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Rate coeAicients for the excitation of the 4.3-p,m bands of CO, by low-energy electrons in CO, have been
measured using a drift-tube technique. The CO, density [(1.5 to 7) g 10" molecules/cm'j was chosen to
maximize the radiation reaching the detector. Line-by-line transmission calculations were used to take into
account the absorption of 4.3-p,m radiation. A small fraction of the approximatdy 10 ' W of the 4.3-pm
radiation produced by the approximately 10 -A electron current was incident on an InSb photovoltaic
detector. The detector calibration and absorption calculations were checked by measuring the readily
calculated excitation coeAicients for vibrational excitation of N, containing a small concentration of CO, . For
pure CO2 the number of molecules capable of emitting 4.3-p.m radiation produced per cm of electron drift
and per CO& molecule varied from 10 "cm ' at F/X = 6 X 10 ' Vcm' to 5.4 g 10 "cm ' at F/ g
= 4X 10 "Vcm'. Here F. is the electric field and X is total gas density. The excitation coeAicients at

lower F/X are much larger than estimated previously. A set of vibrational excitation cross sections is obtained

for CO2 which is consistent with the excitation coeAicient data and with most of the published electron-beam data.

I. IXTROnUeTIOX

This paper reports direct measurements of the
rate coefficients for the excitation of the 4.3-p, m
bands of the CO, molecule by low-energy electrons.
Because of the long radiative lifetime (2.2 msec)
of the vibrational levels responsible for this radia-
tion, primarily from the 001 level, and because
of the low electron energies of interest, we have
made the measurements using an electron drift
tube' operating at gas densities such as to maxi-
mize the intensity of the emitted 4.3-p.m radia-
tion.

Drift tubes have been used previously to mea-
sure rate coefficients for the excitation of visible
and near-ultraviolet radiation from states with
short radiative lifetimes in hydrogen' ' and nitro-
gen. s The advantages of excitation coefficient
measurements using the drift tube relative to
measurements in electrical discharges' ' are that
low values of the ratio of the electrical field to
the gas density, E/N, can be obtained and that a
properly operated drift tube is free from space-
charge-related effects„such as the cathode
sheath and striations. ' The advantages of the
drift tube relative to low-energy electron beam
measurements are that the use of moderate gas
densities maximizes the radiated energy and that
the mean electron energy is readily varied from
well below the excitation threshold (0.291 eV) to
well above thr eshold. The primary disadvantage
of the drift-tube technique is that the extraction
of details regarding the energy dependence of the
excitation cross section from the measured rate
coefficients is hampered by the inherently low
percentage energy resolution which characterizes
the steady-state electron energy distributions. '

Interest in the excitation of the vibrational
levels of CO, by electrons has increased in re-
cent years, particularly because of the develop-
ment of CO, lasers and because of the role of
energy exchange between electrons and CO, in
planetary atmospheres. ' This interest has led
to measurements of cross sections for the in-
elastic scattering of electrons, ""determina-
tions of rates of excitation in discharges from
analyses of laser gain, '3 "theoretical calcula-
tions of cross sections for optically allowed and
forbidden traisitions, " and attempts to derive
sets of cross sections which are consistent with
theory and electron-beam studies" and with
measured electron transport coeff icients. "'"
The available cross-section data have been used
in the prediction of excitation rate coefficients,
electron mobxlitzes, etc.""for gas mixtures
appropriate to electrical discharge and electron-
beam sustained lasers.

The theoretical basis of the experiment is dis-
cussed in Sec. II. Section III contains a descrip-
tion of the experimental apparatus and procedures.
The results of the experiment are presented and
discussed in Sec. iV. A set of vibrational ex-
citation cross sections consistent with the ex-
citation coefficient data, electron transport data,
and with electron-beam-experiment data. is given
in Sec. V.

II THEORY OF EXPERIME& f
A. Pure CO2

The vibrational levels of the lowest electronic
state of the CO, molecule of importance in this
experiment are shown in Fig. 1. The fundamental
modes are the v, or symmetric stretch mode, the
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FIG. 1. Energy levels of the lower vibrational states
of CO, and N2 showing radiative and collisional transi-
tions of importance in the experiments discussed in
this paper.

~, or bending mode, and the v, or asymmetric
stretch mode. In addition, there are levels which
can be regarded as a mixture of the fundamental
modes, e.g. , the 011 level. Since the response of
oui detector decreases rapidly" for wave lengths
larger than 5.5 jism, we detect only transitions in-
volving a change of one or more quantum num-
bers in the v, mode or changes involving more
than one quantum number in the v, and v, modes.
Furthermore, the low degree of excitation" and
the relatively large number of collisions (greater
than 1000) within the time resolution of our ex-
periment insure a Boltzmann population ' ' of
vibrationally excited molecules at a vibrational
temperature slightly above the gas temperature,
e.g. , hT~ =0.3 K. This combination of factors
results in the detectable radiant energy being
emitted primarily in the 001-000 band near 2349
em ' and in the 011-010band near 2336 cm '.
Since the relative populations of the 001 and 011
levels rapidly reach equilibrium by collisions, "
we will treat them as one level in the discussion
of the rate equations.

A schematic diagram of the experimental ar-
rangement is shown in Fig. 2. The excitation of
the CO, takes place in a collision chamber filled
with CO, at densities between 1 &10" and 20&&10"
moleculesq'cm' as the result of a current of
electrons moving between the photocathode and
the anode under the influence of a uniform electric
field. A portion of the radiation emitted by the ex-
cited molecules passes through the gas to a win-
dow and its intensity is measured by an InSb photo-
voltaic detector. In order to discriminate against
background radiation emitted by the walls of the
collision chamber and against scattered radiation
from the Hg lamp used to illuminate the photo-
cathode„ the electric field and thereby the electron
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FIG. 2. Schematic of experiment with detail of drift-
tube col.lision chamber.

Here e is the electron energy, e~ is the threshold
for the collision process, and m is the electron
mass. In some cases it is convenient to express
the rate coefficients in the terms of the number of
events per unit distance of electron drift in the
field direction rather than per unit time as in Eq.
(1). These generalized Townsend coefficients' are

current are 10(Y/0 modulated at some convenient
frequency, e.g. , -295 Hz. The modulated signal
from the InSb detector is amplified and either
enters the multichannel analyzer, where it is re-
corded as a transient waveform for later analysis,
or enters a narrow-band amplifier and lock-in
detector.

The behavior of the photoelectrons which enter
and drift through a gas under the action of the
uniform applied electric field has been discussed
in a number of reviews. ' ' In a gas with large in-
elastic collision cross sections, such as" CO„ ihe
electrons rapidly reach a steady-state distribution
of energies in which the rate of energy gain from
the electric field E is balanced by the rate of
energy-loss collisions with the gas of density N.
At the low percentage ionization (& 10 ")and low
degree of excitation characteristic of the present
experiments this balance results in an electron
energy distribution which generally shows signi-
ficant departures from a, Maxwellian, " ' but which
is a unique function of the E/N ratio and the gas
temperature. The rate coefficients k J for various
collision processes, such as excitation, are found
by averaging the appropriate cross section OJ(e)
over the normalized energy distribution c' 'f(e),
l.e.)
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defined by

where ML is the electron drift velocity.
The differential equation describing the time de-

pendence of the excited CO, density nc is

Bnc 2— — = —gAng —k, Vng+DV nc+k, cNn~,

where g is the Holstein imprisonment factor"
which accounts for absorption of the 4.3-p.m ra-
diation by CO„A is the radiative transition proba-
bility, "k, is the rate coefficient"' ~ for deexci-
tation of the v, mode in collisions with ground-
state molecules of density N, D is the excited
molecule diffusion coefficient, "and k, c is the rate
coefficient for excitation"'" of the CO, to the 001
and 011 levels by electrons of density n, . Deex-
citation by electrons can be neglected at the low
electron densities (& 10' cm ') of these experi-
ments. . Radiative transitions from the 001 level
to the 100 and 02'0 levels can also be neglected.
%e can approximate the effect of the dif'fusion
term by using solutions of Eq. (3) appropriate to
the fundamental diffusion mode, "i.e. , replace
DV'nc by —Dnc/A', where A ' = (v jl,)'+(2.4R)' is
the diffusion length and 8 and J are the radius and
length of the experimental tube. Equation (3) then
becomes

dnc c+k, cNn„
dk

where the decay constant y is given by

The use of Holstein's g factor is also the result of
the use of an approximate solution to the complete
integrodiff erential equation. " Our experimental
conditions are such that gA «k, N+D/A' for all
gas densities used, i.e., most of the excited
molecules are destroyed before radiative trans-
port can change their spatial distribution.

Since (a) the distance through which the electrons
move before reaching the steady-state energy
distribution is small, ' " (b) the transit time of the
electrons' "across the drift tube (-Lpsec) is
short compared to the time resolution of our ap-
paratus, (c) the illumination of the photocathode
is independent of time, and (d) the E/N values are
low enough so that electron attachment and ioni-
zation can be neglected, "we can assume that the
electron density in Eqs. (3) and (5) is independent
of time and position during the period of constant
applied field. During the period of zero applied
field the few electrons remaining in the drift tube
rapidly (-0.1 psec} cool" to the gas temperature,
so that for the purposes of Eqs. (3) and (5) the

nc = acgf/e. (6)

This means that if one measures the initial rate of
rise of the excited atom density nc/t or the cor-
responding rate of rise of radiated energy one
does not need to measure the decay constant y.
This relation also follows from Eqs. (6) and (4),
for small nc.

An important simplification of Eqs. (6) and (7)
occurs at the high gas densities at which our ex-
citation coefficients were determined (see Ap-
pendix A). In this limit D/ A«kcN, so that dif-
fusion losses can be neglected. The magnitude
factor in Eqs. (6) and (7) then becomes

n

c(max�)

-=a cj /e y = (a c/N )j /eh ~

so that the excited molecule density per unit cur-
rent density is independent of the CO, density at
fixed E/N and gas temperature. This feature
places an upper limit on the density of excited
moleeules which can be produced in a spaee-
charge-free drift tube for a given gas. It also
means that for densities of CO, such that diffusion
loss is negligible the addition of an atomic gas can
increase the excited molecule density only through
a possible increase in o, c. On the other hand,
foreign gases can reduce the excited molecule
density through an increase in quenching. The ef-
fect of adding molecular gases with nearly reso-
nant energy levels, such as N„will be discussed
in Sec. IIB.

The magnitude of the signal, S, developed by the
detector as the result of the radiation emitted by
the excited molecules in the drift tube is calculated
from the relation

S =f+(v, )Ahv, 0(p)nc—d V,
4Q

where f~ is the fractional transmission of the win-
dows between the gas of the cell and the detector,
D(v, ) is the responsitivity of the detec'. or at the

density of electrons capable of producing excited
molecules is zero. It is convenient to express the
electron density in terms of the electron current
density j using the j = cue, . Under these conditions
the solution for the excited molecule density with
negligible initial nc is

nc=(h, cd /ewy)(1 —e «') =(~j/ey)(1 —e «'-) (6)

where j is the current density during the period
of application of the field beginning at t =0. Fol-
lowing a sufficiently long voltage pulse,

tnc= (acj/ey)e «',

where t' is measured from the time of removal of
the field. Note that for short times, i.e. , yt«1,
Eq. (6) becomes
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FIG. 3. Calculated fractional transmission of CO&

4.3- pm radiation through CO2 and CO2-N2 mixtures.
Contributions to the emission and absorption by the
001-000 bands of 2CO2 and CO& and the 011-010band
of '

CO& are included as described in Appendix B. The

symbols and associated values of percent CO&, temper-
ature, and total gas density are 0: 2%CO&, 300 K,
1.6x10'8 cm ~- ~: 4%CO 300 K, 1.6x1018 cm 3;0:
2%CO&, 204K, 2.4x10'8 cm ~;4: 100%CO2, 300 K,
3.2x10 7 cm ~ 6: 100%CO 205K 4.7x10 6 cm ~.

and x: 100%CO&, 300K, 1.6x10' cm . The dashed
curves give the predictions of the approximate formula
of Appendix B.

frequency v, of the origin of the 4.3p.m transition,
g'(p) is the fraction of the 4.3-p.m band which
traverses the distance p from the point of produc-
tion to the window nearest the detector, b,Q is the
solid angle subtended by the detector from the
volume element and h is Plank's constant.

The calculation of the transmission factor V' is
very involved because of the large number of ro-
tational transitions in the 4.3-p.m band, and is
summarized in Appendix B. The results of this
calculation are given in Fig. 3. The transmission
factor V decreases approximately as the square
root of the distance p through which the radiation
passes. At a fixed temperature and intermediate
CO, densities the transmission factor is inde-
pendent of the CO, density. Both of these charac-
teristics are as expected for isolated, self-broad-
ened, and Lorentzian-shaped lines. " The ap-
proximately 30% increase in & when the tempera-
ture is raised from 204 to 300 K is almost entirely
due to the increased contribution of the 011-010
transition, which is thermally excited and which
is relatively weakly absorbed. The decrease in
~ for pure CO, at 300 K when the COB density is
increased from 3 2 &10'7 to 1 6x10" cm is
caused by the overlapping of neighboring lines in
the CO, absorption spectrum (see Appendix B).
As expected, this effect becomes more pronounced
as the distance p is increased.

The magnitude of the signal developed by the

detector when illuminated by the blackbody in the
absence of CO~ in the cell is given by

s, =f f,A, nQ, D(v;) f; (v)B(v) dv,

where f, is the fractional transmission of the win-
dows near the blackbody, A, is the area of the
limiting aperture between the blackbody and the
detector, AQ~ is the solid angle of the detector as
seen from the limiting aperture, f, (v) is the
fractional transmission of the interference filter
between the blackbody and the collision chamber,
B(v) is the intensity of the radiation emitted by
the blackbody per unit area at the frequency v,
and D(v, ) is the sensitivity of the detector at the
frequency of peak transmission of the interference
filter. In the range of frequencies and blackbody
temperatures T, of interest in these experiments,

B(v) =(2hv/A')e ""~' ', (»)
where A. is the photon wavelength and k is Boltz-
mann's constant. Because hv/hT, »1, one can
determine the frequency at which the integrand of
Eq. (11) is significant by varying T„as discussed
in Sec. III C. Since the detector responsivity
varies slowly with frequency, "we assume D(v, )
=D(v, ). The excitation coefficient is then obtained
from Eqs. (9)-(11)and is given by

&c 4&efbAnaQ~ y' S(max) J, f((&)B(&)dug& dV
N S,ALhv, N i 1 n.Qj &dV

(13)
where L is the electrode separation. In our cal-
culations j is assumed to be independent of posi-
tion. Because of the slow variation of f (p) with

p, the results are expected to be insensitive to the
distribution of j.

B. C02-N2 mixtures

Measurements of the rate coefficients ror the ex-
citation of N, were undertaken in order to provide
a test of the detector calibration and gas transmis-
sion function calculations. Nitrogen was used for
this purpose, because (a) analyses of electron
collisions"" in N, have shown that for E/N be-
tween 2x10 '6 and 4X10 '6V cm'at least95'Pq of the
energy gained bythe electrons from the applied field
is usedto excite vibrational levels of N„and (b) the
rapid collisional exchange of energy between the
first excited vibrational level of N, (2331cm ) and
the 001 level of CO, (3349cm ') means that with a
small admixture of CO, the population of CO, in
the 001 level is determined by the ratio of the
readily calculated rate of vibrational excitation of
N2 to the mea. sured decay constant 4.3-pm radia-
tion.
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CO, (001)+ N, (0) = N, (1) + CO, (000), (14a)

where the number in parenthesis indicates the vi-
brational quantum number and" k, = (5.6 +0.3)
x10 "cm'/sec at 300 K and varies as T ' ';

N, (1)+ N2(0) 2N~(0), (14b)

where kb-10 " cm'//'sec at 300 K and decreases
rapidly as T decreases";

CO, (001)+ CO, (000) -CO, (v„v, ) + CQ, (000},

where v, and v, are indicative of the uncertainty
as to the exact distribution of the energy among
the v, and v, vibrational modes and" k, = 1.1
x10 "cm'/sec at 300 K and 6.5 x10 " cm'/sec
at 200 K;

CO, (001)+ N, (0) -CO, ( v„v, ) + N, (0}; (14d)

The collision processes" "which need to be in-
cluded in the rate equations describing the density
of CO, molecules in the 001 level nc and of N,
molecules in the v = 1 level n~ are the following:

N, (1)+CO,(000)-N, (0)+CQ, (v„v, ) . (14e)

The rate coefficients for processes (14d) and (14e)
have not been separated at our temperatures, but
Moore et al."find

where k a/k a
= e ' and AF = 18 cm '. Making

use of this approximation, "we find that the rate
equation for the sum of the densities of excited
CO, and N, is

k~, -:kd +k, k, /k, =3.3x10 " cm'/sec

at 300 K. Inoue and Tsuchiya'" find a value of
1.4x10 " cm'/sec at 200 K.

Solutions to the rate equations for the densities
of vibrationally excited CO, and N.„which include
reactions (14a)-(14e), have been discussed by a
number of authors. " In particular, Moore et aL."
have shown that the transfer of excitation between
CO, molecules in the 001 level 32' and N,, molecules
in the v =1 level n~ is fast enough so that

n /n, =k, [N,]/k, [CO,],

1+ ' '
d

= (k„~[N,] +k, c[CO,])n, —n, (( kb[-N, ] +k, [CO,] +D~/A') k, [N, ] /k, [CO,](
k, [N,] dnc

k', CO,
+kc[CO21+kd[N2] +g A+Dc/A2). (16)

Here we have again approximated" the effects of
self-absorption on the escape of the 4.3- p, m radia-
tion by Holstein's g factor" and the effects of the
diffusion of the excited molecules to the electrodes
by the loss rate characteristic of the fundamental
diffusion mode. " The normalized diffusion co-
efficients for the excited N, and CO, molecules,
i.e. , ND~ and ND&, respectively, are expected
to decrease by about a factor of 2 as the relative
CO, concentration increases. " The k,~ and k, ~

are the rate coefficients for excitation of the vi-
brational levels of N, and of the v, mode of CO»
respectively.

Equation (16) is very similar to Eq. (4) and

yields Eqs. (6)-(8) if we replace ac/N by

Qv (QgXg+QcXc) kaXv
N k,X~

and y/N by

y„( ~ k/kk, ) X+~,kdXXc~+k~'c+gAXc/N+(ND~X~k, /k, +NDcXc)/A' N'
(18)

Here Xc =[CO,] /N, X~ =[N,] /N, an/N = k,~/w„and n /No= k, c /w, . If one neglects the radiation escape
and diffusion terms in Eq. (18), the decay constant y~ is the same as that given by Moore et al."

For comparison with other experiments it is convenient to rewrite Eq. (18) in the form

y„' y„k, gA (ND„Xnk, /k, + NDcXc)
[ CO,] [COB] k ' N

kbka 1 k, kbk,
+ kde —2kc + +kc kde

k a X~ -a -a

Figure 4 shows a plot of y„'/[CO, ] calculated using
the coefficients cited in the discussion of reactiors
(14a)-(14e). Under the conditions of the experi-
ments reported in this paper we find the contri-

bution to y„'/[CO, ] for the escape of radiation,
i.e. , gA/N, to be about 1%. The contribution of
diffusion varies from about 1% at the higher total
density (2x10" cm ') and larger CO, fractions to
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Tsuchiya; and 0: the present paper. The datum of
Sepucha is indistinguishable from that of Rosser et al.
for pure CO&.

about 10/o at the lower total density (1 x10" cm ')
and lower CO, concentrations.

In addition to the changes in the values of ex-
citation and decay coefficients when N, is added to
CO„one must take into account the effects of the
broadening of the lines of the 4.3-p, m band by
nitrogen. The calculated values of the fractional
transmission for two CO, -N, mixtures are shown
in Fig. 3. The values of V' at 300 K are seen to
scale with the variable [CO,] p/[N] for 2% and 4%

CO, in the mixture and for 1&p&4 cm (see Ap-
pendix B). The mixture results extrapolate to
values somewhat below the pure CO, values, be-
cause of the smaller cross sections for collisional
broadening" of CO, by N, than by CO, . Because
of the much larger values of K and smaller values
of y„ for the mixture than for pure CO„one ex-
pects a significantly improved signal-to-noise
ratio for the mixtures.

III. EXPERIMENTAL APPARATUS AND PROCEDURE

A. Apparatus

The drift tube shown schematically in Fig. 2 is
formed by two parallel circular disk electrodes
placed inside a stainless-steel cavity. The
electrodes are 4.3 cm in diameter and are 1.4 cm
apart. The cathode has a concentric hole 2.5 cm
in diameter in which is placed a quartz window
that has been coated with a thin layer of palla-
dium. ' Light from a 100-W high-pressure mer-

cury lamp mounted in a water-cooled housing
passes through a 1-cm-thick uv-transmitting
quartz block which absorbs the infrared portion of
the spectrum. The uv light then passes through a
light pipe and a sapphire window in the cavity wall
to the cathode. A second sapphire window is used
for viewing the radiation emitted from the gas,
while a third window allows radiation from a
blackbody to pass through the drift tube to the de-
tector for calibration purposes.

The detector is a liquid-nitrogen-cooled photo-
voltaic indiumantimonide inf rared detector" with
a peak response near 4.5 pm. The detector output
is amplified through a current-mode operational
amplifier followed by an ac-coupled, 0&1000-gain

voltage amplif ier. High-transparency wire
screens cover the cavity exit window and the de-
tector mount so as to shield the detector from the
electric field variations which are produced as
the result of modulation of the voltage across the
drift tube.

The blackbody calibrating source is a blackened
cone with a 0.6-cm aperture and is provided with
a temperature controller capable of maintaining
the cone at temperatures from 320 to 870 K to
within 5 K. A chopper blade driven by a synchro-
nous motor interrupts the output of the source at
a frequency of about 65 Hz. A second aperture
limits the amount of radiation falling on the de-
tector to a value about equal to that measured
during the experiment. An interference filter
whose peak response is at 2345 ~ 30 cm ' is used
to select that part of the blackbody spectrum which
coincides with the CO, (Av, = 1)-band emission.
This interference filter is placed at room tempera-
ture between the blackbody and the drift tube, so
that it retains its measured room-temperature
transmission characteristic of about 30%%uo peak
transmission and about 0.2 p. m bandwidth.

The semitransparent cathode" is formed by
vacuum deposition of an extremely thin layer of
palladium on a 2.5-cm diameter ultraviolet-trans-
mitting quartz window which had been provided
with a baked-on metal contact ring. The photo-
electric yield is highly dependent on the coating
thickness. Although no systematic studies of
photocurrent versus thickness were performed,
it was found that good results are obtained with a
film which is approximately 80%%up transmitting to
room light. The maximum photocurrent obtained
in vacuum is about 1 p, A. In the presence of a gas
the photocurrent varies roughly as (E/N)' ', and
for values of E/N near the maxiumu used ( —3
x10 "V cm') the photocurrent is about 2x10 ' A.
The high-voltage pulsing unit provides a positive
going, zero-based square-wave accelerating
voltage of up to 1000 V to the anode of the drift
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tube. It is triggered by a signal from the data
collection system. The maximum voltage that ean
be applied without breakdown and destruction of
the photocathode depends on the pressure of the
gas in the drift tube and requires that E/N & 6
X10 "V cm'. The accuracy of measurement of
the peak voltage is about 1%. The electron cur-
rent through the drift tube passes through a two-
section, low-pass RC filter to an electrometer,
and the average current is measured to an
accuracy of about 5%.

The all-metal and glass gas-handling system in-
cludes a gas manifold pumped by an oil diffusion
pump, a liquid-nitrogen trap, and a zeolite-trap-
ped mechanical pump. A capacitance-type dif-
ferential manometer separates the high-vacuum
region from the mechanical gauge used to deter-
mine the gas density. The accuracy of the gauge
is quoted as 0. 2%%uc of full scale, or 13 Pa (0.1 Torr).
Bakable leak valves are used to introduce "re-
search grade" gases into the gas manifold from
high-pressure 4-MPa (40 atm) gas bottles. The
manufacturers specifications are less than 0.01%
and 0.001/0 impurity for the CO, and N„re-
spectively. An oven was oeeasionally used to bake
out the drift tube and gas manifold. Residual gas
pressures of about 1 jLj. Pa and rates of rise of
about 1 pPa/sec were obtained after bakeout.

B. Signal-averaging techniques

Two different signal-averaging techniques were
used, depending upon whether the primary con-
cern was the determination of the absolute magni-
tude of ac/N or the determination of the variation
of ac/N with E/N. A discussion of both methods
follows:

(1) The first method utilizes a multichannel
sealer to control the experiment and collect the
data for determination of the absolute value of
a c/N. The unit is programmed to switch on and
off the drift tube voltage at preset channels so as
to give rise to a symmetric 50% duty cycle
square-wave accelerating voltage. The output of
the detector-amplifier is fed into the analog-to-
digital converter and is integrated for the dura-
tion of each channel. The number of sweeps per-
formed depends on the signal-to-noise ratio of
the detector output, with the maximum integration
time limited by the noise generated by the analog-
to-digital converter. For pure CO, at high E/N,
integration times of about 250 sec are typical.
For CO, -N, mixtures, integration times of 5 sec
are usually adequate. The output waveform from
the multichannel signal analyzer is then recorded
on punched tape and is analyzed by means of a
least-squares fitting routine which determines

the peak-to-peak amplitude and the time constants
of the growth and decay of the detector output.

(2) The second method of running the experiment
utilizes a lock-in detector to improve the signal-
to-noise ratio over that obtained with the analog-
to-digital converter. The reference signal output
from the lock-in detector is converted into a
square wave and is then used to drive the high-
voltage pulsing unit. The output of the infrared
detector amplifier is fed through a bandpass
filter centered at the signal frequency and then
into the signal channel of the lock-in detector.
The output of the lock-in detector is proportional
to the fundamental component of the infrared
signal waveform. Careful monitoring of the signal
channel was necessary so as to avoid overloading
at the various stages of the lock-in amplifier.
For applications at low signal-to-noise ratio,
where long integration times (2000 sec) are ne-
cessary, the output of the lock-in amplifier is re-
corded on the multichannel sealer.

C. Calibration procedure

Calibration of the detector using the blackbody
source is normally performed before and after an
experimental run. The drift tube is evacuated be-
fore calibration, as any CO, present would at-
tenuate the blackbody radiation. The multichannel
sealer is synchronized with the chopper wheel.
The peak-to-peak signal amplitude, the filter
transmission data, and the calculated solid angle
subtended by the detector at the blackbody aper-
ture are used to calculate the responsivity of the
detector system. A test for proper operation of
the calibration system is to measure the detector
output as a function of blaekbody temperature as
determined by an internal Pt, Pt-10%-Rh thermo-
couple referred to an ice bath. The detector out-
put is observed to vary exponentially with 1/T, for
reference temperatures between 370 and 590 K,
as expected from Eq. (12). The variation of S,
with 1/T, shows that at reference temperatures
below 370 K emission from the chopper blade
becomes significant. Therefore a temperature of
about 460 K was used for routine calibrations. The
slope of an exponential plot of relative calibration
signal vs 1/T, showed that the detection system
had a peak response at 2350 +100 cm ', as ex-
pected from the filter characteristics. This fre-
quency is close enough to that of the 4.3- p, m-band
peak so as to justify the assumption of D(v, )
= D(v, ) in Eq. (11).

D. Test for reflected signals

A test was carried out for the presence of signi-
ficant signal at the detector resulting from re-
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flection of the 4.3-p. m radiation by the electrodes
and walls of the collision chamber. For this test
the detector was moved away from the cell window

and an aperture was placed between the cell and
the detector such that the only reflected radiation
which could reach the detector was from the win-
dow on the far side of the cell. These measure-
ments were made with the 2%%up CO, +98/p N, mix-
ture, because of the high signal-to-noise ratio.
When differences in geometry were taken into ac-
count, the measured excitation coefficients agreed
to 6% with those obtained using a geometry which
allowed the detector to view the entire collision
chamber.

IV. RESULTS

A. Pure CO2

Examples of the measured values of the peak
4.3-p.m signal normalized to the current through
the cell are plotted in Fig. 5 as a function of the
CO, density for various values of E/N at 300 K.
These data show that the ratio of the 4.3-1L(.m flux
reaching the detector to the electron current
through the drift tube is independent of CO, density
for densities between about 1.5 &&10" and 7&10"
molecule/cm'. At higher CO, densities the 4.3-p, m

signal per unit current is seen to decrease with
increasing gas density, as expected, because of
the decrease in V'(p) caused by overlapping wings
of the lines of the 4.3-p.m bands. A decrease in

the 4.3-p. m signal per unit current was also ob-
served at CO, densities below those shown in Fig.
5, as expected, when the loss of excited mole-
cules increases because of diffusion to the elec-
trodes (see Appendix A). As indicated by the
square point for X~=1 in Fig. 4 the decay constant
for pure CO, at 300 K is within 10%%uo of the ac-
cepted value. At 205 K our value is-20%%up lower
than the value obtained by Inoue and Tsuchiya"

Figure 6 shows the excitation rate coefficients
derived from data such as those of Fig. 5 when
placed on an absolute scale through calibration of
the detector, etc. The solid points are the aver-
ages of two absolute determinations of ac/N at
282 and at 204 K as obtained using the multi-
channel analyzer to record the 4.3-p.m transient
from the excited CO, and from the calibration
source. The open points were obtained at fixed
gas density, e.g. , 3 &10" molecules/cm', and
variable electric field using the lock-in detector
to determine relative values of the 4.3-pm signal.
These relative values were then normalized to the
absolute values for the respective gas tempera-
tures. The ac/N values shown in Fig. 6 were cal-
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culated using an A value" of 460 sec '. Note that
for E/N&2 x10 "V cm', the excitation coefficient
is given empirically by ac/N =1.8 x10 "xexp(-3. 0
x10 "N/E) cm'. The data of Fig. 6 show that for
E/N& 1 &&10 "V cm' nc/N is independent of the
gas temperature to within the scatter of the data.
Thus the-3 increase in y'(p) as the temperature
is increased from 204 to 282 K (see Appendix B)
is accompanied by a corresponding increase in
the 4.3- p, m signal.

The scatter in the data points is indicative of
the reproducibility of the relative values of ac/N.
The absolute values of ac/N obtained at each gas
temperature were in agreement +10%%up. The manu-
facturer's stated accuracy for the infrared source,
coupled with estimated inaccuracies in the mea-
surement of distances, limiting aperture area,
window and filter transmission, and reference
temperature, lead to an estimated accuracy for
the detector calibration of + 10%%up. Electron cur-
rent measurements, fitting of the measured signal
transient, evaluation of spatial integrals, and
calculation of the product of Af'(p) are estimated
to introduce an uncertainty of a 10%. Note that the
uncertainty in A is partially cancelled in the pro-
duct A1'(p), which according to the relations de-
rived in Appendix B varies as A'~' under the con-
ditiond of this experiment.

The solid curves of Fig. 6 are those calculated
for pure CO, using the electron collision cross
sections given in Sec. V while the lower dashed
curve is that obtained by Lowke, Phelps, and
Irwin" (LPI) and by Judd. " The rate coefficients
calculated by Hake and Phelps" are in reasonable
agreement with those of Fig. 6 at low and high

E/N, butare-25%toohighforE/N=2x10 "V cm'.
The coefficients given by Nighan" are in good
agreement with the experimental data in the region
of overlapping E/N.

The straight line in Fig. 6 labeled (a/N) is ob-
tained by dividing E/N by the energy in electron
volts of the 4.3-1(J.m photon. This line gives the
values of ac/N which would be determined from
experiment if all of the electron energy were used
to excite the v, mode of CO, . From the ratio of
the measured values of ac/N to (a/N) the maxi-
mum efficiency of excitation of the v, mode is
found to be(60+ 10)%at E/N=2&&10 "Vcm'.

B. Co -N2 mixfures

The decay-constant data from our experiments
in CO, -N, mixtures are plotted in Fig. 4 for
comparison with the smooth curve generated
using Eq. (19) and the rate coefficients cited in
Sec. IIB. The high values in our data may result
from the accumulation of impurities in our
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FIG. 7. Electron excitation coefficient for vibrational
levels of N, and 001 level of CO& (nN~N+~c+c~+ vs
E/N for 2% N~ in CO&. The ~ and S points were obtained
at 282 and 205 K, respectively. The solid curve is that
predicted using the cross-section set discussed in
Sec. V, whil. e the short dashed curve is the result of
calculations by Lowke et al . Qef. 19). The straight l,ine
gives the excitation coefficient expected if all of the
electron energy were used to excite vibrational levels
of N2 and the && mode of CO&.

vacuum system, which was baked only occasion-
ally. The measurements of decay constants re-
ported here agree sufficiently well with the data
obtained by others so as to support the assump-
tion critical to the determination of the excitation
coefficients, i.e. , that the number of CO, mole-
cules excited to the 001 level is in equilibrium
with the density of vibrationally excited N, . The
decay constants obtained at 282 and 205 K de-
crease with decreasing temperature approxi-
mately as expected. " The experimental excitation
coefficients (a~X~+a&X c)/N for a mixture of 2%

CO, and 98% N, are shown as points in Fig. 7. The
excitation coefficients are calculated using Eq.
(17) and Eq. (13) as modified by replacing ac/N
by a„/N and y/N by y„/N B.ecause of the much
larger signal-to-noise ratio observed in the CO, -
N, mixtures, all of the data were obtained with
the multichannel sealer and each point shown is an
absolute deter mination. The estimated uncertain-
ties in the values of (o.~X„+o.cXc)N are the same
as for pure CO, . The measurements shown were
made at total gas densities of (1-2)X10"cm ' so
as to allow with an estimated accuracy of a 10%%up

the measurement of the change in pressure caused
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by the addition of CO, . Although the measured
decay constants shown in Fig. 4 are sometimes
significantly larger than expected for the CO, -N,
mixture, the scatter in the excitation coefficients
shown in Fig. 7 is small. For E/N greater than

1.5&&10 " the experimental coefficients lie on the
(a/N) line to well within the estimated uncer-
tainty of the data of +15%

The solid curves of Fig. 7 show the (aNX~
+a&Xc)/N values calculated for 2% CO, +98% N,
using the electron collision cross sections given
inSec. V. ForE/Nbetween2&&10 "and4x10
cm these calculations show that 90%%up-95% of the elec-
tron energy is used to excite the vibrational states of

N, via the large resonance" centered at 2.2 eV

and from 5%o-1% of the electron energy is used to
excite the v, mode of CO, . Thus the predicted ef-
ficiency of electron excitation of states capable of
supplying energy for emission at 4.3 p, m is 95%

or larger for the higher E/N Fur.thermore, the
5%p or less inefficiency is partially canceled by
the energy transferred from thermal motion to vi-
bration as the N, molecule vibrationally relaxes
and transfers the vibrational excitation to the CO, .
Because of this high net excitation efficiency and be-
cause of the simple relation between (a/N)„and E/N,
there is very little uncertainty (+ 5%) inthepredicted
valuesof(a X~Na+~-X )/cNforE/Ngreaterthan
1.5x10 "V cm'. The agreement between the
predicted and experimentally determined excitation
coefficients is therefore considered to be a verifi-
cation of the calibration of the detection system for
measurement of 4.3-p, m radiation and of the calcu-
lation of A'(p).

At E/N below 10 "V cm' the experimental values
of (aNXN+ncX~)/N lie well above the values pre-
dicted using the cross sections of LPI." In this
range of E/N the principal contribution to the ex-
citation coefficient is from acXc/N, i.e. , at E/N
=2~ 10 "V cm' the ratio acXc/aNXN is 9.

V. VIBRATIONAL EXCITATION CROSS SECTIONS

The set of vibrational excitation cross sections
for CO, used to calculate the solid curves of Figs.
6 and 7 is shown in Fig. 8. As in earlier deter-
minations" "of cross-section sets, the weighted
sum of the vibrational excitation cross sections
is determined primarily by fitting calculated and

experimental plots of the energy exchange colli-
sion frequency versu. , characteristic energy"
e~ for pure CO, . Simile, rly, in the present analy-
sis, the cross section for excitation of the v,
mode, which is labeled Q«, in Fig. 8, is deter-
mined primarily by fitting calculated and experi-
mental plots of k„, vs e~. for CO, . Here, the
experimental values of kpp1 are calculated from
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FIG. 8. Cross sections for excitation of lowest vibra-
tional levels of bending (010), symmetric stretch (100),
and asymmetric stretch (001) modes of CO2. The solid
curves are derived from analysis of this experiment,
as discussed in the text ~ The short dashed curves are
calculated from the transition probabilities of Penner
and Olfe (IIlef. 27) and the Born approximation formulas
of Takayanagi Qef. 16) .

the nc/N values of Fig. 6 and earlier measure-
ments18 of a. and are plotted against previously
measured e~ values. " Note that this approach
could not be used for data obtained at E/N& 2. 1
@10 "Vcm', because of the absence of experi-
mental electron drift velocity data. We have
therefore used the cross-section data of Andrick
et al."without change for electron energies
above1. 5 eV. Note that at E/N&10 "Vcm' the
solid curve calculated without allowance for
heating of electrons in deexcitation collisions
with thermally excited vibrational modes, i.e. ,
the 7 -0 curve, lies significantly below the
curves in which an approximate accounting was
made of deexcitation processes. " The sensitivity
of the k», vs e~ plot to the magnitude of the
assumed cross section is +10%. We therefore
estimate that the accuracy of the derived cross
section for excitation of the v, mode is +200ja ~

The cross section for excitation of the v, mode
obtained from this analysis is compared with the
predictions of the Born approximation" in
Fig. 8. The derived cross section increases
slightly more rapidly than the Born approxima-
tion near threshold and at energies above 0.4 eV
is significantly smaller than that calculated using
the Born approximation and the transition prob-
ability used in Sec. IV. The derived cross sec-
tion for the 001 level differs significantly from
that of Boness and Schulz. " The curves of Fig. 8
show that it is possible to find cross sections
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for excitation of the 010 and 100 levels which are
consistent with the electron transport data, "the
ac/N data, of Figs. 6 and 7, the threshold excita, —

tion data of Stamatovic and Schulz, "and the cross-
section data of Andriek et al." Unfortunately,
these data do not place much in the way of con-
straints on the cross section for excitation of the
100 level at energies between 0.2 and 1.5 eV.

VI. SUMMARY

The electron-drift-tube technique has been used
to measure the rate coefficients for electron ex-
citation of molecules with long radiative lifetimes,
i.e., for the excitation of CO, molecules to the
001 and 011 levels. This is accomplished through
the use of relatively high gas densities so as to
reduce the loss of excited molecules to the walls
and to increase the number of collisions of elec-
trons with the gas molecules. Extension of the
technique to molecular states with even longer
radiative lifetimes seems feasible, provided that
the molecules emit at wavelengths where suitable
detectors are available.

The measured rate coefficients for excitation of
the asymmetric stretch mode of CO, agree reason-
ably well with earlier predictions at the higher
values of E/N. However, at low E/N the mea-
sured rate coefficients are much larger than pre-
dicted and suggest that previous work has over-
estimated the cross sections for excitation of the
bending and symmetric stretch modes of CO, at
low electron energies. The new set of vibrational
excitation cross sections proposed in this paper is
consistent with most published data, but needs
to be tested against measurements of the division
of the excitation energy among the bending and
symmetric stretch modes of CO, .
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APPENDIX A: EFFICIENCY OF PHOTON PRODUCTION

The purpose of this appendix is to present a de-
scription of the variation with CO, density of the

ratio the number of photons emitted from the CO,-
filled drift tube to the number of electrons passing
through the CO„ i.e. , of the efficiency of the ex-
periment for 4.3- p.m photon production. Such an
analysis serves to demonstrate the increase in
photon signal which results from operation of the
collision chamber at high gas densities and to de-
lineate the range of gas densities over which one
expects to obtain the density-independent signal
discussed in Sec. IIA. In this appendix we will
simplify the discussion by considering only steady-
state conditions and the limiting forms for the ex-
citation efficiency versus density and so will not
consider the complex density dependence in the
transition regions. For the purposes of this cal-
culation the electrons are assumed to be injected
into the tube with 1 eV energy. The electron field
applied to the gap is assumed to be given by
E = 3 x 10 "N V/cm, i.e. , a, field which produces
negligible electron acceleration at low gas densi-
ties and E/N = 3 x 10 "V cm' at high gas densities.
This E/N value is near the maximum used in our
experiment and results in a relatively large rate
coefficient for excitation of the CO, molecules to
the 001 state.

The predicted efficiency of 4.3- p, m photon pro-
duction is shown in Fig. 9 for a range of CO, den-
sities from 10" to 10" cm '. For CO, densities
below 3 &&10" cm ', i.e. , region 1 of the curve of
Fig. 9, the photon production efficiency is equal
to the product of the fraction of the electrons which
excite CO, molecules to the 001 vibrational state,
Q~L =10 "N & 1.4, and the fraction of the excited
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perature of 300 K. See Appendix A for a discussion of
the processes of importance in sections of the curve
labeled 1-4. Regions 2 and 3 and the curved portions
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molecules which radiate before striking the elec-
trodes, i.e. , roughly AI (2(v )) '=0.01. Here Qc
=10 "cm' and (v„) is the average speed of the CO,
molecule.

In the CO, density range from about 10'4 to about
10" cm ' the mean free paths for excited CO, mole-
cules, for electrons and for 4.3- p, m photons, be-
come comparable with the electrode separation of
1.4 cm. Thus in the gas density range from 3 && 10'
to 3 ~ 10" cm ' the fraction of CO, molecules in the
001 state which radiate is approximately
AL'N'(a'D+) ' = 5 x 10 "N, where D is the diffu-
sion coefficient for CO, molecules in the 001 state
and where we have approximated the spa, tial dis-
tribution of excited molecules by that for the fund-
amental diffusion mode between completely ab-
sorbing electrodes. " For gas densities between
3 & 10' a.nd 10'6 the fractional transmission of the
4.3- p.m radiation is controlled by the Doppler-
broadened portion of the spectral lines and is given
approximately by 11 x 10'4/Np, where p is the av-
erage distance from the excited molecules to the
window of the excitation cell (see Appendix B).
Finally, as a result of the multiple collisions at
CO, densities between about 10" and about 3 && 10"
cm ' the effective number of excitation collisions"
for 1-eV electrons is increased by 1.5Q NI. =1.2
x10"¹Here Q is the cross section for momen-
tum transfer collisions. " The product of the last
two effects is nearly unity, so that the net excita-
tion efficiency remains approximately 5 & 10 "N
throughout region 2 of the curve of Fig. 9.

At CO, densities of about 3 & 10" cm ' the applied
voltage becomes comparable with the initial elec-
tron ener gy, and for densities signif icantly above
4 & 10" cm ' the electrons reach a steady-state
distribution of electron energies in a distance short
compared to the electrode separation. The number
of excited molecules produced per electron cross-
ing the tube is then given by ncNI. =V ~ 10 ' N for
E/N=3 x10 "Vcm'. For CO, densities up to about
3 & 10" cm ' the loss of excited molecules is still
by diffusion and the fraction of molecules which
radiate in the 4.3- p,m band remains 4.4 x 10"¹
Similarly, the fractional transmission is Doppler
controlled for densities up to about 2 ~ 10" cm '.
The nei photon production efficiency is therefore
approximately 2 & 10 "N for CO, densities between
3 & 10"and about 2 x 10' crn ', i.e., region 3 of
the curve of Fig. 9.

At CO, densities above 2 X10'" cm ' the trans-
mission of the 4.3- p,m radiation is determined by
by the collision-broadened portion of the spectral
lines, and at densities above about 3 & 10"cm '
collisional quenching dominates over loss by dif-
fusion. Using the quenching coefficient for pure
CO, discussed in Sec. II B, the fraction of the ex-

cited molecules which emit 4.3- p, m-band radiation
is 4.5 x10"/N, while according to Appendix B the
fractional transmission of the 4.3- p, m bands is
about 0.04. These results, coupled with the elec-
tron excitation coefficient, yield a net photon pro-
duction efficiency of approximately unity. This
result is valid for CO, densities between about
3 x 10i6 and about 10i8 cm-3

~ i.e. , region 4 of the
curve of Fig. 9. At higher CO, densities the ab-
sorption profile of the various lines of the 4.3- p.m
bands begin to overlap and the fraction of the ra-
diation reaching the detector decreases with in-
creasing CO, density.

The calculations of photon production efficiency
shown in Fig. 9 illustrate the large, i.e. , more
than three orders of magnitude, increase in radi-
ated signal which results from operation of the
collision cfiambers at high CO, densities. While
one can obtain relatively large electron currents,
e.g. , 10 ' A at 1 eV and at the low gas densities
character istic of elec tron beam operation, the
fractional energy resolution attainable at the higher
beam currents and lower electron energies is not
much better than that obtained at the lower E/N of
the present drift-tube experiments, and the radi-
ated signal is much smaller.

An evaluation of the utility of the drift-tube tech-
nique requires some discussion of the useful and
available current levels. In order to limit the
space charge induced distortion of the electric
field" to less than 10%, the currents in the drift
tube should be less than about 2 x 10-' A/cm' at
E/N = 'I x 10 "V cm' and 3 x 10 ' A/cm' at E/N
=3 x 10"Vcm'. At higher E/N the formation of
low-mobility negative ions will limit the usable
current further. For example, if 3% of the elec-
trons form negative ions while crossing the drift
tube, space- charge- free operation requires rough-
ly an order-of-magnitude reduction in the total
current from values allowed in the absence of
attachment. The maximum current densities which
we have obtained with gas in the drift tube are
about 2 x 10 ' A/cm2 at the higher E/N. Presum-
ably, means can be found to activate the photo-
cathodes or increase the uv intensity so as to ap-
proach the limits set by space charge.

The drift-tube technique presented in this paper
complements the various electron scattering ex-
periments" "by providing excitation data of rela-
tively high accuracy for those excited states which
radiate at wavelengths for which good detectors are
available. The drift-tube results include the
effects of the cascade of excitation f rom higher
levels and of excitation transfer from other ex-
cited states, whereas the electron scattering ex-
periments measure only ihe effects of the initial
collision of the electron with the molecule.
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APPENDIX B: TRANSMISSION OF 4.3-pm RADIATION

In this appendix the theory and numerical results
of calculations of the fractional transmission of
the 4.3- p.m band are presented. In addition, ap-
proximate formulas for the fractional transmis-
sion are derived which show the scaling parame-
ters appropriate to various ranges of gas density
and distance. Although related radiation transport
problems have been considered by several
authors, ""'"none of their results are directly
applicable to the experiments analyzed in this
paper.

The fractional transmission v'(p, N) is defined by

f R„(K)d~

where R„(N) is the total energy emitted in the
wave-number interval d~ per unit solid angle in
b,p, =1 transitions, k„ is the absorption coefficient
a,t &, and p is the distance from the point of emis-
sion to the point of observation. Both R„and k„
are sums of the contributions of a large number
of lines corresponding to the various rotational and
vibrational transitions of the several isotopic
forms of the CG, molecule. Thus

R„=a(~) g n(v'}O,P,P(&~,},

vy J

Here a = —,a'cu P', c= —,'(v'/hc)wP', P' is the ra.—

dial portion of the dipole matrix element for the
6p, = 1 transitions, p J is the fraction of the CO,
molecules in the Jth rotational state at the gas
temperature, ' A J is the J-dependent portion of the
dipole matrix element, "@(n~) is the normalized
spectral line shape for a particular vibronic tran-
sition, n(v') and n(v) are the densities of the ex-
cited and ground vibrational states of the transi-
tion, c is the speed of light, h is Plank's constant,
and h&J= &- eJ is the wave-number separation
from the center of the line at, &J. p' is obtained
from the integrated band intensity & using'7

3hc n 3hZ
8~'~ N 64v4~' '

where N is the number of molecules per unit vol-
ume under the conditions of the measurement of
o'. . The sum in Eq. (B2) is over the upper rotation-
al and vibrational states v' and J', while the sum
in Eq. (B3) is over the lower sta, tes v and J.

The spectral line shapes used in these calcula-
tions are assumed to be I orentzian, i.e. ,

The line-broadening parameters vary with temp-
erature and rotational quantum number and were
taken from Yamamoto, Tanaka, and Aoki" for
broadening by CG, and by N, . The positions of the
line centers were calculated from the constants
given by Cihla and Chedin. The integrated band
intensity was assumed to be 1.10 & 10 "molecule '
cm' cm ' from Penner and Olfe." Vibrational
transitions included in the calculation were the
001 —000 and 011—010 bands of ' C ' O. and the
001-000 band of "C ' O, . The relative populations
of the states of the bending mode, i.e. , of [010]/
[000] and of [Oll]/[001], were assumed to be de-
termined by the gas temperature, while the popula-
tions of the corresponding states of the "CG, and
"CG, molecules were assumed to be given by the
natrual "C to ' C abundance ratio, i.e. , 1.1~/q. The
calculations for pure CO, were tested by comparing
the computed spectral absorptance of white light
with the measurements of Burch and Gryvnak. "
The agreement of the integrated absorption is
better than 10'fo.

The calculated values of fractional transmission
are shown in Fig. 3. Here 1(N, p) is 'plotted against
([CO,]/N) p so as to emphasize the approximate
p

' ' dependence and the dependence on [CO2]!Ã,
e.g. , the lack of dependence on [COB] in pure CO,
at these CO, densities. The calculated points for
205 K are (75+ 5)%%u0 of the values shown for 300 K.
The difference is largely explained by the absence
of the 01.1-010 or "hot band" ra.dia, tion at the low-
er temperature. Because of computer costs, cal-
culations were made at only a few gas densities,
The only other ealeulations with which we have
been able to compare are those of Margottin-Mac-.
lou, Doyennette, and Henry. " Values of V'(p) ob-
tained from their decay constants are somewhat
higher than our values.

Approximate expressions for V'(p) can be obtained
by assuming that each emission line of the 4.3- p.m
band is absorbed only by its inverse transition,
i.e. , that the lines of the band do not overlap sig-
nificantly. This assumption allows one to ignore
the summation in Eq. (83) and to carry out the in-
tegration in Eq. (Bl) on a line-by-line basis. Thus

(85)

and n(v')/nc is the fra.ction of the vibrationally ex-
cited CO, in the vth vibrational state. If we negleci
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the va. riation of b~ with J in Eq. (B4), as is ap-
proximately true for large J, then for high densi-
ties

The application of this same approach to CO,-
N, mixtures in the limit of small [CO, ]/[N, ] yields

where for large J and both the P and R branches k (N ) '~' [CO.]
k(CO, ) [N, ]

(B7)

k~(Z) = (k,/QeQ»)Z exp( BJ-'/k T),

k, = y'gN/8v'cb, Qs = kT/2B, and Q» is the vibra-
tional partition function. " Here 0, is the absorp-
tion coefficient expected at line center if all of the
J.ines of the band coincided.

Since we have assumed J large, the sum in Eq.
(B5) can be approximated by an integral, so that

(B6)

Using b = 3.5 & 10 "N cm ', k, = 9240 cm ', and

neglecting hot bands and isotope effects, we find
that Eq. (B6) yields 'T(p) =0.041/p'~' at 300 K,
compared to 0.047/p' ' calculated with the line-by-
line evaluation of T(N, p). When the values of T(p)
for the 011-010 hot band and the "C"O, band are
evaluated using the appropriately adjusted coef-
ficients in Eq. (B6}and their contributions included
in Eq. (B5), the result is T(p) =0.054p'~', com-
pared to 0.060/p ' calculated with the line-by-line
evaluation of 7(p). Note that the relatively large
change (-30%) in 1 attributed to 011-010 radiation
occurs in spite of the small ratio of 011 and 001
populations (-8'%%uo) at 300 K.

Here k(N, ) and k(CO, ) are average rate coefficients
for collisional broadening of the 001 levels by N,
and CO„e.g. , k(CO, ) =5/[CO, ]. Equation (B7}
shows that T(p} is expected to be a function only
of [CO, ]p/N when collision broadening dominates
the line profiles and the [CO,]/[N, ] ratio is small.
These conditions appear to be rather well satis-
fied for the line-by-line calculations for mixtures
shown in Fig. 3. Note, however, the departure
from the square-root dependence at low values of
[CO,]p/N caused by the approach to optical trans-
parency.

At densities below about 10" cm ' in pure CO,
the important portions of the line profiles for our
experiments are governed by Doppler broadening.
A derivation for nonoverlapping Doppler-broadened
lines similar to the preceding calculation for col-
lision-broadened lines has been carried out by
Kumer and James. " For the purposes of Appendix
A it is sufficient to note that their results for 225
K and [CO, ]p&3 x 10" cm' can be approximated by
T(N, p) =8 &&10''([CO, ]p) '. For Doppler broadening
we expect V'(N, p) to vary approximately as T.
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