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Electron production rate and electron density in cold optically pumped CO—Ar and gladinas

in the presence of small amounts of &1d 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 ©r NO (50—100 mTory to the baseline gas mixtures at
P=100torr results in an increase of the electron density by up to a factor of 2@retO n,
<10%m2 to ne=(1.5-3.0)x 10*cm™3). This occurs while the electron production rate either
decreasegas in the presence of or remains nearly constant within a factor of(&s in the
presence of N@ 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 baselifeithlues

no additives in the cell down tog=1.5x 10" 8 cm®/s with 50—100 mTorr of oxygen or nitric oxide
added to the baseline CO—Ar mixture, afiek (2 to 3)xX 10™ ’ cm’/s with 75—-100 mTorr of @or

NO added to the baseline CO~mixture. The overall electron—ion removal rates in the presence

of equal amounts of ©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. @001 American Institute of Physic§DOI: 10.1063/1.13597534

I. INTRODUCTION In the experiments of Refs. 2-16, the CO laser power was
o ) ) fairly low, ranging from a few watts to 200 W cw.
Steady-state nonequilibrium optically pumpgd environ- - 1onization in optically pumped gases is produced by an
ments are produced by resonance absorption of infrared lasgtqqciative ionization mechanism in collisions of two highly
radiation by molecules in low vibrational quantum states,inrationally excited molecules when the sum of their vibra-

with subsequent collisional vibration-to-vibrationvV{V) tional energies exceeds the ionization potertfiat®
pumping up to high vibrational levels? '

AB(v)+AB(W)—AB(v—1)+AB(W-+1). ) AB(u)+AB(W)— (AB); +e, @

In Eqg. (1), AB stands for a diatomic molecule, and E,+Ew>Eion-

andw are vibrational quantum numbers. This method cre-

ates strong vibrational disequilibrium at high densitiap  lonization of carbon monoxide by this mechanism has been
to a few atm in the gas phgsewide temperature previously observed in CO/Ar/He gas mixtures optically
range {[=100-1500K), and a low power budget pumped by resonance absorption of CO laser radidfiof.
(~1-10Wr/cni). In particular, optical pumping by a CO The estimated steady-state electron density sustained by a 10
laser has been previously achieved in gas phase CO/Ar/H& CO laser in optically pumped CO/Ar/He plasmas with
mixtures ™ at pressures of up to 10 aftrgas phase nitric high vibrational level populations of nco(v~30)
oxide>® liquid phase CG3'? and solid CO and NO ~10®cm 2is n,~10-10"cm 3.2 Note that unlike elec-
matrices:>'* Recently, optical pumping has also been dem-tron impact ionization, the ionization mechanism of E4).
onstrated in mixtures of CO with infrared inactive gases,s not susceptible to the ionization heating instability, which
such as nitrogen and air, at atmospheric presStf¥n this  is responsible for filamentation and the glow-to-arc collapse
case, N and GQ molecules become vibrationally excited by in high-pressure nonequilibrium plasmas, where ionization is

near-resonanc¥-V energy transfer from CO, primarily produced by electron impatt.Indeed, since the
high vibrational level populations of diatomic molecules de-
CO(v) +Ny(w)—CO(v — 1)+ Ny(w+1), (2)  crease with temperature due to an exponential rise of the
vibration-translation Y-T) relaxation rate$? there is a
CO(v) + Ox(w) = CO(v — 1) + Ox(w+1). 3 negative feedback between the gas heating and the rate of
associative ionization. This precludes the ionization instabil-
dElectronic mail: adamovich.1@osu.edu ity development and provides a possibility for the use of
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associative ionization for sustaining unconditionally stable~1 mm diameter to increase the power loading per CO mol-
optically pumped nonequilibrium plasmas at high gas presecule, producing an excited region 10—20 cm long and 2 to 3
sures(1l atm and above mm in diameter.

The present article addresses the effect of adding air spe-  The lower vibrational states of C@=10, are populated
cies, such as Pand NO, to optically pumped CO/Ar and py direct resonance absorption of the pump laser radiation in
CO/N, plasmas on the electron production and removal ki-compination with rapid redistribution of population MV
netics. Previous resuf§suggest that adding these species(_:.xchange processes. TheV processes then continue to
produces a significant electron density rise in these plasm%pmate higher vibrational levels abowe= 10, which are
at a nearly constant plasma power budget and electron prepot directly coupled to the laser radiatifsee Eq(1)]. The
duction rate. Therefore the main objective of the pPresenfarge heat capacity of the Ar and,Milutents, as well as
study is tq investigate the role of these additivgs on the elecsonductive and convective cooling of the gas flow, enables
tron density and on the electron removal rate in the plasmg, o) gver the translational/rotational mode temperature in
This would provide insight into the feasibility of sustaining he cell. At steady-state conditions, when the average vibra-

large-volume atmospheric pressure nonequilibrium air plasgg41 mode energy of the CO would correspond to a few

mas at a minimum power budget. thousand degrees Kelvin, the temperature never rises above a
few hundred degrees. Thus a strong disequipartition of en-
ergy can be maintained in the cell, characterized by very
high vibrational mode energy and a low translational/
The overall schematic of the experimental setup isfotational mode temperature. As shown in Fig. 1, the popu-
shown in Fig. 1. A carbon monoxide laser is used to excitdation of the vibrational states of CO in the cell is monitored
CO/Ar and CO/N gas mixtures, with additives such as@  using a Biorad FTS 175C Fourier transform infrared spec-
NO, slowly flowing through the pyrex glass optical absorp-trometer, which records spontaneous emission from the CO
tion cell shown. The residence time of the gas mixture in thdundamental, first and second overtone bands through a CaF
cell is of the order of a few seconds. The liquid nitrogenwindow on the side of the cell.
cooled CO laséris designed in collaboration with the Uni- lonization of highly excited CO molecules in the cell
versity of Bonn and fabricated at Ohio State. It produces a@ccurs by the associative ionization mechanism of @4.
substantial fraction of its power output on the=1—0 fun-  The electron production rate in this optically pumped plasma
damental band component in the infrared. In the present exs determined from the saturation current of the non-self-
periment, the laser is typically operated at 10-13 W cwsustained dc Thomson dischatyjé® between two 3 cm di-
broadband power on the lowest ten vibrational bands. Thameter brass plate electrodes located in the absorption cell as
output on the lowest band4—0 and 2-1) is necessary to shown in Fig. 2. Two infrared transparent Gakindows
start the absorption process in cold @@itially at 300 K) in ~ were placed upstream and downstream of the plates Fig.
the cell. The laser beam can be focused to a focal area &) so that the laser beam creates a nearly cylindrical excited

II. EXPERIMENT
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Glass jacket guide and sent to a tunnel diode detector with a low-noise
DC electrode CaF, window preamplifier. The detector produces a low-noise dc voltage
~ | proportional to the received microwave power, ranging from
0to 15 V for the transmitted power in the range frens0 to
—30dBm. The voltage noise level is typically 1 to 2 mV, so
that the resultant signal-to-noise ratio 4s10*. Power re-
flected by the plasma is detected by a zero-bias Schottky
diode detector through an isolator in the line between the
oscillator and the transmitting antenna. This detector pro-
duces a dc voltage in the mV range proportional to the re-
Waveguide Flasma flected microwave power in the range from 0 to 20 mW. In

Side View Top View the present experiments, the measured change in reflected

power between the laser on and laser off conditions is neg-
FIG. 2. Schematic of the Thomson discharge electrode and microanﬁgime

waveguide arrangement in the absorption cell.

Microwave In l

Microwave Out

Typical microwave power levels transmitted across the 1
cm gap between the waveguides were in the range 10 to
region between the windows. Thus the plasma generated i dBm, decreasing by up to 1 dB when the plasma was
the interelectrode space is isolated from the plasma sustainggnerated. To scale the transmitted signal down to the power
in the remainder of the cell, which significantly reduces therange over which the detector has the highest sensifitrist
charged species drift and diffusion into the interelectrodes, down to the—60 to —30 dBm rangg attenuators were
space. This allows reaching a well-pronounced current satunserted in the line between the receiving antenna and the
ration. The electrodes, which are typically 10—20 mm aparttransmitted power detector. From the relative difference of
are connected to a reversible polarity dc power supplythe transmitted power with and without a plasma the attenu-
(Thorn EMI GENCOM Inc., model 3000Rwhich produces ation of the microwave signal across the plasma was deter-
voltage in the range 0—3000 V. The induced current is meamined with an uncertainty of 0.002 dB. This assumes a neg-
sured with a Keithley 2001 multimeter, \wita 1 MQ) resistor  ligible difference in the power radiated from the gap between
connected in series with the cell to protect the multimeter inthe waveguides, with and without the plasma present, which
case of breakdown. The applied dc voltage is deliberatelys justified by the negligible change in the measured reflected
kept sufficiently low to preclude electron impact ionization. power at these conditions.

Therefore in the saturation regime of the Thomson discharge, During the microwave attenuation measurements, the la-
the applied electric field, which does not produce any ionizaser beam was chopped at a frequency of 57 Hz, providing a
tion by itself, removes as many electrons per second as asgjuare wave laser input into the cell. The laser remained on
produced in the entire discharge volume. The electron proand off for approximately 8 ms. Our previous time-resolved
duction rate per unit volume of the plasma is found from theFourier transform infrared spectroscopy measurerfients
saturation current 8% showed that at CO partial pressufgsy™> 0.5 torr this time is
I sufficiently long to reach both the quasi-steady-state fully
= (5) V-V pumped distribution and the complete vibrational relax-
end“D/4 ation of CO in the cell. In addition, the characteristic time
whered is the diameter of the ionized region created by thescales for associative ionization and for electron—ion recom-
focused laser bearh) is the electrode diameter, amdi’D/4  bination, 7oy~ Ne/(KionNco f2230~0.1ms, and 7ec
is the volume occupied by the plasma. The plasma diameter; 1/8n,~0.1-1.0 ms are both much shorter than the chop-
d=2.5+-0.5mm, is estimated from the diameter of the vis-per cycle duration. Herk;,,=1.5x 10" cm’/s is the asso-
ible blue glow of the ¢ Swan band radiation, which is ciative ionization rate coefficie?, nco=10"cm 2 is the
strongly coupled with the high vibrational level populations CO concentration in the celat Poo=3 torr), f,- 35~ 10 % is
of CO/ the fraction of the CO molecules participating in the associa-

The electron density in the optically pumped plasma istive ionization process of Ed4),?° B=10"8-10""cm’s is
independently measured by microwave attenuation. The mithe electron—ion dissociative recombination rate, amd
crowave experimental apparatus consists of an oscillator, &10'*cm™2 is the estimated maximum electron dengfy.
transmitting and receiving antenna/waveguide system, an@iherefore the laser on and laser off conditions correspond to
transmitted and reflected microwave power detectors. Ththe quasi-steady-state weakly ionized plasma and nearly
phase-locked dielectrically stabilized oscillator generates 2@ully recombined plasma conditions, respectively. The differ-
mW (13 dBm of microwave radiation at a frequency  ence between the incident and transmitted microwave pow-
=10GHz, which is transmitted via SMA-type semirigid ers between the plasma on and plasma off conditions was
cable to an antenna within the transmission waveguide. Thdetermined from the amplitude of the resultant nearly square
gap between the waveguides is 1 cm. The receiving wavewvave forward power detector signabV=Vi,:— Vians
guide is positioned directly opposite the transmitting wave-modulated by the chopper, and averaged by a Textronix
guide, with the laser-generated plasma located between theDS380 oscilloscope over 256 averages. The average elec-
(see Fig. 2 The signal transmitted through the plasma istron density in the plasma was inferred from these measure-
received by an antenna at the back of the receiving wavements using the relatioft,

S
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FIG. 3. First overtone CO emission spectra in optically pumped CO—Ar 0 5 o 15 20 25 30 35 40
mixtures with small amounts of Oand NO added.Pco=3 torr, Pa, v, vibrational quantum number
=100 torr.
FIG. 4. CO vibrational level populations for the conditions similar to those
of Fig. 3. Pco=2 torr, P,,=100 torr.
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where v, is the electron—neutral collision frequency, COw) +0,0)=COw~1)+0x(1),  v~25 )
VIVine = (Vgans— Vind)/ Vine I the relative attenuation factor as discussed in our previous publicatidnOn the other

in terms of the forward power detector voltage proportionalhand, adding comparable amounts of nitric oxide to the base-
to the incident and the transmitted microwave powat, line CO—Ar mixture, in addition to reducing the intensities
=1 cm is the waveguide width, anti=2.5+0.5mm is the of the high vibrational bandsy(=20-30) compared to the
diameter of the ionized region. The electron—neutral colli-low bands ('=2-5), decreases the absolute intensity of
sion frequency in CO-Ar and CO-Nmixtures at P the entire spectrurtsee Fig. 3. This indicates that the popu-
=100torr andT=600K, v.=1.1x10%cm’s and vy, lations of all CO vibrational levels in the range-2—-35 are
=2.1x10%cmd/s, respectively, was obtained from the substantially reduced in the presence of NO. This is consis-
Boltzmann equation solutidh using the experimental cross tent with the fact that compared to CO ang ®O is a much
sections of elastic and inelastic electron collision processefasterV-T relaxer?® so that even the low vibrational levels

available in the literature. of CO are depopulated by the rapidT relaxation processes
O, or NO were both diluted in nitrogen at the 5000 ppm such as
level to add controlled small amountgom a few millitorr CO(v=1)+NO—CO(»=0)+NO ®)

to a few hundred millitorr of these species to the cell. The
resultant @/N, and NO/N gas mixtures have been added to Which are competing with th¥-V pumping process of Eq.
the baseline CO/Ar and COMNyas mixtures. The baseline (1) Thus in both these cases, the concentration of the highly
pressure in the cell waB=100torr, with the CO partial Vibrationally excited CO molecules in the cell is reduced.
pressure oP o= 3 torr. The Q/N, and NO/N mixture par- Indeed, Fig. 4 illustrates this effect showing CO vibrational
tial pressure was varied from 1 to 100 torr. Note that addinglistribution functions inferred from the high-resolution
the same amounts of pure nitrogemithout the additivesto ~ (0.25¢m®) CO infrared spectra in CO—Ar—Omixtures.
the baseline gas mixtures did not produce significant changeimilar behavior has been previously observed from the CO
in the measured electron density. distribution  function measurements in CO-Ar—NO
mixtures®® At these experimental condition®= 100 torr,
Pco=3torn, the translational/rotational mode temperature
lll. RESULTS AND DISCUSSION inferred from the high-resolution (0.25 ¢l infrared spec-
Figure 3 shows the low-resolution (8 c®) CO first tra is in the range of =500—700 K882
overtone infrared emission spectra measured in the optically Figure 5 displays the microwave signal intensity trans-
pumped CO-Ar plasmas with,@nd NO additives. At these mitted through an optically pumped CO—-Ar—NO plasma. As
conditions, vibrational levels up to~35-40 are populated discussed in Sec. Il, the signal is modulated by a chopper
and radiating. From Fig. 3 one can see that adding smalproviding a square wave laser input into the cell. It can be
amounts (-0.1%) of oxygen to the cell gases results in theseen from Fig. 5 that turning on the laser results in the well-
depopulation of the high vibrational levels of CQ ( pronounced attenuation of the transmitted signal due to the
>15-20), without producing significant changes in the lowvibrationally stimulated ionization in the cell.
vibrational level populations. This is most likely due to the Figures 6 and 7 show the average electron density in the
rapid near-resonancé-V energy transfer from highly ex- optically pumped CO—Ar plasmas with small admixtures of
cited CO to Q, O, and NO, respectively. One can see that in both cases

Downloaded 27 Oct 2007 to 169.231.32.210. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 89, No. 11, 1 June 2001 Palm et al. 5907

6.08 1012 <
> 6.06- Laser off : i%%*%
=
b 1
& 101! E I %
@ 6.04 b 3
: L i
] ] S ]
g 6.02 o
g 107 4 3 Torr CO, 100 Torr Ar f
ﬁ p i [ ] Laser power 11 W
1 [ ] Laser power 13 W
Laser on 4
9
5.98 T T T T T T T T T T T , 10 I T T T T T T v T T ]
100 200 300 400 500
0 10 20 30 40 50 0 > .
Time, msec No» mlorr

FIG. 7. Electron density in CO—Ar—NO mixtures as a function of the NO

FIG. 5. Transmitted microwave signal with the pump CO laser turned on "~:
partial pressure.

and off. Pco=3 torr, P,,= 100 torr, andPyo=50 mTorr.

_ o calculations® and inferred from rf probe conductivity
adding 50-75 mTorr of oxygen or nitric oxide to the cell jeasuremen® Similar behavior of electron density as a

gases increases the electron 1den§i3ty by about a factor of 2Ggnction of additive partial pressure was observed in
40, up to ne=(1.5-3.0) 10" cm®, compared with the co/N,/0, and CO/N/NO mixtures(see Fig. 8 where the

baseline case with only CO and Ar in the celb=(3-6)  glectron density also increased by about a factor of 10-20 in
x10°cm®. This type of behavior is somewhat unexpectedihe presence of 25—75 mTorr,®r NO.

since oxygen is known to be an efficient electron attacher by  The opserved sharp electron density rise with the addi-
a three-body process, tive partial pressure between 0 and 100 mT@ee Figs. 6
e +0,+M—0, +M (99 ~and 7 occurs despite the fact that the CO vibrational level

. 1 oh populations have been found to monotonously decrease
with a rate ofk,N=10""*cr/s,* which is likely to reduce \yhen oxygen or nitric oxide are added to the ¢sle Figs. 3
the electron density. Further increase of the additive partiak,q 4 and Ref. 20 This rise might be interpreted by the
pressure up to 400-500 mTorr_resuIted in the gradual red“‘barticipation of @ and NO molecules, which both have
tion OOf _ghe electron density back tone=(1102)  |gwer jonization potentials than CQ@2.1, 9.6, and 14.0 eV,
x10"cm* (see Figs. 6 and)7The uncertainty in the mea- regpectively, in the vibrationally stimulated ionization pro-
sured e_Iectron density, |nd|cated. by t.he error bars in Figs. Ggss of Eq(4). However, measurements of the net electron
and 7 is mostly due to uncertainty in the diameter of theyroqyction rate at these conditions turn out to be inconsistent
ionized region, estimated to be in the range between 2.0 angith this suggestion. Figure 9 shows current—voltage char-
3.0 mm(see Sec. )l The measured maximum electron den- acteristics of the Thomson discharge sustained between two
sities are consistent both with the values predicted by electrodes in the CO-Ar—@lasma(see Fig. 2 One can
coupled master equation/Boltzmann equation modelingee that the saturation current of this discharge, proportional

L el
fi i . ;zmwfff S
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FIG. 6. Electron density in CO-Ar—Omixtures as a function of the O  FIG. 8. Electron density in CO-Nmixtures as a function of the NO partial
partial pressure. pressure.
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FIG. 9. Saturation of the Thomson discharge in the optically pumped™!G. 11. Electron production rate and electron density in CO—Armix-

CO-Ar-0, mixtures.

tures as a function of Opartial pressure.

to the electron production rate in the plasma, is actualljthese conditions, the electron removal rate is essentially a
dropping with the @ concentration. As discussed in Sec. Il, sum of three processe§) ambipolar diffusion of charged

in the saturation regime, the applied electric field removes aspecies out of the ionized regiofii,) electron—ion recombi-
many electrons per second as are produced in the entire digation, and(iii) electron attachment to oxygen molecules.
charge volume. This is illustrated by the measurements ofhe time scales for the electron removal by the first two
electron density in the Thomson discharge as a function omechanisms differ by about an order of magnitudg

the applied voltagésee Fig. 10 The fact that the electron ~d*D,~10ms and 7,e~1/8n,~0.1-1.0ms, whered
density in the plasma drops by about an order of magnitude-0.2 to 0.3 cm is the diameter of the ionized regi@n,

as the discharge approaches saturation confirms that the satu5 cnt/s is the ambipolar diffusion coefficient aP
ration current indeed approaches the net electron productior 100 torr® g~10"8-10"7 cm?/s is the dissociative recom-

rate (within about 10%.

bination coefficient, anah,~10'*cm™2 is the electron den-

The independent measurements of the electron densisity. Therefore in the present work we neglect charge species
and the electron production rate lead us to conclude that thiess by diffusion. Also, @ ion formation by the three-body
simultaneous electron production rate drop and electron derglectron attachment process of E8) is neglected. The ar-
sity rise with the additive partial pressure can be only due tqguments in favor of this assumption are as follow$:add-
the net electron removal rate reduction in the presence dhg small amounts of ©to the cell gases results in an in-

small amounts of @or NO (up to 100 mTory in the opti-

cally pumped CO—-Ar and COA\blasmas.

crease of the electron density in the plasma, which suggests
that rapid three-body electron attachment to oxygen is miti-

To infer the electron removal rate in the optically gated to a large extentji) similar results were obtained
pumped plasmas, we measured both the electron productiovhen comparable amounts of NO, which is not an efficient
rate and the electron density in the same experiment. Aglectron attacher, are added to the cell gases(iandRaman

1012 5
E 1 Torr CO, 100 Torr Ar
] . 35 mTorr O,
_ B somToro,
o 1
£ 100 4
10" i i E
T T T T T T 1
0 400 800 1200

Voltage, V

spectroscopy measurements of thevibrational level popu-
lations @=0-12) in the optically pumped COAO,
plasma¥>®show that Q in these mixtures becomes strongly
vibrationally excited, reaching a vibrational temperature of
T,(0,)=2200-3600K. In particular, the latter result sug-
gests that strong vibrational excitation of, @ight well
stimulate detachment of electrons from the weakly bougpd O
ions (with an electron affininity of~0.43 eV).

With the dominant electron removal process being dis-
sociative recombination, in the steady state its rate can be
directly inferred from the electron production rate per unit
volume, S, and the electron density,,

B= (10

an O

Figures 11 and 12 show the results of simultaneous mea-
surements of the electron production rate inferred from the

FIG. 10. Electron removal by the applied field in the Thomson discharge! NOMson discharge saturation current and the electron den-

approaching saturation.

sity in the optically pumped CO-Ar—£and in CO—Ar—NO
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FIG. 12. Electron production rate and electron density in CO—Ar—NO mix-FIG. 14. Electron recombination rate coefficient in CO-Nixtures as a
tures as a function of NO partial pressure. function of additive partial pressure.

mixtures, respectively. From Fig. 11, one can see that the ] . )
electron production rate drops with the @artial pressure by additives in the cell tgg~ (2 t0 3)x 10 cn/s with 75-100

about a factor of 5, while electron density increases by apmMTorr O; or NO addedsee Fig. 14 Here again the differ-
proximately a factor of 30. Similarly, Fig. 12 shows that the €C€ between the recombination coefficients inadd NO

electron production rate weakly changéapproximately ~doped CO—N mixtures is small.

within a factor of 3 depending on the NO partial pressure, _ 1hus adding small amounts-0.05%-0.1%) of @and
while the electron density increases with the NO partial presNO 10 the optically pumped CO-Ar and COzIglasmas
sure almost by a factor of 50. Figure 13 shows the electronii_llows control and considerable lr;crease of the electron den-
ion recombination rate coefficients inferred from these dat®'y 1[fror_ns Ne=(6-8)x 10°cm® up 10 ne=(1-3)
using Eq.(10). It can be seen that the recombination rate in* 10" ¢m °] by reducing the electron—ion recombination

CO-Ar—0, and in CO—Ar—NO mixtures decreases by aboutat€ (by up to 2 to 3 orders of magnitugeThis result is
three orders of magnitude, from its baseline valuegef2 consistent with the electron density and recombination rate

X 10 5cnls (with no additives in the cellto B~1.5 inference from the rf probe plasma conductivity
x 10" 8cm’/s with 50-100 mTorr oxygen or nitric oxide measureme”}@- . , ,
added(see Fig. 13 Interestingly, the electron—ion recombi- ngntltatlve ll_nterpretf’:ltlon of the observed. effect, i.e.,
nation coefficients in both mixturesvith 50—100 mTorr of identifying specific kinetic processes responsible for the
0, or NO addeli are very close, which shows that the con- electron recombination rate reduction, requires knowledge of

tribution of electron attachment to oxygen at these conditiong€ ion composition of the optically pumped plasma. How- -
is negligible. Similarly, the recombination rate in €ver, a qualitative scenario can be suggested based on previ-
CO-N,—0O, and CO—N-NO mixtures decreases by about OUS ion composition measurements in a glow discharge in

two orders of magnitude, fronB=5x 105 cn?/s with no CO-Ar—0, mixtures usingn situ ion mass spectromet?y.
The mass spectra taken in CO/Ar mixtures without oxygen

show that the dominant ions in the discharge are dimer ions

] (CO), and cluster ions of the general form,(CO), , n
10° __% =1-15. However, adding a few tens of millitorr of,@o
E @ 3 Torr CO, 100 Torr Ar these gas mixtures resulted in the nearly complete disappear-
] " ance of these ions and their replacement by thei@ns.
E Type of additive: . . . . .
o . Note that the electron—ion dissociative recombination rate of
2 107 3 A A oxygen the dimer (COJ ion, B=2x10"%cm®/s?” greatly exceeds
'“g ] % O nitric oxide the rate of recombination of the monomer, Gon, B
= 1 =(3-5)x10 8cm¥s at the electron temperature daf,
1074 A ~0.3-0.5eV?! The recombination rate of the large carbon
] @ cluster ions can possibly be even higher. A similar process,
| § é i.e., destruction of the rapidly recombining carbon-based
10 @ é é cluster ions and their replacement by the slowly recombining
L e e B monomer ions, such as,Oand NO", might also occur in
0 50 100 150 200 250 optically pumped plasmas. This might occur in rapid exo-
Additive partial pressure, mTorr thermic ion—molecule reactions, such as
fulr(itii.i.offgézzcerzz?g?lgfégl"rea.te coefficient in CO—Ar mixtures as a (CO)2++02—>CO+CO+OZ+, (11)
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