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High-resolution line-broadening studies have been made of CO, in collision with a wide variety of foreign gas
perturbers. These measurements have been made by observation of the narrow saturated resonance in the 4.3-
p.m fluorescence emitted from a low-pressure CO2 gas which is subjected to a saturating standing-wave
electric field from a CO, oscillator operating on a 9.6- or 10.6-p,m transition. The collision partners which
have been investigated are CO2, N, O, N„NO, CO, O„H„D2, 'He, He, Ne, Ar, Kr, Xe, NH„and CH4. A
semiclassical theory of the 4.3-p,m saturated resonance is developed which accounts for the effects of phase-
interrupting collisions, beam transit time, and optical intensity. The observation of a previously unobserved
downward curvature of the CO, linewidth data at low pressure is attributed to the influence of the transit-
time effect. The experimentally determined pressure-broadening coeAicients include the important correction
for the contribution of power broadening. These power-corrected results for CO„N„and "He have been used
to predict successfully the observed gain characteristics of high-pressure (& 1 atm) CO, amplifiers, as observed
in other studies. We have also appraised our observed broadening coe6icients in the context of the pressure-
broadening theory developed by Murphy and Boggs in order to characterize quantitatively the intermolecular
interactions. The comparison of theroy and experiment indicates the need for an explicit incorporation of
vibration perturbations in the theoretical analysis, particularly when vibrational resonance is present.

I. INTRODUCTION

In this paper we present the results of high-res-
olution line-broadening studies of the linear CO,
molecule in collision with a substantial variety of
foreign gas perturbers. Nonlinear saturation
spectroscopic methods were used to directly ob-
serve the homogeneous line shape on line center
of a low-pressure CO, gas which is subjected to a
saturating standing-wave electric field from a CO,
oscillator. The purpose of these measurements is
threefold: (i} By investigating the pressure depen-
dence of the frequency full width at half maximum
(FWHM} of the line shape, the pressure-broaden-
ing coefficient for the various collision partners
may be obtained; (ii) by determining the intensity
dependence of the line shape, the important con-
tribution arising from power broadening is directly
established; and (iii) through the use of an appro-
priate pressure-broadening theory we can investi-
gate the detailed nature of the processes involved
in intermolecular collisions by correlating the
results of calculations obtained from this theory
with the data of (i) above.

We proceed in the following manner: Section II
describes the experimental method, while Sec. III
presents details of the experimental results. A
theory which describes the interaction of the laser
electric field with the absorbing CO, medium is

presented in Sec. IV. The results of this theory
are compared with the data in Sec. V, and it is
shown that the data of Sec. III must be substantially
corrected for the influence of power broadening.
This correction is implemented in Sec. VI, and the
resu1ts are compared with the investigations of
other authors. In Sec. VII we attempt to calculate
our pressure-broadening results using the theoret-
ical formulation of Murphy and Boggs. Finally,
our conclusions are stated in Sec. VIII.

II. EXPERIMENTAL METHOD

The technique applied in these studies utilizes
the nonlinear method of measurement of the CO2
homogeneous line shape, originated by Freed and
Javan, ' in which the 4.3-pm fluorescence arising
from the CO, (00'1—0000) transition is monitored
from a 1ow-pressure CO, gas which is subjected
to a saturating standing-wave 9.6- or 1.0.6-pm CO,
optical field. As the saturating laser is frequency
tuned through the CO, line center, a narrow satu-
rated resonance dip appears in 4.3-pm fluores-
cence. The major contributions to the FWHM of
the dip include pressure-broadening, power-broad-
ening, and transit-time effects. ' As we have al-
ready mentioned, an investigation of the functional
dependence on pressure and intensity of the FWHM
of the CO2 4.3-pm saturated resonance line shape
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can provide information on both the pressure-
broadening coefficient of the relevant gas mixture
and on the detailed nature of the nonlinear inter-
action with the optical field.

The experimental arrangement used to observe
the line-shape measurements is illustrated in Fig.

Two stable, single-line TEM„mode CO, oscil-
lators' allow individual selection of any of the CO,
9.6- or 10.6-p.m rotational-vibrational transitions.
A piezoelectric translator (PZT) may be used to
scan each transition across its gainwidth. Both
oscillators are equipped with intracavity, Brew-
ster-window, absorption cells. The 4.3-pm fluo-
rescence emanating from a gaseous mixture of CO,
and some perturber (M) contained in the absorption
cell is collected by a large Au mirror in the bot-
tom of the cell and focused through a sapphire win-
dow in the top of the cell into a nitrogen-cooled
In:Sb detector. The derivative of the fluorescence
is detected synchronously with a lock-in amplifier
by applying a sinusoidal ac modulation of frequency
&u (cu =1 kHz) to the PZT on which the output mirror
is mounted.

One oscillator (2) is formed into a local oscilla-
.tor by locking it to the line center of a low-pres-
sure (30 mTorr) CO, gas with a stability of 3 parts
in 10". Both oscillators (1, 2) have linewidths of
-20kHz. Oscillator (1) is used to probe the gas
(CO, +M) of interest and its output is heterodyned
with that of the local oscillator (2) in a helium-
cooled Cu:Ge detector. The output of this detector
leads to a counter wherein the frequency measure-
ment ~(~ —&us) ~

is established. The 4.3-imam fluo-
rescence data from the probe oscillator (1) is re-
corded on magnetic tape simultaneously with the
heterodyne signal between the probe and reference
oscillators as the former is swept in frequency

from -10 to +10 MHz by applying a dc ramp vol-
tage to its PZT.

III. EXPERIMENTAL RESULTS

After the fluorescence data are recorded on mag-
netic tape they are computationally processed by
first integrating them and then numerically least-
squares fitting the resulting fluorescence intensity.
The fitting curve consists of a Lorentzian to match
the saturated line shape and a second-order curve
to fit the background, which is comprised of the
Doppler absorption profile of the gas convolved
with the broad power variation of the probe laser.
Typical results using this method appear in Fig. 2
for 75-mTorr pure CO, . The experimental data
are given by the solid line, and the dotted line is
the numerical fit to the data. The dashed curve
in Fig. 2 is the computer generated background
signal accounting for the absorption which does
not participate in the interference phenomenon
causing the Lamp dip. If the background is sub-
tracted from the data, the homogeneous line shape
is obtained as shown by the solid curve in Fig. 3.
The dotted curve is the Lorentzian fit to the line
shape, and it is evident from Fig. 3 that this is an
excellent description of the data. Results of this
nature are typical and are found over the full range
of pressures and collision partners examined in
these experiments.

A plot of the frequency (FWHM) of the line shape
as a function of pressure for CO, in collision with
the perturbers CO„N„H„D„'He, and Xe is
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FIG. 1. Experimental arrangement used to make CO2
line-shape measurements. 4.3-pm fluorescence signal
originates from the intracavity absorption cell of the
probe laser (1).

FIG. 2. Integrated 4.3-p, m CO2 fluorescent intensity
depicting the saturated resonance feature (lower solid
curve). Dotted curve is a computer fit to the data, and
the upper dashed curve is a computer generated back-
ground. CO2 pressure is 75 mTorr.
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IV. THEORY OF CO2 4.3-pm SATURATION RESONANCE

The standing-wave tuning dip in the output of an-
atomic laser was first predicted by Lamb' for low
laser intensities. Recently several high intensity
theories have been advanced. ' " The effects of
collisions on the line shapes of atomic laser sys-
tems have also received considerable attention. ""
A treatment of the Lamb-dip formation in a mole-
cular system (CO) was recently given by one of us
(H.A. H. ).~7

Although theoretical descriptions of the standing-

CO2 power broadening, 10 p P(20)

~ -220 mW

X

I

4—

d
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2%„r

o -l47 mW

o- 73mW
~h

~f)

H„D„'He, and Xe. The results of these mea-
surements, with proper adjustment for saturation
effects, will be presented in Sec. V.

Figure 8 depicts the intensity dependence of the
FWHM of the saturated resonance as a function of
pressure in pure CO, for three different laser in-
tensities. The peak intensity in the internal ab-
sorption cell is calculated with the formula

I= 2P/vso'(1 -R),

where P is the ouput power of the probe oscillator,
~ is the mode radius~ in the cell, and & is the re-
flectivity of the output mirror. With a mirror re-
flectivity of 98%, a mode radius of 0.35 cm, the
intracavity intensities for the three output powers
of 0.220, 0.147, and 0.073 W are, respectively,
55, 37, and 18W/cm2.

wave saturation resonance in an absorbing medi-
um have been developed, '" there is no compre-
hensive theoretical treatment that includes the ef-
fects of both weak and strong collisions and satu-
ration broadening, yet is simple enough to permit
curve matching to experimental results. For this
reason we have developed an approximate theory
which permits a closed-form solution. We dis-
regard the effect upon the line shape of weak colli-
sions which change the particle velocities by a
small amount. The homogeneous portion of the
linewidth is then determined by &v~ =1/vT„where
T, is the dephasing" time (1 of Ref. 19). This
assumption has been shown to be valid at relatively
high pressures, when the angle change of the vel-
ocities due to a weak collision 6P satisfies the in-
equality &~~0 &1/T„where &~D is the Doppler
linewidth. Under this assumption, it is possible
to obtain rate equations for the diagonal elements
of the density matrix. The rate equations permit
solutions that are not limited to third-order per-
turbation theory, and thus contain the effects of
saturation broadening, important in the experi-
ments reported here.

The 'strong" collisions redistribute the 'local"
hole (in velocity space) of the population inversion
among the velocity groups; this redistribution is
termed cross relaxation and is described by a con-
volution integral with the collisiori kernal F(v, v').
Inelastic collisions also produce rotational state
changes; these occur at the rate y. The inverse
of y is T,. V-V, V-T, and V-& processes are ig-
nored.

We formulate our theory of the saturation reso-
nance in the CO, 4.3-p.m fluorescence in terms of
a two-level system where the upper level (2) is a
given rotational state (J) of the CO, ~00o1) vibra-
tional level and the lower level (1) is the appropri-
ate rotational state (J'+ 1) of either the ~10'0)or
~02o0) vibrational level. The following equation
holds for the time rate of change of the population
of the lower state (n,) of the CO, absorber gas in
the presence of a standing-wave CO, laser electric
field, where I is the intensity of one of the running
wave components:

& n,(v) = -y(v)n, (v) — I'(v', v)n, (v) dv'

0 I

0.1

I

0.2
Pressure —Torr

I

0.3

+ 1 vv n~ v)dv +R~v

o v, k, v n, v —n2v
I

(2)

FIG. 6. CO2 power-broaderiing data on the 10.6-pm
P(20) transiton for the three laser output powers of
0.220, 0.147, and 0.073 W. The equation for the upper-state population (ng is
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8 v) = -y(v)ngv) —
Jt

F(v', v)ngv) dv' -y[n, (v)+n, (v)] -- J/f (v')[n, (v)+ n, (v)] dv'

-Qo(v, k, (u)[n, (v) —n, (v)]—.I
(3)

+—,v n v'+n v' dv'+A, g =p.

(9)

The degeneracy factors (g„g,) of the upper and
lower levels have been omitted in Eqs. (2) and (3),
since g, /g, =l. In Eqs. (2) and (3), F(v, v') and
F(v', v} are the cross-relaxation rates between the
pairs of velocity groups (v, v+dv) and (v', v'+dv').
We assume that they are equal for the upper and
lower levels. R, of Eq. (2) is a pump term; we
assume that the upper level (2) is not pumped (R,
= 0). Finally, o'(v, k, e) is the optical cross section
for induced transitions within the velocity group
v, v+ dv, at frequency ~ and wave vector 4', while

y represents relaxation rates to levels other than
those considered.

The equilibrium densities of the two levels n,'(v)

and n', (v) have the same Maxwellian distribution
of velocities f, (v):

A solution of (9) is clearly

n, (v) +n (v) = (R/y)f, (v).

Equation (10) states that the sum population is
proportional to the ratio of the pump term to the
decay rate to other levels. Note that there is no
dependence on the induced transition term, and
that cross relaxation (1/T) is not involved in this
result.

Next we form the steady-state population differ-
ence &n(v) =n, (v) -n, (v) by subtracting Eq. (3) from
Eq. (2) and using our above assumptions:

-ybn(v) — + ' bn(v') dv' —Rf, (v)
Ln v), v)

n,'(v) ~f,(v), n'(v) ~f, (v),

where

f, (v) =[1/(whv)'~']e "'~'~ '
properly normalized such that

f, (v) dv= 1.

(4)

(5)
v, =X'T, /4w7;p. „,

and W(v) is defined to be

(12)

(13)

In Eq. (11), oo is the cross section on resonance

The root-mean-square width of the Gaussian, Eq.
(5}, is

d v = (kT/m)'~'.

The steady-state solutions of Eqs. (2) and (3) are
obtained by setting the time derivatives equal to
zero. The resulting equations can be solved if we
first make some assumptions concerning the re-
laxation rates y and I'. First, we assume that y
is independent of v. Next, using the principle of
detailed balance we write

I'(v, v')f,(v') = I'(v', v)f, (v).

We also assume that the cross relaxation rate 1 is
independent of velocity"

I" (v, v')f, (v') = (1/r)f, {v)f,(v'),

where 7 is a measure of the cross-relaxation time.
Finally, we set

R,(v) = Rf, (v).

Incorporating the postulates (6)—(8) into Eqs. (2)
and (3), we may derive the following equation for
the steady-state population sums:

A solution for the population difference &n{v) in
Eq. (11) is

hn(v) =4[1+BW(v)) 'f, (v), (14)

1 2I+o% 1 BS'— y+ —-AR- ' + I B -ABWR+ ~ B =0
km 7

(15)

where we have defined the function of B, E(B), to
be

where A and B are constants to be determined by
substituting (14) into (11) and equating functional
dependences on v. The solution (14) implies local
hole burning in the velocity range within which the
optical cross-section function W(v) differs from
zero. Also, (14) contains saturation broadening of
the hole because W(v) appears in the denominator;
when BW(v) becomes larger than unity at the cen-
ter of the hole, the 'wings" of the hole are en-
hanced compared with the center. Proceeding with
the substitution we find
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f,(v') dv'

1 +BW(v') ' (16)
4.0

3.9

By equating the coefficients of the powers of W in
Eq. (15) to zero we obtain the following expressions
for the constants A and B:

C)
I

3.8

3.7

1 1 1y+ ———F(B)R

B = 2'~/K(v(y + 1/T ). (18)

g 3.5
C

~ 3.4
0

0 3.3

C4

0 'o

-2
:o

-4

Note that B in Eq. (18}does not depend on the func-
tion F(B). Note also that the functional dependence
of F(B}, in addition to the variables explicitly de-
fined in Eq. (18), is on the frequency separation
between the two signals [since

3. 1

I2.9 I I I I I I I

2 3 4 5 6 7 8 9 10

Frequency —MHz

Q v ((d, v, h)

depends on it] and on the homogeneous linewidth of
the medium.

Substituting Eq. (17) into Eq. (14) we may write
4n as

FIG. 7. Numerical solution of the saturated resonance
line shape (solid line) and a Lorentzian (dotted line) with
the same FWHM. Residues (dashed line) are shown
against the right-hand ordinate.

R
[1/T*, —F(B)/r](1+ WB) " (19) V. COMPARISON BETWEEN THEORY AND EXPERIMENT

n, = —,
'
[(n, + n, ) + an] (20)

Substituting Eqs. (10) and (19) in Eq. (20) yields

R 1
2 y (1/ T — ( )BB(1/y]y)))T'B (21)

In the experiment the fluorescence from the upper
(00'1) state to the ground (00'0) state is observed.
This is obtained by integrating Eq. (21}over vel-
ocity

& 1 F(B)
2 y (2/T, -B(B)/y])' (22)

We have developed a computational program
(SINGL} which numerically evsluates the saturated
resonance line shape Eq. (22) as a function of fre-
quency. Typical results for the fluorescence line
shape appear in Fig. 7. The dotted curve in this
figure is a Lorentzian which has the same FWHM
as the SINGL calculation, and it is evident that the
theoretical line shape is very nearly Lorentzian.
This result substantiates our use of a Lorentzian
parametrization in reducing the data obtained in
Sec. III.

where we have defined 1/T*, =y + 1/w as the sum of
rotational plus cross-relaxation rates.

The population of the upper state n, is seen to be

The theoretical dependence of the FWHM of the
resonance fluorescence calculated by SINGL as a
function of pressure and intensity is demonstrated
by the dotted curves in Fig. 8. These results fol-
low the behavior normally expected for the FWHM
(6]/) of a power-broadened homogeneous line which
is given by the expression

4]/ = S]/~ (1+I/I, )'/', (23)

where I, is the saturation intensity [= (hc/8]r)p, 'T, T2].
Comparing these results with out experimental
data (Fig 4) we ob. serve that the theory does not
accurately represent the low-pressure behavior of
the FWHM data.

There are two possible explanations for the dis-
crepancy. The point of view adopted by Alekseev
et ajt." is that the slope increase at low pressures
is due to the emergence of the weak-collision con-
tribution to the linewidth, which takes place at low
pressures. They show theoretical curves which go
to zero at zero pressure, because their analysis
does not include the effect of saturation broadening
or the finite spatial extent of the beam. There is
another possible explanation of the discrepancy,
owing to the finite transit time of the particles in
the optical beam. We elaborate further on this
mechanism to draw attention to its importance in
those experiments which attempt to extract infor-
mation on the cross sections of weak and strong
collisions from the ratio of slopes of experimental
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If T, ) T„and if a transit-time contribution 1/T, in-
dependent of pressure is added to both 1/T, and
1/T„ then with decreasing pressure, 1/T, reaches
a pressure-independent value before 1/T, . The
second term in (25) starts decreasing with de-
creasing pressure, rather than remaining pres-
sure independent, causing a lowering of the extra-
polated zero-pressure intercept.

The addition of the transit time to the theory pro-
vides the correct qualitative description of our
data, yet we find that if reasonable values of T'*,

and T, are used the theoretical intensity required
to fit the experimental data is roughly a factor of
three lower than the experimentally measured in-
tensity. This problem is readily corrected by
noting that the theory considers only a single in-
tensity while in the actual experiment the fluores-
cence observed by the detector is the summation
of the light emitted by axially symmetric volume
elements of the CO, absorber gas which are sub-
jected to the Gaussian intensity distribution

I =I e '" (26)

FIG. 8. Intensity dependence of the theoretical FWHM
vs pressure for three different saturation intensities.
For the dotted curves no transit time is considered;
for the solid curves a phenornenological transit time is
added to the theory. The intensities are such that
Ii ~ I2 ~ I3,

curves such as the one of Fig. 4.
The transit-time effect can be taken into account

by adding a phenomenological inverse transit time
(1/T, ) to the relaxation terms 1/T, and 1/T2 of the
theory in Sec. IV. We find that we can accurately
match both the high- and low-pressure dependence
of the data as illustrated by the solid curves in
Fig. 8. The value of the time-of-flight linewidth
necessary to achieve this correspondence is ap-
proximately 59 kHz (T, =5.4&&10 ' sec). An esti-
mate of the time-of-flight linewidth has been ob-
tained by Hall' using a Fourier analysis of the op-
tical pulse the molecule experiences in transiting
the beam; the result is

Xv=0.375@/gg, (24)

(25)

where v is the mean molecular velocity and ~ the
mode radius. For CO, in a mode of radius 35 mm,
Av =43 kHz. This is in reasonable agreement with
our value of 59 kHz,

The changed behavior of the curves can be under-
stood qualitatively from (23). Introducing the ex-
plicit dependences upon T, and T, in (23) one has

With this in mind, our program was modified to
solve for the shape of the fluorescence resonance
in each a series of 0.05-mm-thick (radially) annu-
lar rings in which the intensity falls off according
to the above prescription. The line shape found in
each ring is weighted by the ratio of the area of the
ring to the total beam area; then all the line shapes
are summed and the FWHM of the resulting sum
line shape is determined. Using this technique and
appropriate values of Ti, we obtain an adequate
correlation of the observed intensity in the high-
pressure linear region.

Using our theoretical program, we proceed first
with the reduction of the CO, -CO, power-broaden-
ing data (Fig. 6) by varying the values of T*, and
T, to match the experimental data points for the
three observed intensities of 55, 37, and 18 W/cm'.
The results of these calculations appear in Table
I. We also list in this table the values of T*, and
& necessary to fit a set of CO2-CO2 data taken on
the same transition in an external absorption cell
with an intensity of 11 W/cm'. The power correc-
ted 10,6-p, m P(20) CO, self-broadening coefficient
of 8. 5 MHz/Torr seems to be very consistent over
the three ranges of intensity for the internal cell
power-broadening data and for the external cell
data. This power-corrected value is -20% larger
than the uncorrected value of 7.1 MHz/Torr ob-
tained directly from the slope of the experimental
curve The var.iation of I/nT, with intensity in
Table I shows that this parameter is less accu-
rately determined by the curve-matching proce-
dure Our aver. age value of 3.4 MHz/Torr for this
quantity lies between the value of 5 MHz/Torr de-
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Intensity
(W/cm2)

55
37
18

1/mT',*
(MHz/Torr)

Internal absorption cel.l

4.0
3.5
2.5

1/xT2
(MHz/Torr)

8.5
8.5
8.5

TABLE I. Cal.culated values of I, Tg*, and T2 including

CO2 power broadening.
CO, -perturber data may be reduced by keeping the
intensity found for the CO, s@1f-broadening data
fixed and varying &*, and & in the theoretical pro-
gram to fit the perturber data. The broadening
coefficients obtained in this manner are listed in
Tables II and III. In all of these calculations the
spontaneous lifetime used was 5 sec as determined
by a recent measurement. "

External absorption cell

3 4 8.5

VI. COMPARISON OF POWER-CORRECTED

LINE-BROADENING COEFFICIENTS

WITH OTHER DETERMINATIONS

termined by Granek" for 1/zT*, and a recent de-
termination" of the CO, -CO, rotational relaxation
(I/mT) value of 2.4 MHz/Torr.

The experimentally determined pressure-broad-
ening data of Sec. III can now be corrected for the
influence of saturation and the broadening coeffi-
cients obtained by fitting the data points for each
perturber with the theoretical line-shape program.
There are three independent variables to be deter-
mined: I, &*„and &~. %'e proceed by using the
above value of T*, for CO2 and varying I and 72 to
fit the CO, self-broadening data points. Next, the

Other recent determinations" "of the self-
broadened linewidth of CO„or the linewidth of CO,
broadened with foreign gases, have been made pri-
marily using a CO, laser absorption technique
which was first described in 1966 by McCubbin
et al. ' and Gerry and Leonard. " Using this meth-
od, the rotational dependence of the CO, and CO2-
N, linewidths have also been investigated. Mea-
surements of the effects of other foreign gases on
the CO2 linewidth are sparse and are limited to
CO, -He, COI-CO, CO2-Ar, and CO, -Q. In gen-
eral, these authors present their results in a va-
riety of terminology, the most popular of which

TABLE II. Power-corrected CO2 pressure-broadening coefficients for the 10.6-pmP(20)
transition.

Col.lision
partner

Broadening
coefficient
(MHz/Torr)

Cross section (0)
cm'(10 '4)

Absorption line
half-width (y&y2)

(cm ~Atm ~)

CO2

N20

CO

02

H2

D2

3He

4He

Ne

Xe

NH3

CH4

8.5+ 0.4

9.1+0.5

7.4+ 0.4

7,0+ 0.4

6.5+ 0.3

5.6+ 0.3

13.7+ 0.7

9.5+ 0.5

5.7+ 0.3

5.4+ 0.3

5.0+ 0.3

5.0+ 0.3

5.1+0.3

6.7+ 0.3

11.1+1.0
11.0+ 0.6

1.57 + 0.08

1.68+ 0.08

1.20 + 0.06

1.16+0.06

1.06+ 0.05

0.95+ 0.05

0.74 + 0.04

0.72 + 0.04

0.37 + 0.02

0.41+ 0.04

0.73 + 0.04

0.90 + 0.05

1.08+ 0.05

1.51+ 0.08

1.53+ 0.14

1.48+ 0.07

0.108+0.005

0.115+ 0.006

0.094 + 0.005

0.089+ 0.005

0.082+ 0.004

0.071+0.004

0.174+ 0.009

0.120+ 0.006

0.072 + 0.004

0.068 + 0.004

0.063+ 0.004

0.063 + 0.004

0.065+ 0.004

0.085 + 0.004

0,141+ 0.013

0.139+0.007
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TABLE III. Power-corrected CO2 pressure-broadening coefficients for various transitions.

Transition
Co 1.1ision
partner

Broadening
coefficient
(MHz/Torr)

Cross section (0)
cm (10 ~4)

Absorption line
half-width Q~y2)

(cm ~Atm ~)

10.6 p, m

P (12)

10.6 p, m

P (32)

10.6 pm

R(20)

P (20}

CO2

N2

H2

D2

4r-Ie

CO2

H2

D2

4He

Xe

CO2

N2

H2

D2

'I-Ie

Xe

COg

N2

H2

D2

4He

Xe

8.4+ 0.4

7.3+ 0.4

13.7 + 0.7

9.8+ 0.5

4.9+ 0.3

6.3 + 0.3

8.8+ 0.4

7.4+ 0.4

13.2+ 0.7

9.8 + 0.5

5.7+ 0.3

6.5+ 0.3

8.5~ 0.4

6.5+ 0.3

13.2+ 0.7

9.5+ 0.5

4.9 + 0.3

6.3+ 0.3

10.7+ 0.5

8.3+ 0.4

14.0 + 0.7

12.0+ 0.6

6.2+ 0.3

8.1+0.4

1.55+ 0 ~ 08

1.10+ 0.06

0.74+ 0.04

0.74+ 0.04

0.37 + 0.02

1.42+ 0.07

1.62+ 0.08

1.20+ 0.06

0.72+ 0.04

0,74+ 0.04

0.43 + 0.02

1.47+ 0.07

1.57+ 0.08

1.06+ 0.05

0.72 + 0.04

0.72 + 0.04

0.37 + 0.02

1.42+ 0.07

1.97+ 0.10

1.35 + 0.07

0.76+ 0.04

0.90+ 0.04

0.47 + 0.02

1.83+ 0.09

0.106+0.005

0.093 + 0.005

0.174+ 0.009

0.124 + 0.006

0.062 + 0.004

0.080+ 0.004

0.112+0.006

0.094 + 0.005

0.167 + 0.008

0.124 + 0.006

0.072 + 0.004

0.082 + 0.004

0.108+0.005

0.082 + 0.004

0.167+ 0.008

0.120+ 0,006

0.062 + 0.004

0,080+ 0.004

0.135+0.007

0.105+0.005

0, 177 + 0,009

0.152 + 0.008

0.078 + 0.004

0.103+ 0.005

where

I /sT, (MHz/Torr)
n (4/cm'Torr)xv (cm/sec) ' (28)

seem to be (i} absorption line half-width y, , ~, (cm '
atm '}and (ii) optical cross section o (cm'). We
have tabulated some of their representative values
in Table IV. %e have also changed our measure-
ments of I/nT, (Tables Ii a'nd III) to these two con-
ventions using the following conversions:

(9 1/w& (M2Hz/Torr) to absorption line half-width
(cm 'atm ')

I/vT, (MHz/Torr) x V60 (Torr/atm)
2x c (cm/sec)

(ii} 1/vT, (MHz/Torr) to optical cross section
(cm')

v=(SENT/wp)' and n=3.25xl0'ecm 'Torr ~,

mith p, representing the appropriate reduced mass.
The only measurements of the CO, broadening co-
efficient which involve a direct determination of
the homogeneous linewidth using saturation tech-
niques similar to the procedure reported herein
are those of Freed and cavan as well as some un-
published mork by Feldman and Peterson. No ro-
tational investigations mere made by these authors,
and only CO, self-broadening was measured. Their
results for the 10.6-pm P(20) line are, respective-
ly, V. 6, 8, and -7 MHz/Torr These val. ues are
somewhat lower than our power-corrected value
of 8.5 MHz/Torr

It is evident from Table IV that a comparison of
our pressure-broadening results with those of oth-
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TABLE IV. Published pressure-broadening data for the 9- and 10-pm bands of CO2.

Collision Line half-width (cm atm ) Cross section (10 cm )
Transition partners Ref. 32 Ref. 33 Ref. 36 Bef. 37 Ref. 38 Ref. 39 Bef. 30 Bef. 27 Bef. 41

10.6-p, m P(20)

CO2-CO2
CQ-Hg
CO2-02
CO2-CO2
CO2-He
CO2-Ar

0.096 0.096
0.070

0.077

0.093 0.099 0.099
0.068

0.105 0.57
0.5

0.56
0.177

1.31
1.14

0.48

1.30
0.87
0.84

0.37

10.6-P, m &(20) CO2-CO2

0 6 ~~P(12) 2 2

C02-N2

0.08

0.105

0.093

0.105

0.090

0.11 0.102
~P 070

0.108

0.113

10.6-p, ~ P(32)
C02-N2

9.6-P, m P (20) CO2-CO2 0.063

0.065 0.091 -p.p97
0.086

0.076

0.097

1.36

er authors is limited owing to the small number of
perturbers which they have investigated. Where
comparison is possible, we find that our power-
corrected results on the 10.8-pm P(20) transition
are approximately 1%0 higher for CO, and as much
as 30% higher for CO~-N, . The best agreement is
found with the 10.6-p,m CO, absorption work of
Arie et al." Their value of 0.105 cm 'atm ' for
the P(20) transition converts to 8.3 MHz/Torr; this
is in excellent agreement with our value of 8.5
MHz/Torr. For the 9.8-pm P(20) transition the
disparity is, in general worse, with our values
for CO~ ranging from 30 to V(Fly higher than other
published results. Another difference is that our
data (Table III) reflect practically no rotational
dependence for the 10.6-pm band, while the values
obtained by others and displayed in Table IV indi-
cate a small and monotonic decline of the broad-
ening coefficient from low to high angular momen-
tum quantum number J.'

The resolution of the question of rotational de-
pendence using our technique appears to hinge on
a correct evaluation of the rotational dependence
of the effective dipole moment ((p, ~') in the pres-
ence of saturation. The main difference between
our measurement and other determinations of the
rotational quantum number dependence of the
broadening coefficients is the influence of satura-
tion. This is apparent from Eqs. (12) and (18)
since the experimental intensity was the same for
the P(12), P(20), and P(32) data, and we assume
that T*, is independent of 4." A straightforward
summation" of the dipole moment (in the absence
of saturation) over the m degenerate states for
P(12), P(20), and P(32) shows that the dipole mo-

ment changes a maximum of 4/o between these
transition. This estimate is substantiated by the
experimentally determined variation of the dipole
moment with J found by Arie. " Saturation may al-
ter this picture, however, since the saturating op-
tical field will generate nonequilibrium populations
of the m levels producing a partial alignment of
the system. The degree of alignment is determined
by the balance of the induced radiative transitions
against those of collisional reorientation. This
complicated dynamical behavior modifies the coup-
ling of the radiative field to the molecular systems
and influences the saturated response of the medi-
um. " The recent work of Goldreich et al,". "on
interstellar masers may provide a suitable start-
ing point for investigating the effects of saturation
involving degenerate levels.

We conclude this section by mentioning the cor-
relation between our results and the work of Alcock
of the Canadian Research Council. Alcock" is in-
vestigating high-pressure (1—15-atm) CO~ ampli-
fier systems and has measured the gain of the 9.6-
pm P(20) transitions as a function of pressure. Al-
cock has developed a theoretical model for the
gain of these high-pressure CO, systems which in-
cludes the effect of line overlap. Using our pres-
sure-broadening coefficients for CO„N„and He
in this model, he calculates gain values which pro-
vide the best agreement with his data over the
range 1-8 atm as compared to the broadening co-
efficients of other authors. " In particular, the
experimentally observed fact that 9.6-pm gain be-
comes comparable to the 10.6-p.m gain at high
pressure is accurately predicted by this model
using our broadening coefficients.
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VII. CALCULATION OF LINEWIDTHS USING MURPHY

BOGGS THEORY

One of the major applications of the CO, pres-
sure-broadening data obtained from these line-
shape studies is the analysis of the dynamics of
intermolecular collisions with the primary objec-
tive of characterizing the intermolecular forces
involved in these collisions. The manner in which
this is normally accomplished is to formulate a
classical, semiclassical, or entirely quantum-me-
chanical description of the scattering problem
taking into account the various intermolecular
forces, and then, with certain approximations, de-
termine the intensity distribution of the radiation
absorbed (or emitted) on a given transition by the
system which is undergoing such collisions. By
correlating the results of these calculations with
experimentally observed linewidths one may para-
metrize the magnitude of the various intermole-
cular forces.

The number and variety of pressure broadening
theories available for this task is legion. ~ The
formulation which has enjoyed the most success-
ful and widespread application, however, is the
Anderson-Tsao-Curnutte4' (ATC} pressure-broad-
ening theory. Another theory which has been suc-
cessfully applied to microwave linebreadth data is
that of Murphy and Boggs4' "(MB). We chose the
MB treatment since they had obtained quadrupole
moments for several of the perturbers (CO„N,O,
N„NO, H„and D, ) which we have investigated
and had constructed a formalism which was readily
adaptable for the analysis of our data.

The perturbers which we have investigated rep-
r esent quadrupole-dipole, quadrupole -quadrupole,
dispersion, and exchange interactions. " For most
of the collision partners, with the exception of the
rare gases, the longest-range interactions are
quadrupole-dipole (& ') a,nd quadrupole-quadrupole
(& '). ln the case of the CO, -rare-gas interac-
tions, the only potentials which are of consequence
are dispersion and exchange forces. Two other
perturbers rate special comment. Oxygen is un-
usual in that its ground state is 'E, , and conse-
quently has a magnetic dipole moment. NO is also
unusual in that its ground state contains an un-
paired electron in a m orbital, and thus, a com-
ponent of electronic angular momentum exists
about its internuclear axis generating a magnetic
moment. In this latter case, two fine-structure
states, the '0, /2 and the 'II, /„are populated at
room temperature. These systems involve addi-
tional magnetic interactions.

Boggs has been kind enough to provide us with a
program which calculates the linewidths for pre-
scribed collision partners using the MB theory.

T

I

T

CI

3o.He

4
XH.

4

~~'Kr
oAr

Ne

g~Xe

/
/

/
/

/

40
I

100
I

120 140

FIG. 9. Mass dependence of the CO2 linewidth for
various collision partners.

Unfortunately, CO, -rare-gas collisions, could not
be treated by this program, since exchange forces
are not currently included in the theory. The per-
turbers NH, and CH4 could also not be calculated.
Before describing the results of calculations using
this theory we wish to make a few qualitative re-
marks regarding the perturbers which could not
be evaluated by the theory. One of the most strik-
ing points about the rare-gas perturbers is that
they are all essentially equally effective (except
for Xe and He} in broadening CO, . Smith" points
out that other broadening measurements performed
with rare-gas perturbers result in linewidths wMch
are higher for the low-mass (He) and high-mass
(Xe) perturbers and lower for the intermediate-
mass perturbers. The minimum of a plot of line-
width versus the mass of the rare gas occurs
around the mass of the molecule which is being
perturbed. A plot for our CO, -rare-gas data is
illustrated in Fig. 9, and is observed to demon-
strate this trend. Although the minimum is fairly
shallow, it is in the general neighborhood of the
CO, mass (44). We note that the influence of vel-
ocity changing collisions is expected to become
significant for perturber masses comparable to,
and greater than, the mass of the radiator. The
onset of this effect is approximately at the mini-
mum observed in the data of Fig. 9. Rare-gas
broadening has been calculated in the rotational
spectrum of HC1 by Krishnaji and Srivastava, "
and by Gordon" using dispersion and exchange in-
teractions. Recently, Tipping and Herman"'" and
Boulet et al, ' have considered the effects of vibra-
tion on HCl-rare-gas collisions and have achieved
moderate agreement with the experimental data.
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Two other interesting perturbers which we have
investigated are NH, and CH4. Both broaden CO,
roughly the same amount (-11 MHz/Torr); only
H, is more effective in broadening CO, in our data,
presumably on account of its high velocity. The
effectiveness of NH, in broadening CO, arises
naturally as it has a large static dipole moment
(0.847D), although its quadrupole moment of -2D A
is fairly small. Thus, the strong long-range di-
pole-quadrupole interaction between NH, and CO,
would appear to account for the large measured
broadening coefficient of these collision partners.
The case of CH4 is not so simple. Since it is a
spherical top molecule with tetrahedral symmetry,
CH4 has no static dipole or quadrupole moment.
In the absence of vibrations, it should appear sim-
ilar to Ne (mass 20 vs a mass of 16 for CH, ) in
perturbing CO, . This is obviously not the case
since the CO, -CH, broadening coefficient is ap-
proximately 7(PI& larger than that for CO, -Ne. Vi-
brational effects may be the key here, especially
the possibility of vibrational resonance since the
v4 mode of CH, at 1306.2 cm ' is well within AT
of the CO, 10'0 level. Such effects, however, have
not been investigated within the framework of ex-
isting broadening theories. However, it should. be
noted that octupolar interactions may also be im-
portant for the case of methane.

We turn now to a discussion of the results of
linewidth calculations obtained with the Murphy-
Boggs formulation. The molecular parameters
used in the calculations appear in Table V, and
the theoretical quadrupole moments required to
fit our line broadening results are presented in
Table VI. The only other linewidth calculations
which have been made in the infrared for CO, -CO,
and CO, -N, were done by Yamamoto et al."and
Boulet et al."using the ATC theory. The results
of Boulet are particularly interesting, since he is
basing his calculation on the experimental CO,
laser absorption data of Arie et al." We noted in
Sec. VI that Arie's value for CO, self-broadening
on the 10.6-gm P(20) line was in good correlation
with our data (8.3 MHz/Torr vs our 8.5 MHz/Torr).
Boulet's somewhat lower value of 7.6 D A for the
CO, quadrupole moment, compared to our value of

0
8.4 D A, is understandable owing to two basic dif-
ferences between the Murphy-Boggs theory and
the Anderson- Tsao-Curnette theory. First, the
collisions in the ATC theory are somewhat "'har-
der" than in the MB formulation, owing to a dif-
ference in the collision efficiency function. Sec-
ond, since the MB theory was developed specifi-
cally for the microwave region, it considers only
inelastic collisions. In the infrared, however, the
contribution of elastic processes to the linewidth
must be taken into consideration.

Boulet et al. also measured the CO, -N, broaden-
ing coefficient and used the ATC theory to obtain
the value of the N, quadrupole moment. However,
since their value for the CO, -N~ broadening coeffi-
cient of 5.9 MHz/Torr on the 10.6-pm P(20) tran-
sition is considerably smaller than our result
(7.4 MHz/Torr), we would expect our calculation
of the N, quadrupole moment to be substantially
larger than their result. Our 7.3 DA value for the
N, quadrupole moment is almost twice the 3.'l D A
found by Boulet.

Comparing our determinations of the quadrupole
moments tabulated in Table VI with the results of
other investigations, we may make the following
observations. For the 10.6-pm P(20) data, our
value for the CO, quadrupole moment seems to be
in good agreement with most other results includ-
ing the value suggested by Stogryn and Stogryn. "
In particular, it agrees almost exactly with the
microwave results calculated by Murphy and
Boggs.4' For N, O, however, there is a large dis-
parity with most other values except for nuclear
spin relaxation. Our result is —

50%%uo larger than
the MB calculation. This discrepancy may be at-
tributable to vibrational resonance, since both the
10'0 and 00'1 states of CO, and N, O are only -100
cm ' apart.

Our N, quadrupole moment agrees with the MB
result, but is almost a factor of two larger than
most other determinations. The quadrupole mo-
ment for NO agrees exactly with the MB result,
but is -30% larger than other values. Murphy and
Boggs did not make any calculations for CO or 0,.
Our result for CO is in good agreement with the
value suggested by Stogryn and Stogryn and with
most other values. The quadrupole moment we
calculate for 0, is considerably larger than any
other values. We find a similar problem with the
H, and D, quadrupole moments. Even though we
agree with the MB value, our calculation is -2 or
3 times larger than any other determination.

A comparison of the broadening due to CO and N,
and the resulting quadrupole moments obtained is
instructive, since these molecules are isoelec-
tronic and equal in mass. Although CO has a lar-
ger theoretically calculated quadrupole moment
than N, (these calculations seem fairly well sub-
stantiated by both nuclear spin relaxation and sec-
ond virial coefficient data) and a small dipole mo-
ment which is absent for N„CO is less effective
in broadening CO, than N, by -15/o. Once again it
appears that vibrational effects may play an im-
portant role here, since the first excited vibration
of N, is only 10 cm ' above the CO, 00'1 level.

The quadrupole moment for 0, required to fit the
data is 4.4 times as large as that suggested by
Stogryn and Stogryn. One of the major reasons for
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TABLE V. Physical constants of various collisional. partners.

Molecule

Dipole
Molecular moment

mass p (D)

Rotational Ionization Polariz ability
constant potential anisotrophy
B 0(G Hz) e(eV) (nag-nf) (A)

Average
polarizability

n (A. ')

N20
N2

NO
CO

H2

CO2

D2

02

44.015 op
28.0134
3O.O1'
28.01b
1.0080 b

44.0088
2.0160

31.9988

0.166
0 ~

0.16
0 10

12.566 166
60.3
51.0845
57.8975

1824.0
11.8

912.87
43.102

12.9
15.51
9.5

14.01b
15.6
14.4
15.6
12.06

2.79
0.93
1.05
0.975
0.22
2.10
0.22
1.14

3.00
1,76
1.64
1.95
0.79
2.65
0.79
1 ec

Except where indicated, all values are from Table X of Bef. 46.

~Reference 35.
Reference 61.
Reference 62.

this is that it appears to be necessary to take into
account the effects of exchange forces. Note that
the CO, -O, linewidths are not much larger than the
CO, -rare-gas values. Dillon and Godfrey" have
made broadening calculations taking into account
the influence of exchange forces and have obtained
good agreement with O, microwave pressure-
broadening data.

The H, and D, quadrupole moments are roughly
a factor of 3 larger than the values suggested by
Stogryn and Stogryn; the factors governing this

difference are not: clear, although vibrational ef-
fects and exchange terms may both play a role.

The fact that the MB theory provides reasonable
quadrupole moments for only two of the perturbers
which we have investigated (CO, and CO) is attri-
butable to two factors: (i) since the MB theory was
developed for the microwave regime, only inelas-
tic collisions are considered; (ii) obviously no
attempt was made by Murphy and Boggs to account
for vibrational effects. It would appear that con-
sistent with the historical determinations of mole-

TABLE VI. Results of various determinations of molecular quadrupol. e moments.

(@ma&, in units of debye-angstroms)
Qma]s this work CO2 La,ser Microwave Theoretical

Molecule ~0-Pm &(20) 9-pm P (20) .absorption data data cal.cul.ation
Second virial Nuc1.ear spin
coefficient relaxation I'

CO2

N20

NO
CO

02

H2

D2

s.4+ o.e

9.3 + 1.5

7.3+ 1.2

6.1 + 1.4
5.1+ 0.8

3.4+ 0.7

4.5 + 0.6
3.1+0.3

10.S + 0.8

7.5+ 1.0

3.6+ 0.5
4.0+ 0.3

7.19, v eb

3.2S,' 3.V"

8.44 + 0.98

6.07 + 0.42

6.14+ 0.35

6.07+ 0.42
0 ~ 0

3.37 + 1.23
3+37+ 1e23

S.O,
' 5.28'

s.e '
7.40-7.50 g

e.o '
p4 h 2 72i

3.04'f

1.76, & 3.6'
44p k 3 621
5.0
1.18,~ 2.0em
1.97,& 'O. V8'
1.324,", 1.298
1.296 f

8.2, 9.18
10.0, 11.6
5.56

4.1,3,8
3.6
4.4, 4.8
5.62

3.8

1.20

9.70

8.50

3.40

4.10
4.0

1.84

1.04, 1.90

Reference 63.
Reference 64.
Calculated by Murphy and Boggs, Ref. 46.
Reference 65.

eReference 66.
Recommended by Bef. 67.

&Reference 68.
"Reference 69.
Reference 70 (see also, Ref. 71).

Reference 67.
Reference 72 (see also, Ref. 71).

~ Reference 73.
~Reference 74.
"Reference 75.

Data given by Befs. 46 and 67.
~Reference 76.
~Error bars reflect only errors in the data.
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cular quadrupole moments through linewidth mea-
surements that present theories do not provide a
sensitive evaluation of these moments.

We also conclude from our results that it is ap-
parent that the proper treatment of vibrational ef-
fects is essential to the ultimate understanding of
line broadening in rotational-vibrational spectrum.
Unfortunately, there is currently no theory which
fully accounts for all the internal degrees of free-
dom that enter into the potential between two col-
liding molecules and results in a linewidth for a
given rotational-vibrational transition. Oka~ has
recently described some of the problems which are
involved in such theoretical description. The vi-
brational dependence of the intermolecular poten-
tial in collisions has been investigated, "but not
simultaneously with the angular dependence. Re-
cent semiempirical modifications have been made
to the ATC theory in an attempt to describe rota-
t jonal-v jbratj, onal data.

VIII. SUMMARY AND CONCLUSIONS

Using a high resolution infrared spectrometer
comprised of stable CO, oscillators we have made
accurate linebreadth measurements of the saturated
resonance in the CO, 4.3-pm fluorescence as a
function of pressure and intensity and for a wide
variety of collision partners. Numerical reduction
of the data using a Lorentzian profile to least-
squares fit the the saturated line shape provides an
excellent characterization of the observed line
shape over the range of pressures investigated.
Experimental pressure-broadening data have been
obtained for CO, in collision with CO„N2, H2, D, ,
'He, and Xe on the 10.6-gm P(12), P(20), P(32), and
R(20) transitions and on the 9.6-pm &(20) line. In
addition, data for the perturbers 'He, Ne, A, Kr,
N, O, NH„CH„NO, CO, and 0, have been found
for the 10.6-pm P(20) transition.

A semiclassical theory of the 4.3-p,m saturated
resonance has been developed which accounts for
the influence of T*, (rotational plus cross relaxa-
tion), T, (phase interruption), and I (intensity) on
the line shape. To properly describe the low-pres-
sure (0-75-mTorr) behavior of the data we find it
necessary to add a phenomenological transit time
(T,) to T*, and T, in our theory The time-of.-flight
linewidth obtained in this manner is 59 kHz, which
is in reasonable agreement with other estimates of
this quantity. Our theory indicates that the low-
pressure behavior due to the transit time is an
intensity dependent effect. At high saturating in-
tensities the curvature in the data of linewidth ver-
sus density is quite pronounced, but at low inten-
sities it is absent. We also find it necessary to
account for the Gaussian spatial distribution of the

saturating electric field in our theory to obtain
reasonable linewidths for measured experimental
intensities. All of our experimental data have been
fitted with this theory to obtain a power-broadening
corrected value of the pressure-broadening coeffi-
cient for each perturber investigated. In general,
the intensity-corrected value is -20/o greater than
the uncorrected experimental result.

Comparison of our results with the data of other
authors is limited to some extent by the small
number of perturbers which they have investigated.
Where comparison is possible our pressure-broad-
ening results are generally (10-30)% larger for the
10.6-pm data and (30—70)/0 larger for the 9.6-pm
data. Our results for CO„He, and N„however,
provide the best agreement for the 9.6- and 10.6-
pm gain measurements obtained by Alcock in high-
pressure CO, amplifiers, a finding which lends
strong support for the acceptance of these larger
values. On the other hand, our broadening data do
not reflect the rotational dependence found by other
investigators involving linear measur ements. The
probable source of this result is attributable to an
inadequate treatment of the saturation behavior of
degenerate transitions including the effect of mole-
cular reorientation.

Finally, we have appraised the character of the
intermolecular forces involved in collisions be-
tween CO, and the various perturbers with the
Murphy-Boggs theoretical linewidth formulation.
With this analysis, originally developed for the
microwave region, we have calculated the pres-
sure-broadening coefficient in each case. Since
the dominant interaction between CO, and the per-
turbers in the context of the MB theory is the
quadrupole-quadrupole interaction, this analysis
resulted in quadrupole moments for CO„N,O, N„
NO, CO, O„H„and D,. It was observed that the
quadrupole moments determined by this analysis
differed by as much as a factor of four from alter-
native determinations. The diff erences between
the theoretical and experimentally established
values of the quadrupole moments of these mole-
cules serve to highlight the inability of existing
pr essure-broadening theories to adequately treat
the collision problem in this regime. In particu-
lar, it is evident that vibrational effects, espe-
cially where vibrational resonance is present,
must be properly incorporated into the theoretical
tr eatment.
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