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Trace additions of several gases are known to significantly effect CO-laser power and efficiency. Since
small concentrations of additives are generally involved, these additives are recognized as predominantly
influencing the characteristics of the laser plasma. Oxygen has been an additive receiving substantial
attention in past measurements. In this paper we develop a consistent interpretation for all the observed
oxygen effects both from our laboratories and elsewhere. Oxygen in small concentrations will be shown to
improve laser efficiency and power through its effect on the electron-ion recombination process. At higher
oxygen additions, laser output is degraded as a result of vibrational-translation relaxation by oxygen atoms.
In addition, carbon formation and removal, plasma heating and cooling effects, heterogeneous loss processes,
and the influence of polymer ions will be discussed through model calculations.

1. INTRODUCTION

Oxygen as an additive in discharge-sustained
CO molecular laser systems has been used exten-
sively to improve laser output. Although numer-
ous observations on the role of oxygen have been
made, no consistent interpretation has been de-
veloped which characterizes these observations.
In this paper we review the observations on oxygen
as an additive and present a detailed model which
provides a consistent framework for interpreting
these observations as well as the effects of other
additives in the CO-laser system.

In order to accomplish this understanding, the
characteristics of the electron energy distribu-
tion have been studied through a numerical solu-
tion to the relevant Boltzmann equation, and the
detailed plasma and neutral chemistry and energy
transfer processes have been characterized
through a time-dependent rate equation model.
These models are detailed in this paper with ap-
plication to the CO-O,-He system. Two major
points are indicated as a result of this study on
the effect of oxygen on CO-laser performance:
ionic and neutral chemistry are very important
to an understanding of the observations on oxygen
effects, and superelastic processes are critical
to explaining observed ionization levels.

A uniform feature of additive gases found to en-
hance laser power and efficiency is the fact that
these gases have lower ionization potentials than
either CO or He. Thus, the additive can generally
be viewed as being a source of electrons at an
E/N [(electric field)/(total number density)] more
appropriate to maintaining the mean electron en-
ergy near that for optimum coupling to the vibra-
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tional states of CO. Although this viewpoint is
undoubtedly correct for some additives of general
interest, e.g., Xe, oxygen will be shown to en-
hance laser output and efficiency as a result of its
effect on the ion recombination dynamics in the
plasma.

In this paper, homogeneous plasma chemistry
and energy transfer processes will be stressed.
At total pressures around 10 torr under liquid
nitrogen cooling, it will be shown that ambipolar
diffusion competes about equally with homogeneous
recombination as the major electron-loss pro-
cess. At higher pressures, the electron density
is dominated by ionization and homogeneous re-
combination, Attachment processes will be shown
to be generally unimportant due to the large de-
tachment rate by CO.

II. ELECTRON ENERGY DISTRIBUTION
CALCULATIONS

A. Electron impact cross-section data

A summary of the electron impact cross-section
data used in this study appears in Table I. Spec-
ial mention should be made of the cross sections
for electronic excitation of CO. Near the thresh-
old, there is little information on the magnitude
of the cross section for electronic excitation in
CO. Most previous workers have used a single
composite cross section, due to Hake and Phelps
with a threshold of 6 eV and a peak value of 5
% 107® cm? at 10 eV corresponding to the CO(a 1)
state. This cross section, however, is subject
to considerable uncertainty as pointed out by Hake
and Phelps.}

For total cross sections from threshold up to
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TABLE I. Electron impact processes in the CO-0O, system.

Electron impact processes Energy loss (eV) Reference
e + CO:
1. CO' (8 levels)? 0.266—2.034 2
2. CO(a°m) 6.04 see text
3. co('m 8.07 see text
4. C+O° 9.00 3
5. C*+0O° 12.55 3
6. CO* 14.013 4
e"+ 0,y
7. O,' (8 levels) 0.193-1.46 4
8. Oy(ala,) 0.98 5
9. 0,(61%}) 1.64 5
10. O,(A3%xY) 4.5 1,6
11. 0,(B3%z)) 8.4 1,6
12. 9.7 eV allowed® 9.7 6
13. 0+0O° 3.62 3
14. Oy 12.063 4
15. 0*+0 19.54 3
e+ 0:
16. O('D) 1.96 7
17. o(s) 4.17 7
18. O 13.6 4
e + Oy*:
19. Oy 11.0 see text

2The dagger () refers to vibrational excitation and the asterisk (*) refers to electronic

excitation.

about 25 eV, the work of Ajello® on the excitation
of CO(a31) and CO(A 1) has been used together
with the theoretical work of Chung and Lin® on the
excitation of eleven CO electronic states. In the
calculations reported here we have included the
two CO electronic states with the largest cross
sections: the a°ll state at 6.4 eV and the A I
state at 8.07 eV. The cross sections used are
composites of those given in Refs. 8 and 9. They
are in substantial agreement with a similar set
of cross sections due to Sawada et al.'®

With reference to the excitation of the A 3Z and
B33 states of O,, it is known that these excited
states predissociate. The O,(4 3Z}) state!! pre-
dissociates into O(P)+ O(°P) and O,(B3Z;) pre-
dissociates into O(®P)+O(*D).}*12 Although there
are several ways for the O,(B) state to predisso-

ciate into O(®P)+ O(°P) via curve crossings,'? the
probabilities of this occurring are unknown. It
has been assumed in this work that all of the exci-
tation follows the *P +!D predissociative path.
The cross section for ionization of the O,* meta-
stable is unknown and has been taken to be the
same as that for ionization of O,(X) displaced in
energy by the excitation energy of O,*. This is
about the least arbitrary method of obtaining an
estimate of the cross section for this process in
the absence of experimental or theoretical data.
There is some support for this assumption from
the work of Burrow'® on dissociative attachment
fromO,*. He measured the ratio of the ionization
cross section of the a'A, state to that of the X °%,
state at approximately 0.5 eV above each respec-
tive threshold and found it to be 0.8 +0.3.
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FIG. 1. Fractional energy balance in pure CO as a
function of E/N. The effect of including superelastic
processes is demonstrated by the circled points.

B. Results for CO

Nighan'* has shown through electron energy dis-
tribution calculations that as the E/N of a dis-
charge is increased, the fraction of energy going
into electronic excitation of CO increases at the
expense of vibrational excitation, suggesting that
laser operation at low E/N is desirable. This is
illustrated in Fig. 1 which plots the fraction of
electron energy going into the CO vibrational and
electronics states for two values of E/N. Here
#,=2/3%, where i is the mean electron energy.
The effect of superelastic collisions with vibra-
tionally excited CO is also shown in the Fig. 1.
Electrons in the 1-4-eV energy range gain quanta
of energy from the excited vibrational states,
ranging from 0.27 eV for v=1 to 2.30 eV for v=8,
increasing the mean energy of the distribution.
This has only a slight effect on the vibrational
excitation rate coefficients, but dominates the
electronic excitation and ionization rate coeffi-
cients due to the significant increase in the num-
ber of electrons in the high-energy tail of the dis-
tribution function. This superelastic feedback
will be shown later to be of great importance in
CO-laser operation.

1. CO-0,-He DISCHARGE

A. Review of experimental work on the effects of O,
on the CO laser

A number of experimenters!®-® have found that
a small amount of O, added to a cw CO-laser plas-
ma has a pronounced effect upon the operation of
the laser. Bhaumik et al.'® have found that small
amounts of O, (approximately 5% of the CO partial
pressure) enhanced the power output by a factor
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of 10-20% and reduced carbon deposits on the walls
of the laser tube. They suggested that the O, af-
fected the dissociation reaction CO=C+ O by
driving it to the left. Larger amounts of O, had a
deleterious effect on laser operation, possibly,

in their opinion, due to the large electron attach-
ment cross section of O, or to the formation of
CO,. Hartwick and Walder'” found that the total
laser output increased and that the laser became
more stable with the addition of O, to the CO-He
discharge. The optimum mixture was found to be
28 torr He, 2torr CO and 0.1 torr O,. In addition,
they measured the gas temperature in the plasma
using a thermocouple and correlated it to laser
output, finding that the minimum in temperature,
approximately 295 °K, corresponded to the maxi-
mum in power output as the O, flow rate was
varied for a liquid-nitrogen-cooled laser. At slow
oxygen flow rates the measured kinetic tempera-
ture was approximately 320 °K.

Extensive work involving the effects of O, upon
CO lasers has been done by Keren, Avivi, and
Dothan.'®® They found that the addition of O, in-
creased the power output and decreased the oper-
ating E/N of a water-cooled CO flow laser. At
a constant current of 17 mA the laser output power
reached a maximum of 4 W with the addition of
50 mtorr of O, to a mixture of 1.4 torr CO in 18
torr He and the axial field strength in the dis-
charge dropped from 136 to 88 V/ecm. Power out-
put then decreased with the addition of larger
concentrations of O, and lasing was completely
quenched at an O, partial pressure of 100 mtorr.
They also pointed out that the discharge was very
unstable and that laser action could not be obtained
in the absence of the O, additive. On the basis of
the measured decrease in E/N and a calculation
of the fraction of electron energy flowing into CO
vibrational and electronic states as a function
of E/N (similar to that presented in Fig. 1 here),
they concluded that the enhanced power output was
due to more efficient vibrational pumping because
of the lower E/N.

Keren et al.*® also analyzed the composition of
the ions leaving the discharge using a mass spec-
trometer and found that with the addition of 20
mtorr O, to the laser plasma (1.4% of the CO
partial pressure), O," became the dominant posi-
tive ion in the discharge. With no oxygen present
the discharge was dominated by the C,0," dimer
ion and higher-order polymer ions. They sug-
gested that the dominance of O,” was due to ioni-
zation via a three-step process:

e"+CO—-COXad)+e",
CO*+0,—~CO+ O, * metastable),

O, *+e"=0,"+ 2¢e",



claiming that the probability of producing O," by
direct ionization is at least a factor of 20 lower
than the probability of the above process. They
dismiss the charge transfer reaction

CO*'+0,~0,'+CO

as a means of forming O, because, in their opi-
nion, it cannet explain the decrease in E/N that
occurs with the addition of molecular oxygen.
Using this three-step model, they compute that
about 5% of the O, molecules are excited to O,*
for a total O, partial pressure of 25 mtorr.

Because very small amounts of molecular oxy-
gen added to a CO laser have significant effects
upon laser performance, it appears clear that the
plasma properties of the discharge are affected,
but, until now, a consistent interpretation has
not been available. The calculations that follow
are directed toward providing this systematic
explanation of the observed properties of additive
O, in a CO discharge.

B. Plasma chemistry calculations

In order to assess the importance of some of
the processes that can occur in the discharge, the
computer code for calculating the electron distri-
bution function®® was combined with a time-depen-
dent chemical kinetics code. This allows the con-
centrations of all important chemical species to
be computed as a function of time. Since we are
studying cw laser behavior, this computation is
carried out for times of the order of contact times
in flowing cw laser systems (i.e., tenths of sec-
onds). On these time scales many of the species
concentrations are in steady state. The differen-
tial rate equations are integrated directly rather
than solving the steady-state equations because
the coupled nonlinear algebraic equations that
arise from a steady-state analysis are difficult
to solve in a systematic way. More importantly,
there are some species in a fast flow laser (such
as CO, in a CO laser) that may not reach steady
state. The chemistry code that was used in this
work is based on the Runge-Kutta-Merson algo-
rithm for the integration of stiff differential equa-
tions originally developed by Keneshea® in his
studies of ionispheric chemistry. In this scheme,
initial CO, O,, and He densities and an initial
electron and ion density close to their expected
steady-state values are specified. A value for
E/N and an initial vibrational temperature are
also specified as inputs to the calculation of the
electron energy distribution. As time progresses
and the CO vibrational temperature changes, the
electron distribution function is recomputed and
new rate coefficients calculated to reflect these
changes.
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A list of the 79 chemical reactions included in
this calculation is presented in Table II. Only a
relative few, however, are really important and
will be discussed here. The rate coefficients
for the reactions and references to them are also
given in Table II. The rate coefficients for the
first 20 reactions, except number (8), are com-
puted using the electron energy distribution code
and the cross sections discussed above. The rate
coefficient used for ionization of vibrationally
excited CO [reaction (8)] is taken to be the same
as that for ionization of ground-state CO [reaction
(5)]. The rate coefficients shown in Table II for
reactions (1) through (20) were computed using an
E/N=1x10"° Vcm? and a CO vibrational tem-
perature of 3000 K for a gas mixture correspond-
ing to 1.4 torr CO, 50 mtorr O,, and 18 torr He.
These values are shown for illustrative purposes
as they are typical of the conditions being dis-
cussed in this work. The electron reduced mean
energy (%,) under these conditions is about 1.0 eV,
The gas temperature has been taken to be 300 K.
The rate coefficients in reactions (21) through
(79), where they are dependent upon electron or
gas temperature, have been computed using these
values.

To illustrate how the parameters critical to the
calculations being presented here vary with E/N
and vibrational temperatures, we have, in Figs.
2-4 plots of the ionization rate coefficient of CO,
mean electron energy, and CO*, C,0,", andO," re-
combination rate coefficients. These were com-

13° ,
_10% .
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3 10 2000 .
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E/N (V-cr&10'®)

FIG. 2. CO ionization rate coefficients for a 7% CO-93%
He mixture as a function of CO vibrational temperature.
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TABLE II. Reactions included in the plasma chemistry calculations. The notation 3.8 (-12)
means 3.8 x 10712 cm®/molecule sec. Also, the dagger (i) refers to vibrational excitation while
the asterisk (*) refers to electronic excitation.

No. Reactions k References
1. CO+e=CO'+e 9.4 (-9)

2. COM+e=CO+e 2.2 (-8)

3. CO+e=CO*+e 6.8 (-11)

4. CO*+e=CO+e 1.6 (-8)

5. CO+e=CO%+e+e 2.4 (-14)

6. CO+e=C+0O" 2.8 (-14)

7. CO+e=C*'+O"+e 9.3 (-17)

8. CO'+e=CO'+e+e 2.4 (-14)

9. Opte=0y'+e 2.3 (~10)

10. O,'+e=0y+e 4.2 (<10)

11. Oy+e=0Oy*+e 1.9 (~10)

12. Oy*+e=0y+e 5.4 (~10)

13. Oy+e=0,'+e+e 6.6 (—14)

14. Oy+e=0+0+e 5.1 (-11)

15. Oy+e=0+0" 5.5 (=12)

16. Oy+e=0"+0"+e 6.1 (~18)

17. Oy+e=0+0*+e 2.6 (~11)

18. O+e=0*+e 6.1 (-10)

19. O+e=0"+e+e 4.9 (-14)

20. Op*+e=0y'+e+e 1.6 (~13) .

21. O"+CO=COy+e 7.3 (=10) 22
22. CO*+CO=CO'+cO' 9.9 (~11) 23
23. CO*+CO=C+CO, 1.1 (~11) 23
24. CO*+CO+CO=C,0,"+CO 1.4 (-28) 2427
25. C,0,"+CO=CO*+ CO+CO 2.1 (~12) 24-27
26. C,0,"+ e¢=CO+CO 7.4 (=8) 28
27. O,*+e=0+0 1.0 (=8) 29
28. O,*+e=0+0* 1.0 (-8) 29
29. 0*+0,=0+0, 7.5 (~11) 30
30. O,+0+M=03+M 6.4 (—34) 31
31. O*+0;=0,+0, 3.8 (=12) 30
32. 0+0;=0,+0, 2.0 (~14) \ 31
33. Oy+03=0,+0y+0 1.5 (~13) 31
34. 0'+0,=0,*+0 4.0 (-11) 32
35. Oy +e+M=0,+M 8.0 (—29) 21
36. O"+0,'=0+0, 1.0 (=7) 33
37. O°+0=0y+e 2.0 (=10) 33
38. 0" +0y=03+e 5.0 (—15) 33

39. O3+e=0"+0, 1.0 (~11) 33
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TABLE II. (Continued)
No. Reactions k References
40. O +0,*=04+¢ 3.0 (=10) 33
41. O°+0y'+M=03+M 1.9 (=27) est.
42. Oy+e+M=0y"+M 1.0 (-33) 34
43. O+e+M=0"+M 1.0 (-31) 21
44. C+0,=CO'+Ox 3.3 (~11) 35
45. C+CO0,=CO+CO 7.0 (~19) 35
46. C+0,"=CO*+0 2.3 (-10) 35
47. C*+C0,=CO*+CO 1.8 (-9) 32
48. C*+0,=CO*+0 1.1 (-9) 32
49. CO'+e=C+0 9.2 (-8) 35
50. CO'+e+M=CO+M 8.5 (—217) 33
51. C+O+M=CO+M 1.0 (-32) 35
52. CO'+0,=CO+ 0, 2.0 (-10) 32
53. CO'+0=CO+0* 1.4 (-10) 33
54. C,0,"+0,=CO+ CO+0," 2.0 (—10) est.
55. O'+CO,=0,*+CO 1.1 (-9) 33
56. CO*+0,=CO+ Oy* 2.0 (~10) 23
57. O*+CO=0+CO' 1.7 (-11) 36
58. O*+CO=0+CO 5.6 (-11) 36
59. O+CO'=0+CO 5.9 (-15) 37
60. 0,"+0=04+¢ 5.0 (—10) 32
61. O, +0=0,+0" 3.3 (=10) 33
62. O,"+0," =0,+0, 4.2 (=7) 33
63. Oy +0y=0,+0y+e 2.0 (~18) 33
64. 0, +03=0,+05" 4.0 (-10) 33
65. Oy +0y*=0,+0y+e 2.0 (-10) 33
66. O"+0;=0+0," 1.0 (-9) 33
67. Oy'+0;, =03+ 0+0 1.0 (=17) 38
68. O, + 0y =043+0, 2.0 (=7) 38
69. 0;7+0=0,"+0, 1.0 (~10) 38
70. O3 +0=0,+0y+e 1.0 (-13) 38
T1. Op*+ Oy+ 0y=04"+0, 2.8 (-30) 33
72. Oy*+0,+ M=0'+ M 1.0 (-31) 33
73. Of'+0,=0,"+ 0y+ 0, 2.0 (-13) 33
74, Of +0=0,"+ 04 3.0 (~10) 33
75. CO'+He=CO+He 1.7 (-17) 39
76. CO'=CO+hv 3.4 (+1) 40
77. O,'+He=0,+He 1.6 (-15) 41
78. Off+e=0,+0, 1.1 (=17) 29
79. O'+e+M=0+M 2.0 (=27) 33
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FIG. 3. Mean electron energy as a function of E/N and
CO vibrational temperature for a mixture of 7% CO-93%
He.

puted for mixtures of 1.4 torr CO, 50 mtorr O,,
and 18 torr He corresponding to the experimental
conditions of Keren et al.'®® The rate coefficient
for recombination of C,0," was obtained from Cen-
ter,?® who assumed that in his high-pressure ex-
periments the dominant ion was C,0," orahigher-
order polymer ion.

The results of the calculation of the time evolu-
tion of chemical species in a CO-O,-He discharge
are displayed in Figs. 5-8. In these calculations,
the electron density was taken to be 5% 10° em™
initially, with a gas mixture of 1.4 torr CO, 50u
0,, and 18 torr He and E/N equal to 1.05 x 107°
Vem? The initial CO vibrational temperature
was chosen to be 1000 K and, as itincreased, the
electron impact rate coefficients were recom-
puted at T, = 1500, 2000, 2400 °K, etc. The
species CO, O,, 0,0,% and He were included
in the calculation of the electron energy distribu-
tion function, but the presence of oxygen in small
concentrations has little effect upon the shape of
the distribution function even in the high-energy

00 10 20 30
E/N (V-crexId®)

FIG. 4. Recombination rate coefficients as a function
of E/N for two CO vibrational temperatures (solid line
is 300 °K; dotted line is 4000 °K).
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FIG. 5. CO-O,-He kinetics at 300°K for a mixture
ratio 0.072-0.0026-0.9254 at 19.5 torr.
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The above calculations show that O," becomes
the dominant ion in CO lasers containing O, due to
charge transfer reactions and that, as a conse-
quence of recombination kinetics, it is respon-
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FIG. 6. CO-O,-He kinetics (a continuation of Fig. 5).
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FIG. 7. CO-O,-He kinetics (a continuation of Fig. 6).

sible for the lowering of the E/N in a current regu-
lated discharge. This is in direct opposition to
the explanation advanced by Keren et al.'®'® This
lowering of E/N allows for more efficient pumping
of the CO vibrational levels as well as reduced
plasma heating as a result of electronic excitation

NUMBER DENSITY

0" 10° 10® 10
TIME (SEC)

FIG. 8. CO-0O,-He kinetics (a continuation of Fig. 7).
Note that Oy", O", C', O havedensitiesbelow 10-7/cm?
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of CO followed by rapid quenching. Both factors
lead to increased power output. The calculations
also demonstrate that O atoms, formed predomi-
nantly by electron impact dissociation of O,, have
an adverse effect upon laser performance when

0O, is added in large enough concentrations. This
is due to relaxation of the CO laser levels by
vibrational translational eneérgy exchange in CO-O
collisions. The details of these findings and others
are presented in the following sections.

IV. RESULTS
A. Ton kinetics of the CO-O,-He discharge

It was pointed out above that O,* is found!® to be
the dominant positive ion in CO discharges con-
taining oxygen, even when the O, is present in
partial fractions less than 1%. The results of the
calculation (Fig. 7) are in agreement with this
observation. The dominance of O," is due to O,
having the lowest ionization potential of the major
species in the discharge and is formed almost
entirely through charge transfer reactions. C,0,",
which is the dominant ion in CO discharges without
oxygen, and CO* both readily charge transfer with
0, [reaction (54)].

Ionization from the O, metastable, which appears in

large concentrations due to reactions (11) and (56),
O,+ e =0,*+e", (11)
CO*+0,~CO+0,* (56)

has been included in these calculations, but is
unimportant as a source of O, in comparison

to the charge transfer process. The relative rates
of O ionization and CO ionization for typical cw
flow laser contact time of 0.1 sec are shown in
Table III. By reference to Table IIl we see that
the direct ionization of CO [reaction (5)] is over
an order of magnitude larger than the ionization
rate of metastable O,"[reaction (20)]. This ob-
servation is in disagreement with Keren et al,1®1®
who postulated that ionization via metastable O,
is the dominant process for O," production.

This replacement of CO* and C,0," by O," as the
major ionic species has an important effect upon
the voltage-current characteristics of the dis-
charge. For simplicity, if one assumes that the
only formation and removal processes for elec-
trons are ionization and homogeneous recombina-
tion, respectively, the electrons are in a steady-
state density which can be computed from (recog-
nizing that O,", CO*, and C,0," recombine through
a two-body process at the pressures of interest
here)

dle]
dt

= kio“[e-] [CO] = krecomb[e-][ion*] .
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TABLE III. Rate constants and rates of individual
reactions at £=0.1 sec using the reactions in Table II.

k Rate k Rate
1. 9.22 (-9), 5.36 (18) 41. 1.90 (-27), 8.53 (7)
2. 2.24 (-8), 5.19 (18) 42. 1.00 (-=33), 1.52 (9)
3. 7.67 (~11), 4.46 (16) 43. 1.00 (-31), 7.15 (11)
4. 1.57 (-8), 1.47 (13) 44. 3.30 (-11), 4.38 (15)
5. 2.98 (~14), 1.73 (13) 45. 6.98 (-19), 2.23 (8)
6. 3.29 (-14), 1.91 (13) 46. 2.30 (-10), 7.87 (12)
7. 1.12 (-16), 6.50 (10) 47. 1.80 (-9), 5.42 (10)
8. 2.98 (-14), 6.90 (12) 48. 1.10 (-9), 1.08 (10)
9. 2.35 (-10), 1.16 (15) 49. 9.20 (-8), 8.05 (11)
10. 4.16 (~10), 3.94 (13) 50. 8.40 (-27), 2.25 (10)
11. 1.88 (~10), 9.35 (14) 51. 1.00 (-32), 1.91 (12)
12. 5.44 (-10), 2.93 (15) 52. 2.00 (-10), 1.08 (10)
13. 8.02 (-14), 3.98 (11) 53. 1.40 (-10), 2.10 (13)
14. 5.51 (~11), 2.73 (14) 54. 2.00 (~10), 3.61 (12)
15. 5.97 (-12), 2.93 (13) 55. 1.10 (-9), 2.21 (13)
16. 7.46 (~18), 3.70 (7) 56. 2.00 (-10), 6.82 (14)
17. 2.99 (~11), 1.48 (14) 57. 1.72 (=11), 4.42 (15)
18. 6.16 (-10), 1.44 (16) 58. 5.58 (-11), 1.43 (16)
19. 5.97 (-14), 1.39 (12) 59. 5.90 (-15), 2.34 (16)
20. 1.90 (-13), 1.03 (12) 60. 5.00 (-~10), 1.83 (9)
21. 7.30 (-10), 4.87 (13) 61. 3.28 (-10), 1.20 (9)
22. 9.90 (-8), 3.95 (16) 62. 4.20 (-7), 8.42 (7)
23. 1.10 (-11), 4.39 (15) 63. 2.00 (-~18), 1.56 (0)
24. 1.43 (-28), 8.42 (12) 64. 4.00 (=10), 1.12 (6)
25. 2.10 (-12), 4.44 (12) 65. 2.00 (~10), 1.69 (8)
26. 7.32 (-8), 3.62 (11) 66. 1.00 (=9), 2.05 (9)
27. 1.01 (~8), 1.30 (13) 67. 1.00 (-7), 9.67 (7)
28. 1.01 (-8), 1.30 (13) 68. 2.00 (=7), 1.93 (8)
29. 7.50 (-11), 1.64 (14) 69. 1.00 (-10), 1.76 (9)
30. 6.43 (-34), 1.67 (13) 70. 1.00 (~13), 1.76 (6)
31. 3.80 (-12), 3.01 (10) 71. 2.80 (-30), 1.75(9)
32. 2.00 (-14), 6.14 (12) 72. 1.00 (-31), 1.43 (11)
33. 1.50 (-13), 9.79 (12) 73. 2.00 (-13), 2.00 (7)
34. 4.00 (-11), 2.64 (11) 74. 3.00 (-10), 1.41 (11)
35. 8.00 (-29), 3.13 (10) 75. 1.70 (~17), 3.09 (16)
36. 1.00 (-7), 1.47 (10) 76. 3.36 (+1), 2.11 (17)
37. 2.00 (-10), 5.35 (11) 77. 1.60 (-15), 1.19 (15)
38. 5.00 (-15), 2.84 (6) 78. 1.11 (~=7), 3.05 (9)
39. 1.00 (-11y, 1.79 (11) 79. 2.00 (-27), 1.11 (9)
40. 3.00 (-10), 1.86 (11)

If the ion and electron densities are assumed to
be equal (i.e., one ion dominates and negative
ions are unimportant) at steady state,

dle’]

q kg :
dat =0"[e]ss=—-—i“—[COJ.

recomb

As can be seen in Fig. 4, the rate coefficient for
recombination of O, is substantially smaller than
that of either CO* or C,0,". This results in an in-
creased electron density when O,* dominates so
that, under constant current operation, the elec-
tric field must be reduced. A lower electric field
increases the efficiency of electron impact exci-
tation of the CO vibrational states as well as re-
ducing the electron energy channeling into elec-

tronic excitation and hence heat, eventually re-
sulting in increased power output.

As a test of this hypothesis, a simple model
calculation was performed in which, given the
recombination rate coefficient (as a function of
electron temperature), E/N and CO vibrational
temperatures were varied and the ionization rate
coefficient calculated in order to achieve a chosen
current density. Current density j (A/cm?) is
related to electron drift velocity v, (cm/sec) and
number density N, (cm™) by

j=ey,N,,

where e=1.6X 107° C and where the drift velocity
v, can be computed from the electron energy dis-
tribution function.

If a similar steady-state analysis is carried out
for excitation of CO(v=1) by electrons and deexci-
tation by superelastic collisions with electrons,
which is predicted (see Table III) to be one of the
major loss processes for low vibrational levels,
we find at steady state,

[COw=1)] _ &y,

[COw=0)] %p,"
Using these two expressions and the equation for
current density, we can choose an E/N and CO
vibrational temperature, solve the Boltzmann
equation obtaining rate coefficients, temperature,
and drift velocity, and calculate a current density
and new vibrational temperature. This process
can be repeated until the assumed and computed
vibrational temperatures are equal and the de-
sired current density has been obtained. This ap-
proach is simple, but contains the essence of the
processes involved in establishing the electron
density in the plasma. The greatest inaccuracy
lies in the assumption concerning vibrational ex-
citation and deexcitation of CO(v=1) since there
are other important processes, such as excitation
and deexcitation to and from CO(v=2,3,...) that
affect the population of the v=1 level.

Despite its defects, this calculation gives re-
sults reasonable enough to illustrate the point
concerning the relationship between recombination
rate, E/N, and efficiency of vibrational excita-
tion. The results are presented in Table IV. To
achieve similar current densities and vibrational
temperatures using the O," recombination coef-
ficient required a 10% decrease in E/N from the
value needed using the recombination coefficient
for CO*. The lowering of E/N resulted in a 34%
decrease in the fraction of energy flowing into CO
electronic states and a 9% increase in the fraction
being channeled into v=1 alone. Thus, in con-
trast to Keren et al., we have shown that O,*
directly affects both the E/N of the plasma and
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TABLE IV. Results of the simplified calculation of ionization-recombination processes.

E/N (Vcm?) [e7] (em™®) j (A/cm?) € (eV) Varigt (cm/sec) f(COo*) f(COy,.1)
Using kgo+ 1.12 x 10716 4,93 x10*10 23.4 x 107 1.27 2.97 x 10* 21.3% 18.1%
Using ko3 1.01 x 10716 4,99 x10*10 22.2 X 1073 1.09 2.78 x 10* 14.0% 19.8%

the excitation of CO vibrational energy, in agree-
ment with the experimental observations.

B. Negative ions in a CO discharge

The time developmént of the negative ion den-
sities is shown in Fig. 8. Although O~ is rapidly
formed by dissociative attachment of CO and O,
[reactions (6) and (15)], it is rapidly removed by
detachment collisions with CO [reaction (21)].
This is in contrast to the chemistry of CO, lasers
as discussed by Nighan and Wiegand*? and by
Garscadden and his collaborators,**** where nega-
tive ions appear to control the stability of the
discharge at low E/N. The results obtained here
are consistent with the observations*? that addi-
tions of CO to CO, lasers stabilize the discharge
through electron detachment reactions with the
negative ion species.

In order for attachment to Fe(CO), impurity to
be important as pointed out by Center,?® the impur-
ity level would have to be greater than 145 ppm.
This level is substantially above the maximum
level found by Center in his experiments; there-
fore, we expect that impurity attachment is not
important to the conclusions reached in this study.

C. Role of atomic oxygen in the discharge

As mentioned earlier in this section, at higher
O, partial pressures, the laser output power is
found to decrease and the neutral temperature
increase. Our calculations indicate that both of
these effects are due to the formation of O atoms
in theplasma. The cross sections for electron
impact excitation of predissociative O, electronic

states are large. This leads to a large production
of oxygen atoms [reactions (14) and (17)} and a
build-up in the O atom concentration in the dis-
charge. The calculated time development of the
several neutral oxygen species is shown in Fig. 6.
For very small concentrations of O, as an addi-
tive to CO lasers, the dissociation into O atoms
has little effect upon laser performance. Above
some threshold O, concentration, the O atom
density increases to a level where vibrational-
translational (VT) energy transfer collisions be-
tween CO and O [reaction (59)] is predicted to
become the dominant deexcitation mechanism
among the CO vibrational levels responsible for
laser action. Since it is the higher vibrational
levels that dominate the laser output spectrum,
the presence of O atoms will degrade the laser
output. A sample of available vibrational deexci-
tation rate coefficients for CO(v=1) and CO(v = 12)
are shown in Table V. For the low vibrational
states (v=1 to v=8) superelastic collisions with
electrons is the primary deexcitation process. In
the absence of oxygen, radiation [reaction (76)]
and VT collisions with He [reaction (75)] are pri-
marily responsible for CO vibrational deexcita-
tion. The radiative rate for CO(v = 12) molecule
is given by the Einstein A coefficient in Table IV.
The deactivation rate for CO(v=12) by collision
with He is kyp[He]= 262 sec™ for 18 torr of He.
This is approximately the same as the radiation
rate. Using a superelastic rate coefficient for the
v=12~ 11 transition equal to that for the v=1-~0
and an electron density of 10'° gives a deexcitation
rate of 10-100 sec™. Hence, radiation and He VT
exchange are likely to be the dominant deexcitation

TABLE V. Deexcitation of CO vibrational levels.

v=1—0

v=12—+11

Radiation?® A =

VT with He,?® k=
(Tgas =300 °K)

VT with 0,37 k=

VT with 0,,%8 k=

VT with CO,,%8 k=

Superelastic %z =
with e,

33.6 sec™!
1.7 X107 cm?/sec

5.9 x10"1% cm?/sec

239.9 sec™!
9.0 x1071¢ ¢cm3/sec

22.9 x1071%2 cm?/sec
2.1 x10"1 cm?®/sec
8.6 X 1071 cm?/sec

100 - 1078® cm?/sec

2The value shown is computed assuming the same scaling with » as the CO-He VT process.
b The rate coefficient is typically in this range with its exact value depending upon the
electron energy distribution function.
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mechanisms.

However, when O atoms are present, even in
small concentrations, this may strongly affect
vibrational relaxation since the CO-O VT rate
coefficient for the lowest vibrational levels is
more than 100 times larger than that for CO-He.*
If the same scaling with v is assumed for VT re-
laxation by O atoms as exists for the He VT pro-
cess (a substantial underestimate based on SSH*®
mass effect), an O atom partial pressure of only
52 mtorr would be needed for CO-O VT to be equal
to the radiation or the CO-He VT process. Laser
performance will be degraded when the contribu-
tion of the CO-O VT rates is non-negligible in
comparison to the fixed radiation and CO-He VT
rates. The scaling of vibrational rate coefficients
with increasing vibrational level is, in general,
uncertain. However, the collision system of
O(®P)+CO(*Z,v’), which correlates with the triplet
state of CO,, offers the possibility of a strong
“chemical” interaction through curve crossing to
the CO,('T) state and enhanced energy transfer
possibilities associated with a short-lived triatom-
ic complex,

Although the above arguments are somewhat
qualitative due to a lack of reliable rate constant
data information, our chemistry calculations pre-
dict substantial dissociation, up to 20%, for
time scales of the order of flow contact times in
typical CO lasers. For dissociation levels of this
order, O atoms VT processes will substantially
reduce the vibrational content of CO, leading to
reduced laser output as well as increased plasma
heating. )

The effect of higher O, additions on the shape of
the experimentally observed CO vibrational dis-
tribution up to v =30 also clearly shows the emer-
gence of a strong VT process, attributable to O
atoms,**6

It can be seen from the rate coefficients in Table
V that vibrational relaxation by O, will be unim-
portant for the concentrations being discussed
here. The same will be true for small concentra-
tions of CO,, which is formed primarily by reac-
tions (21) and (23):

0"+ CO-~CO,+e", (21)

CO*+CO-C+CO,. (23)

The density of CO, is still increasing, however
(Fig. 7), at the end of the calculation indicating
that there may be a large buildup of this species in
closed CO systems. In flowing discharges with a
residence time of 0.1-0.5 sec this may not be a
problem, but ina sealed system, CO, may be pres-
ent in large enough concentrations to be a major
source of vibrational deexcitation.

D. Additional discussion of CO laser chemistry

We propose that carbon in the CO laser is formed
primarily as a product in the quenching of elec-
tronically excited CO, i.e., reaction (23). Reac-
tions (22) and (23),

CO*+CO~CO'+COf (22)
CO*+CO~C +CO,, (23)

correspond to two channels for deexcitation of
CO* by CO. The total rate coefficient is known,?*
but the branching ratio is not. It has been assumed
in these calculations that 10% of the CO*+CO
reactions follow the C+CO, branch. The C pro-
duction rate is critically dependent upon this
branching ratio and there is, unfortunately, no
information on the branching ratio or even on the
carbon concentrations found in CO discharges.

The carbon is readily removed by reaction (44),

C+0,~CO'+0O* (44)

with O,. This is a satisfactory explanation of the
observation that the addition of O, to a CO dis-
charge reduces or eliminates carbon deposition
in the system. The products of this reaction have
been assumed to be CO' and O(*D) as these are
spin allowed and energetically accessible.

Finally, mention should be made of the possible
role of O(*D) in the discharge. It is rapidly formed
by reactions (17), (18), and (28):

0,+e =~ 0+0*+e", (17)
O+e =-0*+e", (18)
0," +e"~0+0%*, (28)

and, perhaps, (44) as discussed above. The O*is
then rapidly removed in reactions (57) and (58):

0*+CO-0+CO', (57)
O*+CO-0+CO. (58)

Although O * has little effect upon the chemistry
of the system it may, in this way, be an important
source for heating the gas.

Using the reaction rates for both O(*D) quenching
into translational energy [reaction (58)] and re-
laxation of CO' into translational energy [reaction
(59)] as given in Table III, the total energy flux
from these reactions is sufficient to explain the
observed!'” gas temperature increase with increas-
ing O, pressure beyond the optimum pressure for
laser output.

V. HETEROGENEOUS VERSUS HOMOGENEOUS ELECTRON-
LOSS PROCESSES

In low-pressure small-diameter laser dis-
charges, ambipolar diffusion can dominate the



electron loss mechanism. Here we consider the
competition between homogeneous recombination
and ambipolar diffusion in controlling the electron
density in a CO-laser system,

In order to estimate the relative contribution to
the electron loss rate, the time scale associated
with diffusion and recombination must be esti-
mated. The time scale for diffusion loss is found
from a solution to the radial diffusion equation as

Taigt™ (e/kTe)(Az/M+),

where p, is the ion mobility, T, is the mean elec-
tron temperature, and A is the characteristic dif-
fusion length (A =R /2.4 where R is the tube radi-
“s). For a 20 -torr, 300-°K plasma in which CO*
is the dominant ion (taking R=1.4 cm and 7,=0.9
eV)‘“

co* _ -4
Taige =0.17% sec.

The ambipolar diffusion time for O," as the domi-
nant ion is only slightly slower than that of CO*
(9%, =4.7" sec) under the same conditions.”” Evi-
dence suggests that the diffusion of ion clusters in
the case of C,0," is not substantially different from
the parent ion.

The time scale for homogeneous recombination
can be estimated from the rate of the recombina-
tion reactions, (26) in the case of C,0,", and (27)
+(28) in the case of O,". Thus,

7822 _ 4 6 sec

recomb

and
+
Oy

Trecom

»= 1.7 sec.

These estimates show that the ambipolar loss
time scale and the homogeneous recombination
time scale are of the same order. At higher-
pressure and lower-temperature operation, the
homogeneous recombination process will dominate
and the calculations presented above on the influ-
ence of oxygen in the electron density will more
quantitatively apply. Under the conditions of the
calculations presented in this study, the quantita-
tive predictions will be reduced, but the substitu-
tion of O," as the dominant ion will still clearly
reduce the rate of electron loss and produce a
corresponding increase in electron density at con-
stant E/N.

VI. SUMMARY AND CONCLUSION

We have attempted to demonstrate a consistent
interpretation to the effects of small amounts of
molecular O, in a low pressure cw CO-He laser
'system. The observation that very small amounts
of O, lead to a reduction in E/N, a reduction in
plasma temperature, and an increase in output
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power we attribute to the emergence of O," as the
dominant positive ion. Since O,* recombines more
slowly than CO* or its polymers at the E/N of
interest, the same current can be maintained by
a lower E/N. The reduction in E/N results in a
more favorable fraction of the electron energy
into vibration with a corresponding decrease of
electron energy into CO electronic states. The
thermal energy produced by electronic quenching
(E - V/T) is reduced and the plasma cools. The
simultaneous improved vibrational excitation and
reduced plasma temperature leads to improved
laser energy output.

At higher O, additions, the O atoms generated
primarily by predissociation of O, lead to direct
deactivation of the upper vibrational levels of CO
responsible for lasing through VT processes as
well as increased plasma temperatures through
O(*D) formation by electron impact followed by
quenching by CO through E - V/T processes.
These two O atom effects lead to a degradation
of laser output.

The dynamics of carbon formation and loss is
proposed to occur through electronically excited
CO, but is not found to be important in the laser
dynamics except to influence the laser lifetime.
This latter effect occurs when the carbon deposits
increase cavity losses such that lasing ceases.

The importance of plasma chemistry processes
involving minor constituents attests to the com-
plexity of molecular discharge sustained lasers.
The dominance of recombination kinetics as op-
posed to ionization processes suggests that other
additives might enhance laser output in ways previ-
ously unappreciated.

Lastly, we would like to remark on the role of
superelastic processes in the CO laser system,
It is clear that superelastic feedback from the
vibrationally excited CO is critical in determining
observed ionization rates, and hence electron den-
sities. We would like to suggest that superelastic
processes are also responsible for the normal
negative E-vs-I characteristics measured in low-
temperature CO lasers and for the deviation to a
positive E-vs-I characteristic observed under
higher-temperature operation. We suggest that
without O,, the E/N of the discharge is high, but
that at liquid-N, cooling the CO vibrational modes
are still sufficiently excited that the superelastic
feedback determines the ionization rate and elec-
tron density. As the E/N is reduced, a more
favorable vibrational excitation by electrons is
produced coincident with a reduction in plasma
temperature. The subsequent increase in vibra-
tional excitation leads to increased superelastic
feedback, greater ionization, and an increased
electron density, i.e., current. This behavior



1198 W. LOWELL MORGAN AND EDWARD R. FISHER 16

demonstrates a negative E-vs-I characteristic.

Under very high plasma temperatures, such as
maintained by Keren ef al., the superelastic con-
tribution is minimal. Therefore, the ionization
is determined by the high-energy tail of the elec-
tron distribution as provided by the E/N. When the
E/N is reduced the high-energy tail is depressed
leading to reduced ionization rates and lower elec-
tron densities, i.e., a reduction in current. This
behavior is characterized by a positive E-vs-/
characteristic.

It is clear from this suggestion that low-tem-
perature operation or the presence of additives

would give negative E-vs-I behavior in agreement
with observation. Since the only positive E-vs-/
characteristic has been reported under high-tem-
perature operation, we believe this explanation is
consistent with available experimental observation.
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