly changes~approximately
within a factor of 2! depending on the NO partial pressur
while the electron density increases with the NO partial pr
sure almost by a factor of 50. Figure 13 shows the electro
ion recombination rate coefficients inferred from these d
using Eq.~10!. It can be seen that the recombination rate
CO–Ar–O2 and in CO–Ar–NO mixtures decreases by abo
three orders of magnitude, from its baseline value ofb52
31025 cm3/s ~with no additives in the cell! to b;1.5
31028 cm3/s with 50–100 mTorr oxygen or nitric oxid
added~see Fig. 13!. Interestingly, the electron–ion recomb
nation coefficients in both mixtures~with 50–100 mTorr of
O2 or NO added! are very close, which shows that the co
tribution of electron attachment to oxygen at these conditi
is negligible. Similarly, the recombination rate
CO–N2–O2 and CO–N2–NO mixtures decreases by abo
two orders of magnitude, fromb5531025 cm3/s with no

FIG. 12. Electron production rate and electron density in CO–Ar–NO m
tures as a function of NO partial pressure.

FIG. 13. Electron recombination rate coefficient in CO–Ar mixtures a
function of additive partial pressure.
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additives in the cell tob;(2 to 3)31027 cm3/s with 75–100
mTorr O2 or NO added~see Fig. 14!. Here again the differ-
ence between the recombination coefficients in O2 and NO
doped CO–N2 mixtures is small.

Thus adding small amounts (;0.05% – 0.1%) of O2 and
NO to the optically pumped CO–Ar and CO–N2 plasmas
allows control and considerable increase of the electron d
sity @from ne5(6 – 8)3109 cm23 up to ne5(1 – 3)
31011cm23# by reducing the electron–ion recombinatio
rate ~by up to 2 to 3 orders of magnitude!. This result is
consistent with the electron density and recombination r
inference from the rf probe plasma conductivi
measurements.20

Quantitative interpretation of the observed effect, i.
identifying specific kinetic processes responsible for
electron recombination rate reduction, requires knowledge
the ion composition of the optically pumped plasma. Ho
ever, a qualitative scenario can be suggested based on p
ous ion composition measurements in a glow discharge
CO–Ar–O2 mixtures usingin situ ion mass spectrometry.26

The mass spectra taken in CO/Ar mixtures without oxyg
show that the dominant ions in the discharge are dimer i
(CO)2

1 and cluster ions of the general form Cn(CO)2
1 , n

51 – 15. However, adding a few tens of millitorr of O2 to
these gas mixtures resulted in the nearly complete disapp
ance of these ions and their replacement by the O2

1 ions.
Note that the electron–ion dissociative recombination rate
the dimer (CO)2

1 ion, b5231026 cm3/s,27 greatly exceeds
the rate of recombination of the monomer O2

1 ion, b
5(3 – 5)31028 cm3/s at the electron temperature ofTe

;0.3– 0.5 eV.21 The recombination rate of the large carbo
cluster ions can possibly be even higher. A similar proce
i.e., destruction of the rapidly recombining carbon-bas
cluster ions and their replacement by the slowly recombin
monomer ions, such as O2

1 and NO1, might also occur in
optically pumped plasmas. This might occur in rapid ex
thermic ion–molecule reactions, such as

~CO!2
11O2→CO1CO1O2

1, ~11!

-

a

FIG. 14. Electron recombination rate coefficient in CO–N2 mixtures as a
function of additive partial pressure.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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~CO!2
11NO→CO1CO1NO1 ~12!

~both O2 and NO have much lower ionization potential th
CO!. In addition, rapid resonance charge transfer from
vibrationally excited O2(v) and NO(v) molecules to O2

1 and
NO1 ions can produce vibrational excitation of these io
which may further reduce the dissociative recombinat
rate.28 More information on the detailed kinetic mechanis
of the observed effect is expected to be obtained from
mass spectrometry measurements in the optically pum
plasmas.

The observed effects also open a possibility of additio
energy coupling to the vibrational modes of diatomic m
ecules in the optically pumped plasmas~such as CO and N2!.
This process, which requires some initial ionization of t
gas mixture, relies on free electron heating by an exte
sub-breakdown rf field with subsequent vibrational exci
tion by electron impact. Indeed, if the reduced electric fi
is in the rangeE/N5(1 – 3)310216V cm2, which is about
an order of magnitude lower than the breakdown thresh
up to 90% of the input electrical power coupled to t
plasma goes to excitation of vibrational modes of molecu
such as CO and N2.

29–31 The use of this effect would allow
sustaining large volumes of strongly nonequilibrium op
cally pumped gases without using a high-power pump la

IV. SUMMARY

Electron production rate and electron density in cold o
tically pumped CO–Ar and CO–N2 plasmas in the presenc
of small amounts of O2 and NO have been measured using
Thomson discharge probe and microwave attenuation. N
equilibrium ionization in the plasmas is produced by an
sociative ionization mechanism in collisions of highly vibr
tionally excited CO molecules. It is shown that adding sm
amounts of O2 or NO ~50–100 mTorr! to the baseline gas
mixtures atP5100 torr results in an increase of the electr
density by up to a factor of 20–40~from ne,1010 to ne

5(1.5– 3.0)31011cm23). This occurs while the electron
production rate either decreases~as in the presence of O2! or
remains nearly constant within a factor of 2~as in the pres-
ence of NO!. It is also shown that the electron–ion recom
bination rates inferred from these measurements decreas
2 to 3 orders of magnitude compared to their baseline va
~with no additives in the cell!, down to b>1.5
31028 cm3/s with 50–100 mTorr of oxygen or nitric oxid
added to the baseline CO–Ar mixture, orb>(2 to 3)
31027 cm3/s with 75–100 mTorr of O2 or NO added to the
baseline CO–N2 mixture. The overall electron–ion remova
rates in the presence of equal amounts of O2 or NO additives
turn out to be very close, which shows that the effect
electron attachment to oxygen at these conditions is ne
gible. These results suggest a novel method of electron
sity control in cold laser-sustained steady-state plasmas
open a possibility of sustaining stable high-pressure none
librium plasmas at high electron densities and low plas
power budget.
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