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ABSTRACT

Several previously undiscovered infrared absorptions have been found
in carbon dioxide., All are normally forbidden, and were collision-
induced in an absorbing cell whose combination of pressure and path

length has a unique sensitivity for induced absorptions.

The most thoroughly studied new absorptions, in the 2. 3, region,
were measured to 95 amagat over path lengths of 2400 ¢cm, They

are attributed to transitions from ground to the 311 Fermi pair at

4248 and 4391 cm-l, Total strength, including the associated hot
bands, is (6.2 £0.9) % 10-6 cm-z amauzu The strength ratio between
the two members of the pair has been used to find the ratic of the
unperturbed matrix elements: that of the 00 O-llll transition is 8
times larger than that of the 00 0-0311, with a crossing-~over of inten-

“

sities between the unperturbed and perturbed states.

Other newly-observed induced absorptions are attributed to simulta-
.y 0 0 . .

neous COZ -N2 transitions, and to the 00 0-00" 2 transition in COZ°

In addition, measurements were made for the first time of induced

absorptivities in spectral "windows' -- regions usually considered

transparent -~ at 11. 2, 10,0, and 8. 75, and of the induced strength

0 1
of the 00 0-01 1 transition.
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The absorption strengths measured in this study are combined with
others from previously published work to obtain a number of CO‘2
polarizability derivatives, and to exhibit regular progressions in
strength versus increasing v, quantum number, for both allowed and

induced transitions.

Absorptivities in the windows were used to test and reject a hypo-

thesis about the behavior of the far wings of allowed absorptions.

The experimental spectra herein and others previously published were
used to predict the radiative transfer in a dry CO2 model of the lower
atmosphere of Venus, To cover wavelengths greater than 18,5y, a
synthetic spectrum of absorption (with terms proportional to density
and to density squared) was prepared. The results indicate that the
radiation balance in the lower atmosphere of Venus is adequately
explained by a dry massive atmosphere of COZ with a layer of
infrared~opaque clouds. The new absorptions in the 2. 3|, region are
significant to this conclusion, as without them there is not enough

opacity to sustain Venus' 768K surface temperature.

Appendices include summaries of COZ. properties and vibrational
levels, a proposal for simplified labeling  members of Fermi multi=-
plets, calculation of atomic polarizability derivatives, an analysis of
the effect of mechanical anharmonicity, and a discussion of relative

strengths of hot bands based on the radial wavefunctions for vy and £.

iv
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I. INTRODUCTION

A. GENERAL

In infrared spectra, carbon dioxide has probably been the subject of
more studies than any other polyatomic molecule. Its structure is
simple enough to give spectra whose details can be interpreted with
precision, but not so simple that these details can be predicted by an
ab initio wave-mechanical description. Interest in it stems both from
this and from its frequent presence in physically important situations:
comhbustion and respiration, refining and chemical processing, and

the atmospheres of the earth and other planets.

In most of these situations, the radiation properties of CO2 can be
predicted well on the basis of measurements at pressures of a few
atmospneres or less. However, the atmosphere of Venus is mostly
COZ’ with a depth and surface pressure which are too great to allow
accurate predictions based on earlier experiments. Early opinions
that COZ alone could explain Venus' high surface temperature {near
750K} through the greenhouse effect were rejected because radiation
balance analyses showed the need for an infrared opacity higher than
any indicated by laboratory measurements. Most of the explanations
which were advanced required one or more additional constituents,
with HZO being the one most canmonly proposed. More recently,

Thaddeus (1964) suggested that, at high pressures. a combination of

collision broadening and induction of forbidden infrared absorption



could provide sufficient greenhouse effect to explain the surface

temperature even with dry CO2 alone,

B. PURPOSE

The purpose of this study was to complement the many previous
observations of CO2 infrared absorption at moderate pressures or path
lengths by observations at a combination of path lengths and pressures
large enough to permit measuring weak absorptions proportional to
density squared. To that end, unique equipment was bulit with greater
capacity for producing pressure-dependent effects, and with sufficient
long-term stability to permit accurate estimates of absorption even if
none of the spectrum remained transparent enough to act as a reference
level. Observations made with this equipment were to be applied to
models of the atmosphere of Venus and to the properties of the CO

2

molecule.



II. EXPERIMENTAL EQUIPMENT

The equipment in this study consisted of a specially-designed high-

pressure,long-path cell and a conventional spectrophotometer.

A, LONG-PATH CELL

The absorption cell emploved the multiple-reflection optics originally
designed by White (1942). The problems which had to be solved in-
cluded pressure sealing, stability of mirror alignment, temperature

control, and window design.

1. Vessel

The pressure tank and its dimensions are shown in Figure 1. It is
made of type 316 stainless steel, whose strength permits thinner walls
than any other alloy not requiring annealing; its resistance to hydro-
gen embrittlement makes it suitable for possible experiments with
hydrocarbons. The cylinder was formed from a rectangle of sheet
stock 2. 1 cm thick, with a welded seam, flange, and closed end. The
tank and its removable cover weigh about 201 kg and 44 kg, respec-

tively. Its internal volume is approximately 0.0403 rnrl3 (1.42 ff:3).

A 4-to-1 safety factor was used. designing to 827 bar in order to have
maximum working pressure of 207 bar (3, 000 lb/inz, 204 atm). The
completed tank was X-rayed, and withstood a hydrostatic test at 310

bar.
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The cover is bolted to twelve 1% - 8 studs mounted on the tank flange.
All electrical connections to the interior are made via a Conax high-
pressure electrical feed-through in the cover. The fixed end has holes
for the windows and for gas filling; a full-length V-channel is welded
inside the tank as a guide for the optics platform. In order to avoid
the higher thermal conductivity of a supporting structure under the
tank, the top of both tank and cover are fitted with threaded holes for
suspension. The cover is suspended from a trolley which runs on an
overhead channel, so that it can be removed and replaced without

disturbing mirror aligpnment.

The cover is pressure-sealed with a 23 cm diameter ring which
deforms inelastically when the bolts are tightened, A Toruseal hollow
stainless-steel O-ring with a 0.1 mm Teflon coating gave better

results than a solid copper ring or an uncoated Toruseal.
2. Internal Optics and Mounting

To form the White multiple-refiection long-path cell, three Vycor:‘:

mirrors, all with a radius of curvature of 100 cm, are inside the tank.
One mirror, 4.45 cm high by 9. 36 em wide, is placed between the

entrance and exit window slits. Two larger mirrors are mounted side

" Vycor, made by Corning Glass Works (Corning, N.Y.), is 96%

silica, 3% BZOS’ and smaller quantities of AIZO3, CrOZ, NaZO, and
ASZO3' Its strength, melting point, and low coefficient of thermal ex-

pansion (8 x 10—7 per °C}) are close to those of fused quartz,



by side at the opposite end of the tank, 100 cm from the first mirror.
Their height and width are 15.24 by 10.16 cm (6 by 4 in), with outer
corners beveled to fit within the tank's internal diameter of about 21.1
cm; the beveling reduces reflective area by 13%. Figure 2 shows the

configuration and the first four passes.

Each mirror is gripped at its corners by fingers extending from a
thin stainless-steel backing plate; each backing plate has three 2 - 56
threaded studs for mounting and adjustment. The studs pass through
stainless-steel compression springs, through oversize holes in verti-
cal stainless-steel plates, and then through coned bearing sleeves.
These are necessaiy to keep the studs centered and to avoid small
noh- reversible shifts in mirror alignment during temperature changes

and vibration.

The vertical support plates are mounted on a removable platform,
which provides kinematic mounting, resistance to vibration, and accu-
rate maintenance of mirror spacing over a wide range of temperatures,
and permits initial setup and adjustment to be made outside the tank,
The first design, used in the initial series of runs, was made of
Vycor tubing and rods, as shown in Figure 3. I proved to be too
springy and fragile, and was replaced by a stainless-steel plate 0. 32
cm thick, stiffened with a welded U-channel underneath. Mirror spa-
cing is maintained by permitting the large mirrors vertical support

plate to slide lengthwise on the platform, and spring-loading it



Fig. 3. Optical platform used in early measurements, made by fusing Vycor rod and tubing into a truss

structure.
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against two Vycor spacer rods. As with the Vycor platform, the rods'
expansion exactly compensates for the change in curvature of the Vycor
mirrors. This amounts to only 0. 24 mm for a 300C temperature rise
{or about 1 cm of path length with 40 reflections), Without the Vycor
rods, the twenty-times greater expansion of stainless-steazl would

cause serious defocussing.

The spacer rod ends are in the plane of the mirror mounting surface,
cancelling any expansion in the studs and other supporting structure.
The two points on the vertical support plate which are pressed against
the spacer rods (restraining them from lengthwise motion} also rest on
the platform. which restrains them from vertical motion. A front-
mounting point rests in a small V-groove on the platform, so that it is
restrained vertically and laterally, but not longditudinally. There are
thus six non- redundant constraints, as required in kinematic mounting.
Hold-down springs are used at both front and rear. The assembly is
shown in Figure 4. Six-point kinematic design is also used in mount-

ing the platform in the tank.

3. Window Design

The White cell is normally used with external optics which magnify
the source by a factor of two, and perform a compensating reduction
before the beam enters the monochromator. Since the maximum slit
size is 12 mm high by 2 mm wide, the appropriate window size is 24

by 4 mm. A good combination of mechanical strength and infrared



transmissivity is given by Eastman Kodak's polycrystalline materials:
Irtran-2 (Zns) has a long-wave limit of 14 microns, and a rupture
modulus of 14, 100 psi; Irtran-4 (ZnSe} can be used to 22 microns, but
has only 6, 100 psi rupture modulus, Window thickness is 2 mm for
Irtran-2 and 3.2 mmm for Irtran-4; 345 bar tank pressure causes

shear stregses of 3, 100 and 1, 940 psi, respectively.

Window plugs were made to fit the holes in the tank; each plug is
shouldered and grooved to hold a Toruseal stainless-steel O-ring 4 45
c¢m diameter, which is compressed against a mating shoulder in the
tank hole by a threaded locking ring. An Irtran blank 18 wrung against
the inner surface of each plug, and held on by a slotted cover plate and
a threaded holding ring. To test the windows, a hydrostatic fixture
was made with hole dimensions duplicating those of the tank holes; in
order to observe window behavior, an NE-51 neon bulb was placed
inside the {ixture and powered by wires through the pressurizing pipe.
In all window plugs with slit- shaped windows, the Irtran failed by cra-

zing without leaking, considerably below the predicted'"safe' pressure' .

ls
e

The '"safe'' pressure is given by the following formula (courtesy

Eastman Kodak):

T = 0.75 ABJPF/R (a2 8%

1

where P is the pressure and R the rupture modulus, both in units

compatible with the thickness T and the slit dimensions A and B.
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A possible explanation is that the high pressure caused enough

plastic flow to shift the sintered grain boundaries. The neon

bulb withstood 690 bar.

In an effort to provide more even support, new plugs were

m-ade with the slit replaced by a row of circular holes. Pres-
sures up to 413 bar (6, 000 psi) were reached without failure in
the final configuration selected, which has six holes 3.9 mm

in diameter, - and is shown with all fittings in I'igure 5. One
window is Irtran-2 and one is Irtran-4, so as to average the
wavelength dependence of transmission loss in the two materials.
The flat windows cause vignetting, reducing the energy to about
20% of that obtained by Perkin-Elmer (1959) with the same mirror

design, but with coavex windows.

4, Temperature Control and Measurement

In addition to compensating the optical system for thermal
expansion, as discussed previously, it is extremely important
to avoid temperature gradients. These can ruin optical align-
ment through differential expansion of the supporting structure.
Worse, temperature wvarilations are much more effective at
high pressure in deflecting or breaking up a light beam: for
given AT, the change in refractive index is proportional to

density. Moreover, the temperature difference required for
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the initiation of turbulence decreases inversely as the square of

the density (McAdams, 1954} .

In this study, the initial goal was to reach 558K (600F), using
electrical heating and an insulated jacket. In initial runs, the sig-
nal was totally lost for an internal temperature rise of only 30C (54F).
As it disappeared, large fluctuations suggested the presence of strong
convection turbulence -- probably due to uneven heating. This was
confirmed by noting variations in the readings of thermocouples on the
outer surface of the tank. More seriously, room-temperature signal
levels varied by up to 10% from day to day, apparently due to small

temperature changes.

To improve heat distribution, the tank was jacketed with 3.2 mm of
annealed copper, hammered in place for best thermal contact, and
held by steel strapping. The entire tank was then wrapped with about
5 cm of fiberglass insulation, covered by aluminum foil to block air
convection through the fiberglass. A reraovable insulating cap of

fiberglass and sheet aluminum was applied to the cover.

Temperatures are measured by a series of copper-~constantan thermo-

couple junctions, referenced to an ice bath. The thermocouples,

As a consequence, the long-path cell at Ames is reported to suffer

beam breakup with temperature differences of a few tenths of a degree.
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whose purpose is less to measure temperature than to assure equi-
librium, are distributed around the exterior and interior of the tank,
Those inside are sheathed in stainless steel jackets 1.6 mm diameter
with welded closed ends and MgO electrical insulation, They enter the

tank through a Conax 10, 000-psi packing gland.

The laboratory was air conditioned to keep ambient temperature
constant. Optical performance at elevated temperatures has been
improved to the point where spectra can be taken, but without the
stable absolute signal level required for the work in this investigation.
Turbulence seems to have been cured, but beam alignment is lost
because of temperature differentials in the platform and support plates,
As a result, the findings herein are restricted to room temperature.
Modified means of supporting and adjusting the mirrors have been
designed and will be installed to make the long-path cell stable over a

wider temperature range, in its new location at New York University.

5. Internal Mixing

The Conax fitting also carries wires to power a stirring motor moun-
ted on the optical platform in the tank., Its purpose is to provide
mixing so as to reach thermal equilibrium more rapidly, and to avoid

stratification when mixtures of gases are in the tank,

The motor was designed to operate at 600K (620F} without introducing

spectrographic contaminants. A commerical induction motor was
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completely rebuilt to eliminate all organic materials, retaining only
the laminated-iron field and the copper-and-iron armature. Though
these appeared to be varnish-free, they were cleaned in acetone and
degreased in Freon vapor, as were all other parts. New unlubricated
hearings were machined from organic-free graphite and mounted in
adjustable steel bearing plates. A new field coil was wound from cop-
per wire insulated with specially made unvarnished fiberglass braid;
mica underlayment on the field iron prevented abrading the brittle

braid.

The motor, which can be seen in Figure 4, was fitted with a cast alum-
inum two-bladed propeller. It has been test-operated for six hours in
an oven at 600K. In the tank, the motor has run at vacuum and at high

pressures,

Another method of mixing employed a commercial magnetic stirrer.
With this, a motor-driven Alnico magnet outside the tank was able to
spin a glass-encapsulated rotor magnet inside the tank, through a gap
of 5 em, including the 2.1 cm thick stainless steel wall, However,
mixing efficiency was poor because of the small ratio of rotor size to
tank volume, and noe practical way was found to attach a propeller

with necessary supports and bearings.

B. EXTERNAL COMP ONENTS

Qutside the pressure cell, the major subsystems are the optics,

tncludinhg the source and monochromator; the electronics, which
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comprise source stabilization and phase locking, signal amplification,
and recording; and gas handling for both the high-pressure and the

flush systems.

1. Optics

A model 12-B spectrometer, as described by Perkin-Elmer (1956)
was cut 80 as to separate the source unit from the monochromator
and wavelength drive unit. Mating the spectrometer to the pressure
cell requires additional optical components; mirrors are used in
order to avoid the losses and dispersion which would occur with
lenses over the wide wavelength range. The only way to avoid
excessive distance between mirrors is to use them off-axis. How-
ever, image quality from a spherical mirror deteriorates badly for
angles of more than 10° from the axis (20° included angle), whereas
toroidal mirrors are designed for a specific angle of off-axis use.
Geometrically, off-axis focussing requires a prolate spheroid, but
the two orthogonal circular curvatures of a toroidal mirror bear the
same relationship to the spheroid curvatures as a sphere bears to
the center of a paraboloid. One toroidal mirror, with radii 7. 42
and 14, 84 cm, is used to turn the beam from the source into the
pressure cell. The formula for the hali-angle is cosze = Rl/R2 .
giving § = 45°, or a total turning angle of 90°, The focal length is
given by 2£2 = R RZ' so that £ = 5.25 em. This mirror is mounted

1

in a frame with adjustments for tilt, rotation, and position.
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A toroidal mirror and a flat mirror are used to bring the beam into
the monochromator. In this case, primary adjustment is via the
flat mirror, which has a three-point suspension. The toroid has
radii of 21.65 and 28. 87 cm, for a turning angle 28 = 60° and focal

length f = 12,5 cm.

Figure 6 shows a top view of the external portion of the optical layout.
The source is a Globar SiC rod about 0.5 by 5.1 em, with silvered
ends. It operates at about 1400K (2061F) with 200 watts of dissipation.

Its radiation is chopped at 39 Hz by a sector wheel.

The double-pass monochromator has two geared-together slits: one
to narrow the input beam and the other to marrow the spectral region.
As a result, signal intensity is approximately proportional to the
square of the slit width, Wavelength selection is accomplished by
rotating the Littrow mirror behind the NaCl prism, and because of
varying dispersion in the salt, wavelength and resolution are not

linear functions of the Littrow position.

The monochromator Littrow drive uses a synchronous motor with a
gear box providing 1, £, 4, or 8 minutes per turn. New gears were

made, extending the range to 16 and 32 minutes per turn.

The detector is a high-speed thermocouple with a rectangular target

0.2 by 0.02 em. Its d~c responsivity is 23 y volt/y watt; its time



17

constant Tis 10 milliseconds, so that the net responsivity is 8 y volt/

T watt at the chopping frequency F of 39 Hertz, based on

ST/SO =,f1 - 47F tanh (1/41F)

which relates the r.m. s. signal S’r for a given time constant to that
for S , the ''perfect response' to square-wave chopping with a 50%
o

duty cycle,

The only other optical component is an alignment bench, using a
collimated high-intensity Hg-vapor lamp to set up the mirrors before
inserting them in the tank. During alignment, the light is focussed
on a sheet-metal mask with holes the same as those in the tank's

entrance and exit windows.

2. TFlectronics
. . -13
The thermeal power received by the detector may be as little as 10
watts. After allowance for conversion losses in the detector thermmo-
. . L -18
couple, the corresponding electrical power is in the order of 10
watts., The usual beam-chopping technique is employed, using a
Princeton Applied Research HR-8 lock-in synchronous amplifier at
39 Hz in order to obtain its best noise figure {referred to room tem-
perature) of 0. 5dB, and to avoid a simple ratio of line frequency. A
type B preamplifier is connected to the amplifier through a remoting

cable so that the preamp can be as close as possible to the detector,

minimizing noise and pickup. Under these conditions, sensitivities
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of 2 X lO_9 volts full scale can be used with an output time constant
of 10 seconds. Chopping phase is sensed by a photo-transistor
placed next to the chopper; the photo-transistor drives a reference
input. The amplifier output, ranging from 0 to 10 vdc, dl:ives a

10-inch chart recorder geared to synchronize with the Littrow drive.

Since the major operating criterion is long-term stability, special
provisions are required to keep the Globar emission constant, in
spite of line voltage variations. In order to obtain greater stability
than with constant-voliage transformers, a silicon controlled rec-
tifier regulator was built, In this circuit, the SCR's reduce the
nominal 115 vac to 25-35 vac by varying the conduction time.

Regulation rate and output voltage are separately adjustable.
Figure 7 gives the electronics block diagram.

The overall stability of the equipment (including internal and external
optics, Globar, amplifier, and chart recorder) was tested in a num-
ber of long runs (up to 36 hours) at fixed settings. Maximum varia-

tion was +1. 5%, and r.m. s. variation was under 1%.

3. Gas Handling
Gases, obtained from the Matheson Corporation, had compositions

{given by the supplier) as listed in Table 1.
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TABLE 1: GAS PROPERTIES

Gas COZ. Nz(filling) Nz(flushing)
Grade Coleman Prepurified Extra Dry
Pressure, psi 838 3500 2200

Other Gases, ppm:

8 300
O‘2 4
CO + CO2 5 (C) only) 1 25
N2 +NZO 50 + 4 - -
2 ?
HZ 4
hydrocarbons 5 0.5 ?
HZO 10 Z 11
Total 100 40 3000

*vapor pressure of liquid at room temperature

The complete high-pressure system is shown in Figure 8. A supply
manifold is connected to four tanks: one NZ, one spare, and two
COZ' When filling the pressure cell, evaporative cooling of the
liquid CO2 in the first tank causes its vapor pressure to drop by as
much as one—rthird; the manifold is then transferred to the other COZ
tank. The spare tank is used to holdgases temporarily when it is

not desired to dump them. An Aminco #46-14025 compressor,

driven by a standard 100-psi laboratory air pressure line, is
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connected between the supply manifold and the tank, using a four-
valve bridge. By opening the appropriate pair of valves A and B
{Figure 8), the compressor can be used in either direction or can
be bypassed. The compressor, valves, and piping all have 689 bar
(10,000 psi) maximum rating. Two poppet safety valves are used:
one on the manifold and one on the pressure cell. Pressure is
measured by a Marsh #200-35 gage, with adjustable zero set and an
accuracy of 0, 2%. For low pressures, it is supplemented by a
Matheson 0-100 psi gage. A roughing vacuum system is used before
filling, to aid in baking off impurities adsorbed on the pressure cell

walls.

To exclude ambient CO2 and HZO from the external optical system,
a transparent dry-box was built around the source and the external
mirrors. The wall on the side next to the pressure cell is glass;
other walls and the top are acrylic. The dry-box is connected to the
monochromator by a vinyl tube through which the beam passes;

all joints are sealed with silicone-rubber cement or with tape.
Flushing is accomplished by low-pressure NZ’ which is introduced
near the infra-red source, flows past the mirrors and into the mono-
chromator, and is“then dumped. A half-hour of flushing reduces the
effective amount of HZO to 0. 6 cm-atm and of COZ to 0. 2 cm-atm.
This includes not only the 260-cm external optical path, but also

the 2400-cm path in the Nz— filled tank.
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C. COMPARISON WITH OTHER EQUIPMENT

In spite of the many long-path cells in existence, this study was able
to discover previously unobserved abscrptions through a combination
of pressure and path length with greater sensitivity to pressure-
induced effects. For permitted transitions, the sensitivity of an
absorption cell depends on the total number of molecules in the path,
proportional to the density p times the path length L. Values of the
product pL are shown in Figure 9 on the family of light lines sloping
downward at 45°; they show that the cells at Ames and Penn State

are nearly ten times more sensitive for allowed absorptions than

the one used in this study. However, induced absorption is propor-
tional to the number of molecular pairs; an appropriate figure of
merit is density squared times length. This is shown in the steeper
family of light lines sloping downwards at about 63°. From this view-
point, the work herein is about 1.8 times more sensitive than any
other in seeing pressure~induced lines, with a pZL of 2.2 x 107 cIm-
amaz, as compared to 1.2 ¥ 107 for the cell at Penn State (not yet used
with pressurized COZ)’ 9.1 % 106 in work by Adel & Slipher (1934},

6
and 3,4 x 10" for the cell at Ames.

In Figure 9, the major reason that points for design and actual oper-
ation are not the same is experimental difficulty, the chief problem
being signal stability with respect to vibrations, adjustments, and

temperature variations.
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III. EXPERIMENTAL PROCEDURES

The experimental plan was to measure infrared absorption at high
densities of COZ over the range from 1 to 14 microns, seeking
absorptions in regions previously considered transparent. If any

new absorptions were found, they were to be measured at enough
different pressures to establish the nature of their density dependence.
Nitrogen spectra were to provide reference levels with which the COZ.

spectra could be compared.

A, ADJUSTMENT

The White cell mirrors were aligned out of the pressure cell, using
the high-intensity source to render the image patterns visible. The

procedure recommended by Perkin-Elmer (1959) was followed until

an even row of 11 images was obtained on the small mirror , giving
a path length of 2400 cm. The mirrors were then installed in the
tank, and final adjustment was made with the Globar source in

operation.

B. OPERATION

1. Sequence of Spectra
The basic approach was to compare the COZ spectra with a stable

reference (because of the possibility that no wavelength regions

"For N images, there are 2N + 2 passes through the cell.
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would be free from absorption). Before filling with gas, the tank was
evacuated, and heaters brought the interior to 65C to bake out absorbed
impurities. After the tank cooled, nitrogen was added, and N2 spectra
were taken at ambient pressure and at 7, 14, 21, and 42 bar (600 psig).
Signal level showed no change with pressure, except for a random run-
to-run variation of about 1% which is believed due to the gas flow causing
mechanical hysteresis in the White cell mirror supports. The results

of the N_ runs were averaged to form a reference with which the COZ

2

levels were compared.

The N2 was then replaced by COZ' In spite of heating the inflow pipe
to counteract evaporative cooling in the CO2 supply tank, temperature
inhomogeneities were unavoidable, and initially caused signal loss of
about 30%. Though the signal returned close to its original level with-

in two hours, irregular slow drifts continued. The first five CO_ spec-

2
tra were therefore taken only after equilibrating overnight or longer.
In these spectra, the signal level in the absorption-free "window' near

-1 . .
5700 cm (1. 75) was the same as the corresponding region for N2

within 1%, indicating that no unexpected shift of level occurred with COZ.

The first five COZ spectra, at pressures from 46 to 52 bar, were
followed by several with mixtures of COZ and NZ. The tank was then

evacuated and refilled with N2 to check for long-term drift in signal

level; results were consistent with those found previously,
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After preliminary analysis of the COZ spectra had estiablished the pres-
ence of induced absorptions, a normalizing procedure was worked out

to permit shorter equilibration times, and CO, spectra were then taken

2
at fifteen additional pressures from 8.6 to 56 bar. Concluding runs

weare taken with NZ in the tank, and with several reference absorbers.

2. Control Settings

The monochromator's highest resolution could not be used hecause the
complex optical system reduced light intensity to about 5% of that obtain-
ed in normal use of the spectrometer. In order to get adequate signal-
to-noise ratio without excessive scanning time, slit widths of 0. 025 to
0.050 mm were used near 2.3 ;3 wavelength (giving 35 to 60 crn_1 reso-
lution) and of up to 1. 5 mm at 10y {giving 30 cmﬂl resolution). Finer
resolution was not required, as rotational structure was obliterated at

the pressures that were used.

Amplifiér time constants of 0. 3 to 3.0 s enabled the entire spectrum to

&

be covered in under three hours; regions of special interest were exam-

ined in fine detail at closely spaced, fixed wavelength settings,
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C. WAVELENGTH CALIBRATION

Calibration at wavelengths longer than 5 was based on 0. 04 mm
polystyrene film, with a reference spectrum by Plyer & Peters (1950).
From 2 to 5., reference spectra from Perkin-Elmer {(1952) were
used for absorptions in water, methancl, and 1, 2, 4-trichloroben-

zene, From 1to 2y, CO, absorptions were used, with reference

2

spectra from the work of the group at Aeronutronics. ’

- In order of increasing energy: Gryvnak, Patty, Burch, & Miller
{1966), Burch, Gryvnak, & Patty (1968), (1964), (1965C), (1965A),

(1967), {1965Bj).
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IV. EXPERIMENTAL RESULTS

A, INTRODUC TION

The apparatus described in previous section was used to obtain CO2
spectra from 1.05y to 14 as a function of density to 95. 1 amagat, over
a path length of 2400 cm. In addition to many well-known allowed lines,
a number of weaker bands were observed at 3.3y, 2.3, and 2. 14yu.

These have been identified as colligsion-induced because of their

position, their density-squared absorption dependence, or both.

Measurements have been made of the strengths of several of these in-
duced transitions; some were previously unobserved, and other had

previously been observed so weakly as to prevent their measurement.

Attention was also directed to several "windows' — regions between
strong absorptions, and normally considered transparent — near 11.2,
10. 0, and 8, 75 . Measurements of their induced absorptivities versus

wavelength were obtained.

B. OBSERVATIONS

1. 2.3 Region

This is the only region where clearly defined induced transitions cause
opacity in a window, so that more detailed results than in any other re-

gion could be obtained.



Two absorption bands with no visible rotational structure have
-1
been observed at 4240 4+ 20 and 4380 £ 20 ecm . In both bands,

optical thickness is proportional to density squared over a density

range of more than 10 to 1, with optical thicknesses at the centers

of the bands being 0.49 and 0.55 over the 2400 cm path, at 95.1
amagat. Figure 10 shows the induced absorptivity versus wave-
length, and indicates corrections for the far wings of allowed lines,
as discussed in section IV, D, 1. Total induced strength of the over-
: L -6 -2 -2 . N .
lapping pair is (6. 24£0.9) x10 "cm ama , with the individual in-
-1
duced strengths of the bands centered at 4240 and 4390 c¢cm  being

-6 -6 =2 -2
(2.640.5)% 10 ~ and {3.64.6}x 10 cm ama .

The new bands are identified as transitions of the common isotopic

, 1 1 .
species from the ground level to 3 1,1 and 3 1, II (the Fermi pair

1 1 .
whose unperturbed states are 03 1 and 11" 1), with wavenumbers
-1
4247.714 and 4390.628 em ~, according to the formulae in Appen-
dix A, sections 4 and 5. The levels have previously been observed
only in hot bands. The assignments are made on the basis of
. 2 .

position and spacing, and are confirmed by the 5 dependence, which

is not appropriate for allowed lines,

-1
The region from 4000 to 4600 em ~ is lacking in strong absorp-
tions, as can be seen in Table 2. This gives, for various
isotopic species, all allowed transitions with strengths greater

-7 -2 -1
than 10 ¢c¢m ama .,

29



TABLE 2: ALLOWED CO, TRANSITIONS, 2.3_ REGION

2
Isotopic Transition Label Energy Strength
Sp eciesT Old NeW-'r cm 1 cm Zatmh 1
626 02%0-01%2 same 3980. 60 2.0 ¥ 1078
628 00%-22%  00%-6%,m  3987.61 4.0 x 107°
626 0110 00%2 same 4005. 94 2.2 % 107°
627 0000 2200 0000-600,111 4023, 48 2.0 x 10'6
626 02%-01'2 2%, 1-01%2 4030. 32 1.0 x 1078
628  00%0-30%  00%-6%.1v 416791 2.4 %10 °
626 0110-08% 110-820,1 4379, 85 1.0 x 1077
626 Oo 070 00%-7%0.1 4416. 15 1.0 x 107°
638 01'0-01"2 same 4485. 60 4.2 x 107"
638 00°0-00%2 same 4508.75 5.0 x 10"6
637 00%0-00% same 4524. 88 4.6 x 1077
636 00%-15%  00%. 7 Lo, 4527.28 3.5 x 1079
626 01'0-16% o01'0-8%, 1 4529.87 6.0 x 1077
626 01'0-16%0 o1lo-8%0, 1 4578.09 4.8 x 107"
626 00°%0-15% 0000 7Y0,11 4591 12 5.5 x 1078
626 11700711 310,11_711,1 4611, 31 1.0 x 10'6
628 o1to-01'2 same 4614.78 2.8 x T
627 . o1%0-01t2 same 4630, 37 2.6 X 107°
628 00%0-00%2 same 4639. 50 3.5 x 1074
627 00%-00% same 4655.21 3.4 x 1077
626 o1lo. 24°0 0110-800,111 4662, 15 2.7 % 1077
636 02%0.06%1 0220-621,1 4673. 68 4.0 x 107°

"

Courtesy William S. Benedict.

1 For explanation, see Appendix B,
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These are rejected because of the density dependence of the ohserved
bands. Referring to Table 9 {(Appendix A}, the only density-inducible
candidates near the observed location are transitions from ground to
600, IV at 4225 cnrl_1 in species 626 and to 0002 at 4467 cm 1 in 838.
Not only do these transitions fail te give the observed spacing, but
their strengths are expected to be several orders of magnitude smaller
than the observed bands, on the basis of intensity arguments given by
Stull, Wyatt, & Plass (1963) in the case of the 600, 1V, and on the
basis of species 838's abundance of only 4.5 x 10—8 is the case of the

0

1
00 2. The induced hot bands representing transitions from the 0170

0 . 2 . . . .
level to the 4 1 triplet and 4 1 pair levels are discussed in section V. B.

When N2 was added to CO2 at high density, additicnal absorptions were
seen. These are attributed to simultaneous transitions in which the NZ

. . -1
goes from ground to the first vibrational level at 2330. 7 ¢ = and the

1 . -
CO‘2 goes from ground to the 370 pair at 1932, 5 and 2076. 9 cm 1. Be -

cause the NZO—»I transition lies near the 0001 level at 2349.1 crn_1 in
COZ’ the simultaneous transitions {at 4236. 2 and 4507. 6 cmul} lie
close to the induced 311 pair in COZ discussed above, and cannot be
separated from them. Figure 11 shows the effect of two admixtures of
NZ. While the additional absorption appears to be proportional to the

amount of NZ as expected, the positions of the strongest additional

absorptions do not coincide with the predicted positions, This may be



due to the P and R branches (which are more prominent in simultaneous
transitions than in self-induced transitions), or to frequency shifts of
the sort noted by Vu (1960) for induced transitions in mixtures. Some
of the additional absorption is because the N2 quadrupole moment in-

1 —
creases the strength of the 31 pair in COZ'

2, Other Induced Absorption Bands

The 3. 34 region in CO_ has been observed over a sufficiently wide

2
range of densities so that the observed optical thickness can readily be
resolved into the sum of two components, as shown in Figure 12. The
linear component is believed to result from allowed transgitions: the
strongly absorbing C-H stretch near 3000 an_1 in methane and other
hydrocarbons, usually present as a few parts per million; and allowed
0 1 . . .
00 0-01"1 transitions in the asymmetric COZ species 627 and 628, at
-1 . 0 1
2993 and 2984 crm . The square-law component is from the 00 0-01"1
N - - ~1 . . .
induced transition at 3004.0 cm  and gives an induced absorptivity of

-7 -1 -2
(8.2+£1.4) x 10 cm ama  at the band center. With a half-width

-1 - -
of 75+ 10 cm ~, the band's induced strength is (6.2 + 1. 3) x 10 > crn 2

-2

ama .

Evidence for an induced absorption has been seen at 2. 14, a region

which is dominated by the wing of the allowed 401,1 (centered at 4854
-1

cm ). Its extent has been estimated by comparing the observed signal

with the interpolated wing profile at various densities, Figure 13 shows

33



34

wns JI19Y3 ST JAIND RIYSEpP 2y .}ﬁ:uw jussaad oyl ur PIEP JOJ lUMOUs AIE
sadors me[-asenbs pur Iesuy pepny ‘spmwSew up psredwiod 2q louues
SINSIT Yy} 1Y) ©S ‘JUIIDIIIP DA€ SUOTITYosss pur syIdusy yied Hurm

aej H.Hownoooo QU3 Q1 JAUT[AI IR Yjog -pIojulsryedq Aq ﬁ|c.~u 0F9F

1e punoy uopdiosqe romorreu Yl 03 pPasedilon OpIom Sity) Ul wi
-

099¥% JIedu punoy uondlosqe peorq syl Jo =ouspuadsp Asusq "¢1 914

}pbowo ‘A LISN3Q 202
0S! 001 08 090G OF O 02 ol 8 9
L | I I T %

<0’

€0’

o

SO
20’

=)

SSANMIIHL vIIldO

yind wo ool
/ {G66]1) LYOANTHHYL +

yiod W3 0OHZ ‘MUOM SIHL » T

TEAUI PHOS ULl umoys age §juduadluod
mel-31enbs puw sedur 23eredss syl 31y seaienbs-jsear
1332wered-omy oyl Tuimoys 2alnd paysep ® ylwa ‘e Aq

P21®0IpuT ST Mg ¢ 12 Aj1susp snslan widap reoudg ‘21 Vg

+oBowD 4 1ISNIA 0D

00l 08 090G Ob 08 02 ol 8
T T T I 1)
Q
— T
o
- 9]
b2
. T
- —
= =
- (]
| X
=
m
73]
4]
=
— N
Y
o
(o]
[}
- 3
]
- o
=
— |.m
A T S | 1 (11 1




35

the resulting optical thickness versus density. As was the case in the
3.3 region, the function can be expressed as the sum of linear and
square-law components. The former is attributed to allowed
0000—-0002 transitions in species 627 and 628 (at 4655.2 and 4639.5
cm” 1); the latter is attributed to induction of the same transition,
normally forbidden in species 626, at 4673.3 cm’ 1. Because of the
absorption's position on the steep slope of a wing and because of the
moderate resolution, it was not possible to separate the three bands
or to measure the half-width, However, the latter may be approxi-
mat ed by the 75 + 15 cm 1 of the OOOO~0001 transition, giving an
induced strength of the 0000-0002 transition in isotopic species 626

-6 -2 -2
as (3.8 +1.1) x 10 ¢m ama .

3. Windows at Longer Wavelengths

Optical thickness has been measured as a function of density and wave-
Ilength in the three windows centered at 11,2, 10.0, and 8, 754. In each,
the optical thickness is proportional to density squared, as expected
from the fact that the windows are formed by the far wings of nearby
allowed lines. The induced absorptivities at the centers of the windows
-6 -7 -7 -1 -2
have been found to be 1.5 x 10 , 7x 10 , and 5 x 10 cm ama ,

respectively. Values at other wavelengths are shown in Figure 14.

Errors are about +20%.
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C. DISCUSSION OF PREVIOUS INVESTIGATIONS

1. 2.3u Region

No previous investigations have found absorption in this region, The
cell at Pennsylvania State University has not yet been used at the
pressures that would give it sensitivity for induced lines close to
that in the present work; the cell at Ames, with less than one-sixth
the sensitivity, has been used primarily in the photographic infrared,
Burch (1971) has not recognized any absorptions in the 2.3, region;
it appeared transparent in Burch, Gryvnak, & Patty (1964 and 1968},
using a cell with induced sensitivity about 22 % of that in the present

study.

With respect to the simultaneous transitions with NZ’ it may be noted
that Fahrenfort (1955) observed several other bands due to simultaneous

0

1
excitation of the 0 -1 transition in NZ' OZ' and I-I2 and the 00 0-01" 0 or

0000—0001 transitions in COZ.
2. Other Induced Absorption Bands

Fahrenfort (1955) observed absorption in the 3. 3,4 region; though he
attributed it entirely to the induced 0000-0111 transition in COZ’
Gaizauskas (1955) has shown that the results were contaminated by
hydrocarbon impurities. With only a few data points over a 100 cm
path length, Fahrenfort's results cannot be analyzed to separate the

allowed impurity transitions from the induced CO2 transitions.
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Fahrenfort also claimmed to have observed the induced 0002 at
4640 cmwl, but his attribution appears to be in error, for three rea-
sons. First, the location is in error by more than three tirnes any of
his other wavenumber errors; second, the branch structure which he
observed at low pressures argues for an allowed band; third, the
absorption's dependence on density is not square-law. Though
Fahrenfort believed it to be square-law, he did not allow for the ab-
sorption's lying on a far wing with density-squared absorption; when
his results are plotted with respect to that wing, as in Figure 13, the
density dependence is linear. It is likely that Fahrenfort observed

0 0 -1
the allowed 00 0-00 2 transition in species 628 at 4639.5 cm

A number of other induced bands have been observed previously:

0 ) -1
a) The 2 0 pair (1285.4 and 1388.2 cm ') was first observed
by Welsh, Crawford, & Locke (1949). The most recent of
several measurements of their strength is by Burch,
Gryvnak, & Pembrook (1970}, giving a total of
-3 L2 -
(4. 5240, 36}x 10 “cm “ama 2,
- 0 0
b) Trangitions from ground to 4 0,1 and 4 0, III at 2670. 9
-1
and 2797.0 cm *, have been observed by Fahrenfort

(1955) and by Gryvnak, Patty, Burch, & Miller (196€), but

with no estimates of strength.
c) Burch, Gryvnak, & Patty (1968) have observed shallow
absorptions attributed to the induced transitions from

ground to 600, II and 600,111 at 3942.5 and 4064, 2 cm 1
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3. Windows at Longer Wavelengths

Burch, Gryvnak, Singleton, France, & Williams (1962) have observed
a maximum of 10% absorption in the center of the 11. 2y window and 8%
in the 10y window, including the effects of weak allowed lines; Burch,
Gryvnak, & Pembrook {1970) saw a maximum of 14% absorption in the
center of the 8. 7, window. There was not enough data to permit cal-
culating the formn of pressure dependence or the absorptivity. In another
window, Burch, Gryvnak, & Pembrook (1970) analyzed the region be-
tween 5.4 and 6.5, , obtaining curves for the linear and square-law
dependence of absorptivity on density. The latter reaches a minimum

- -1 -2
value of about 4 x 10 8 cm ama at 5.6y, .

D. DETAILS O DATA REDUCTION

At all wavelengths (obtained as in section III. C), observed pressures
were converted to densities using the data of Michels & Michels
(1936)*, and the CO2 spectra were corrected for source and instru-
mental variations with wavelength by dividing by the NZ reference

spectrum.

Thereafter, specific procedures most appropriate to each wave-

length region were used to find absorptivities.

" Later confirmed by MacCormack & Schneider (1950).
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1, 2.3 Region

In this region, the spectra fell into three classes, one of which was
not normalized. After normalization, the dependence of optical
thickness on density was analyzed at a number of wavelengths to
determine absorptivities., The curve of absorptivity versus wave-
number was corrected for the far wings of allowed lines, and then

numerically integrated to get total induced strength.

The three classes of spectra are:

a) Those with long equilibration times (see section III. B, 1),
These had reliable absolute signal levels, as verified by
constancy in nonabsorbing windows.

b) Those with short equilibration times at densities from
28. 8 to 95.1 amagat. In these, preliminary analysis dis-
closed shifts in pverall signal level. The transmission
minima at wavelengths B and D (refer to Figure 15) are
both visible.

¢} Those with short equilibration times at densities from
9.3 to 22. 7 amagat. In these, only the minimum at wave-
length B was visible. Absorption at wavelength E was
less than 1%, so that the extrapolated peak could be used

as a reference level.
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Normalizing procedure was to determine, for the spectra in class (a),
absorptivities a and e at wavelengths A and E by a least-squares fit of
optical thickness versus density squared. For each spectrum in class
(b), a correction factor was taken as the average difference between

predicted and observed optical thickness at A and E.

The class (c) spectra were used as a check: if the correction process
were wrong, points from the three classes would not lie on a single
straight line of optical thickness versus density squared. Figure 16

shows that the fit is satisfac:tory.+

0]
The far wings of the allowed transition 0000-2 1,IT at 2, 69u (3714.8

-1 0 -1
cm ) and 0000-4 1,I at 2,09 (4853.6 cm ) extend into the 2.3y

2 -bav
region. Their absorptivities are approximated by fL=ap e ,

where a and b are constants, and Av is the distance from the line cen-

ter (Birnbaum, 197i). Exponentials were fitted to the observations

"For example, corrected optical thickness at 2. 285y (the minimum

marked D in Figure 18)15]%’: D.
]

p., where the unprimed capitals are uncorrected observations.

2 2
+ (apj ~ Aj +epj —Ej)/?. at density

..r

A least-squares fit at wavelength D gives an absorptivity of

-8 -1 -2
(2.499 £ 0.059) x 10 ~ ¢m  ama for classes (a), (b}, and (c),

-8 -1 -2
and (2. 498 £ 0. 101} x 10  cm ama for classes (a) and (b)

alone. The errors here include only formal statistical error, and

have not allowed for others (see section VII, B).



near 4100 ém_ 1 and near 4550 cm l, extrapolated as shown in Figure
10, and subtracted to obtain absorptivities due to the induced transi-
tions alone. Separation of the induced pair into two overlapping compo-
nents was estimated in several trials, using as criteria smoothness

and symmetry of the individual curves.

The spectra taken with added N2 all had long equilibration times, so

that normalization was not required.
2. Other Induced Absorption Bands

Observations in the 3.3\ region were at low enough densities so that
the signal at the band center could be compared with the black-body
cu;'ve, interpolated between nearby windows; errors in individual
points are estimated to be +20%. Inthe 2,14\ region, the interpolated

0 0
wing of the 00 0-4 1,1 was used as reference.

3. Windows at Longer Wavelengths

In each window, the logarithm of the signal at the most transparent
point was plotted with respect to density squared, and a least-squares
fit was obtained. Absorptivities for the other points were based on

the logarithms of the amplitude ratios between the off-peak wavelengths

and the central peak.
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V. THEORETICAL INTERPRETATION

Observations of the strengths of absorption bands can be used to deter~
mine ratios in a progression of overtone or combination bands, which
may be useful in predicting the strength of transitions unobservable in
the 1abor-a1:oryo They permit estimates of the matrix elements of
certain molecular parameters, and can indicate the relative strength

of matrix elements within Fermi groups.

A, RELATIVE INTENSITIES

Using the constants in Table 8 and formulas {A4) and (A5), the unper-

turbed lewvels are calculated to be:

o) 1 =1 1 -
G (1171) = 4312.1978 c¢m and GO(OB 1} = 4326. 1440 cm 1

3

-1
ith = )
wi WAB 71,1163 cm

Since § = 13, 9462, formula (Al) gives A = 142, 9147, making the per-
turbed levels 4247, 7135 and 4390. 6282, By use of (A3}, az = 0. 5488,

2
b~ =0.4512, and a = 0. 7408, b = 0.6717.

The observed strength ratio can be used to determine the ratio of the

unperturbed matrix elements. The induced strength of each line is

*Table 8 and formulas (Al) through (A5) are in Appendix A.
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K’ ZIJ‘L!(\)) d\):2(8rr3N!V/3hc) Uﬂ ‘1’0““!, dT‘Z (1)

where N’ is the number of molecules involved in collisions, | is the
induced dipole moment, by is the ground state, and y ! is the mixture

as defined in (A2). The initial 2 allows for the degeneracy in { .

—_ G
1 dr, andB—I¢0p¢ 1 dr.

For brevity, define A =Lr UM qjo
1171 031

“ . Fi ¥ _ 2 _ 2 -
This gives K4391/K4248 = 4391 (bA + aB) " /4248 (aA - bB) . Setting
— - ! I . - Py, .
R =B/A and r = 0. 967K 4391/K 4248’ this simplifies to:
/& = (b + aR)/(a - bR), giving R = {(ar - b)/{a + b/f).

Experimentally (section IV.D. 1}, r = 1.35+ 0.19. From this,

+0. 0 1 L% rad
R =0. 124_0 O:::é for the ratio of 031 to 1171 , indicating that the
1 +3.
1171 matrix element is stronger by 8.1 1 E,:,

0
We have calculated the comparable figures for the 2 0 Fermi Raman
pair on the basis of energy levels given by Gordon & McCubbin (1966)

0
and by Burch, Gryvnak, & Pembrook {1970}, The ratio of 02 0 to

0] +0.01 0 ]
10 0is 0.121 o 023, so that the 10 0 matrix element is stronger by
+1. 71
8. 26_1° 12"

“The new notation is not required, of course, when referring to the
unperturbed levels, as they are derived unambiguously from the

vibrational constants and guantum nambers,
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It may be noted that the earlier literature gives markedly higher
: 0 0 .

values for the ratio of unperturbed 10 0 to 02 0 matrix elements.
These range from 14 (Stoicheff, 1950), based on the Raman effect, to
29 (Fahrenfort, 1955), based on pressure-induced infrared absorption.
These results are in error: in effect, they say that if the upper per-
turbed line is somewhat stronger, then the upper unperturbed level
is much stronger. This result was reasonable at the time, as the

0 : : 0 0
10 0 unperturbed level was believed to lie above the 02°0. The 1070
matrix element was expected to be larger, as it contains a first

0

derivative of the polarizability, while the 02 0 contains a second deri-

. . 0
vative. However, Amat & Pimbert (1965) showed that the 02 0 level
actually has the higher energy of the two unperturbed levels, so
Stoicheff's and Fahrenfort's results now imply that it is the stronger,

which appears unlikely.

A resolution of this question lies in the fact that there are two solu-
tions for R, corresponding to the two signs for /r {(or, in equation
(A3), for a and b, whose phase is arbitrary). Thus, the data of
0]

Burch et al, (1970) can either indicate that the upper 02 0 level is
23 times gtronger ~-- in good agreement with Fahrenfort -- or that

- : . . 0 .
there is a crossing-over of intensities, and the lower 10 0 level is

8. 26 times stronger.



The second of these alternatives is undoubtedly correct. Appendix C
demonstrates that the matrix element of the atomic polarizability
derivative is, as expected, larger for the 10% level, and indicates

this will also be true for the electronic polarizability.

However, the best evidence comes from examining the spectra of
other triatomic molecules in which no Fermi resonance occurs
between the 100 and 020 states*, so that the observed levels and
strengths are unperturbed. According to Herzberg (1945), the 000-

100 transition is stronger in CS NZ.O’ HCN, HZO’ and NOZ; there

2!
are no counterexamples. Of these, CSZ is the most significant, as

its structure, including valence electrons, is closest to that of COZ'

. 1 . .
Returning to the 371 pair, the quanturmn numbers, matrix elements,
and polarizability derivatives are related to those of the ZOO Fermi
Raman pair by an additional operation each in v, and \;3. It is there-
fore clear that, as before, the transition to the unperturbed term
) .. . .

with fewer quanturmn numbers (11 1) is the stronger. Again looking at
other molecules for confirmation, the 000-111 transition is seen in
HZO’ but not the 000-031. Since the lIower unperturbed term and the

upper perturbed term are stronger, there is again a crossing-over

of strengths,

47

a

*The superscript for 4 is omitted, as some of the examples do not

have the degeneracy.
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B. POLARIZABILITY DERIVATIVES

The total strength for the pair is given from (1) by:

o= K + K’
KT 4391 i 4248 (3)

3 2 :
= 2(877 N'/ 3hc) (4391 | [y iy AT T 4248 [y 1y 40 97

Replacing ¢4391 and ¢4248 by the mixed expressions used previously,
and employing A and B as the matrix elements as before, we can
obtain a form with a main term based on the average wavenumber v,
and smaller terms which will indicate that the result does not depend

strongly on other quantities.

Kﬁr = (16rr3 N’V / 3hc) [AZ + BZ + (2a/v)abAB - (5/2V) (A2 - BZ) i
(4)
K;r = 16m° N’\TA?‘ [1. +.0159 +.0042 - .00161/3hc

In the last expression, values for a, b, and R =B /A have been inser-
ted, but the individual terms have been left unsummed in order to
show their relative size. The quantity in brackets is 1,018, and
varies by less than +1% when R is varied from 6.4 to 11,6, as found

earlier.

As before, A :I q;ou Y dr, wherey = Ea, the product of the per-

1111

turbing field and the polarizability., Expanding the latter as in
3
J_a

equation (D1), the only significant lerm will be gt
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Appendix D explains why other terms, representing mechanical anhar-

monicity, are not significant.

The induced field ¥ results frorm the gquadrupole moment of nearby

. 4
CO. molecules, with r.m.s. value at distance r of E = Q/r .

2
Equation (4) now becomes

2
- 2
16n3\: N'D 3 2

K = 1,018 {——22 ) /y £ 28 4 1 (5)
T 3he r8 agl afgzagg 07172737111

To obtain the average value of N’ Qz/rg, a molecular potential is
reguired. The 6-12 potential, originally propesed by Mie (1903)
and usually called Lennard-Jones, has proved to be a very good
approximation for polyatomic molecules, according to Munster

(1965).
With COZ’ this takes the following form:
1
U = 4u [(ro/r) . (ro/r)é] (6)

-15
where uis 25.6 x 10 , the minimum value of U in ergs, and

-8
r=4.57x 10 cm is the radius at which U = 0.
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The number of molecules lying in a spherical shell dr around a given

- k 2 .
(v/kT) 4nr dr; when multiplied by (N/ VO), we

molecule is (N/VO) e
. 3. . .
get the number of pairs per ¢m  interacting at distance r. The total

interaction is thus

2 2
(N e ) _ %QZ(%;—I) [r”E’ -RT) -
r o}

3 -5
where the integral, evaluated numerically, is 1. 755 x 10 6 cm

' 1 -3
Since (N/VO) = 2.69x 10 ? molecules em =~ ama , and dimensions

-4 -2
a

2 7 - -
of @ are gm cm sec 2, those of (7} are pairs gm cm “sec 2.

ma,

Combining equations {5) and (7), we have

_ 36 1/2
3 (6K’ he/1.018y 1.755 x 107 )
5 T

57,098,080, 123

> (8)
In Q(N/Vo) N1 Nz N3

where the matrix element in (5) has been evaluated according to

Appendix E. ¥

*We have used the customary approximation that the eigenfunctions
for unperturbed states are purely those of harmonic oscillators. A
brief discussion of anharmonicity appears in Appendix D; detail‘s of
the mixing of eigenfunctions (even for the OOOO state) appear in

Statz, Tang, & Koster (1966).
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-2

-6 - _
The induced strength of (6.2 4+ 0.9) x 10~ ¢m  ama  found in sec-

tion IV. B. 1 is a total which includes not only the induced transitions
from ground to the 311 pair, but also any associated induced hot bands
with the same change in vibrational quantum numbers. The only ones
whose strengths are not so small as to be neglected are [rom the

-1 . 1 2
lowest excited level {667 cm ~): transitions from 01 0 to the 4 1

-6 -2 -2
pair should have a total strength of 0.43x 10  cm ama , and

1 . - -2 -2
those from 01 0 to the triad 401 of 0,22 x 10 6 cm ama . These

. 1
are based on the Boltzmann population of the 01 0 level at room tem-
perature, times the appropriate ratios of matrix elements, * Sub-

tracting the ““hot" bands, the remaining induced strength attributable

-2 -1
a .

0 1 -
to the 00 0-3 1 pair alone is K:f = {5,55=+ 0, 8) x 10 6 cm ma

Substituting this and the normalizations Nj and other constants (see

Appendix A, section 6), we find O“JIILIZB = 112 + 17, dimensionless.
Other polarizability derivatives can be obtained similarly, using

1

. 0 0 0
measurements of the strength of the 00 0-01"1 and 00 0-00 2 transi-

tions from the present study for q2”3 and q§3; of the 0000-200 pair from
Burch, Gryvnak, & Pembrook {(1970) for q,i and Q,”ZZ', and of the OOOO_

0 0
470 and 00 0-600 groups {dominated by the matrix elements from

#

ground to the unperturbed 20% ana 30% states) for ai’l and a7,

where we have analyzed the results of Fahrenfort (1955) and Burch,

* See Table 13 in Appendix E,
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Gryvnak, & Patty (1968), respectively, to obtain rough estimates of

these groups' induced strength.

Summarizing the results, we have the following r.m. s. values:

ag ® 2 65 x 107%° em” (Brand & Sparkman, 1960)
, -15 2 . .
) = 1.20 x 10 cm . This result differs from Fahrenfort's
-15 2
(1955) value of 1,46 x 10 cm not only through more accurate

measurement of strength and correction for hot bands, but also
. 0 .
through ugse of the proper ratio between members of the 2 0 pair, as

discussed in the preceding section.

Vi _ “7 " _ "7
0,11—0-54X10 cm (122—2..8)<10 cm
o 1.3x 10 e o1 7x 107 e
a33 = 1. m 0323 = 1. X cm
m — 1 . 17 - ll .
ayqq = 136 %123 2

10 -1
¥/ - . lO
q2223 5.4 x cm

The other second and third derivatives are zero by symmetry, except

"

122

i

133’ which correspond to transitions from ground to the

for o and g
0 0 ;
unperturbed 12 0 and 10 2. The former cannot be calculated without
: 0 0 . -1 :
observation of the 00 0 - 4 01 transition at 2548 ¢cm , which is
. ; . 0 0 .
completely hidden in the wing of the very strong 00°0 - 001 transi-

0
tion. The latter is the dominant member of the 2 2 pair at 5915 and

-1
6017 cm ; it may be possible to observe them with equipment of



better resolution than that in the present study., Of course, all
induced lines are expected to be active in the Raman effect, and

should be visible with laser excitation.
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C. INTENSITY RATIOS BETWEEN GROUPS

The following table is a summary of the total strength for a number

of Fermi groups, tabulated in series according to the value of Vg

The strengths of allowed transitions are taken from Benedict &

Wattson {1969); those of induced transitions are as in sections IV. B. 1,
. 0 0

IV.B. 2, and IV. C. 2 -- except for transitions to the 4 0 and 6 0

groups, where we have analyzed the results of Fahrenfort (1955) and

Burch, Gryvnak, & Patty (1968) to estirmate the induced strengths.

TABLE 3 GROUP STRENGTHS

Max. Allowed Transitions Induced Transitions
value units: cm~é ama'l units: em-2 ama~2
OfvZ v3:O v3:l V3:2 v3=3 v3:0 V3=l
0 0. 24x 10" 0. 40x10" "
1 0. 20x10° 0. 45x107° 0. 6x10 7%
2 0. 73x10° 0.57x10™% 0. 45¢107%
3 0. 71x10"" 0.82x10° 7 0.5x10°°
4 0.10x10" 0.11x10"°>" 0. 14x107°
5 0. 46x10 " 0. 64x10"°
6 0. 26x10 7" 0.7x10°
7 0. 54x10 "
8 0. 46x 10"
Lats® 0,005 0.021 0.12 0.05 0.012 0.08

*From Burch, Gryvnak, & Patty (1965B); value uncertain.



The last line in the table shows, for each series, the strength ratio
from one member to the next, based on a least-squares fit to the
logarithms of the strengths. While accuracy is not great in such
short series, it does appear that the series ratios for allowed lines
given by Stull, Wyatt, & Plass {1963) require modification®. Also,
the ratio for induced series is not the same value of 2 {see Herzberg,
Fig. 80, p. 264, 1945}. Instead, it is interesting to note that, if the
induced series are placed to follow the allowed series with the same

v_, a monotonically increasing sequence of ratios occurs {except for

3’
the questionable value for vy ® 3). Additional measurements of

intensities for both allowed and induced bands will be necessary to

verify such a sequence.

55

#*They give the decrease in total group strength ag 0. 001 for the

1
second column in Table 3 (transitions from ground to 01 1, 310, 510,

etc.) and 0. 04 for the third columns (ground to 0001, 201, 401, etc. ).
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D. LONGER-WAVE WINDOWS: RELATION TO LINE SHAPE

The absorptivities measured herein for the longer-wave windows
permit testing the hypothesis that collision-broadened far wing shapes
become increasingly sub-Lorentzian at increasing wavelength. This

hypothesis was based on only three experimental cases?.

The measured window absorptivities are formed by overlapping wings
of rotational lines from two or more vibrational transitions. Itis

therefore not possible, within the scope of the present study, to

#Burch, Gryvnak, Patty, & Bartky (1968) observed the extreme wings
of CO2 lines in three spectral regions near 2400, 3800, and 7000

-1 . .
cm , with pressures to 14. 6 atm. Computer analysis was used to
separate the effects of line centers at different wavelengths, in order
to find the average contours for individual rotational lines. When
normalized at the line centers, absorptivities in the wings (10 to 100

-1 '
cm from the centers) were sub-Lorentzian by 0.1, 0.2, and 0. 6,
respectively. The authors say, 'it is certainly significant that

-1 '

[beyond 10 ¢m = fromn line center] the curves occur from bottom to
top in the order of increasing wavenumber. This phencmenon may be
based on the ratic of the period of the electromagnetic waves to the
time the colliding molecules are within a certain distance.' They
suggest the need for absorption measurements near 875 cm

(11.4;) to verify the expectation of even further deviation below

Lorentz.
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isolate the individual contours. Instead, the observed absorptivities at
the centers of the 11. 2,; and 10. 0, windows are compared to those
predicted under three different assumptions:

a) Deviation from the Lorentz contour is inversely proportional
to wavenumber, as implied by the ratio of period to collision
time.

b) Deviation is proportional to the square root of wavenumber.
This assumption provides an intermediate case,

¢} The null hypothesis of no regular dependence on wavenumber.
An average of the values in Burch et al. is used.

These cases correspond to values of -1, -1/2, and 0 for the exponent

in
m [kiW)/ k(L)1 = a v {at a given Ay from line center)

where k{y) is the actual contour, k{L} is the Lorentz contour, and a

are constants fitted to the points in Burch et al.

As a first-order approximation to the overlap of rotational lines, the
; -1 .
shape of the experimental curve near 3800 cm  in Burch et al. is
used for the dependence on Ay; its values are corrected for the
strength of each band contributing to the window contours. Table 4
gives the results, and appears to favor the null hypothesis, (¢). This
conclusion is used in synthesizing a spectrum beyond 19y, in section

VI. B. 3.



TABLE 4: PREDICTION VS, OBSERVATION

Wavelength 11.2, 10. 04
-1 -1

Wavenumber 895 cm 1000 cm
Number of contributing bands 4 3

. . -7 -7
Predicted absorptivity under (a) 0. 3X10 0.,1x10

. . -6 -6
Predicted absorptivity under (b) 0.5x10 0.11x10

. . -5 -6
Predicted absorptivity under (c) 0.11x10 0.32x10

-5 -

Observed absorptivity (0. 1510, 03)x10 (0, 71+0. 14)x 10 6

- - . . -1 -2
(absorptivity is collision~induced; units are cm =~ ama )



VI. APPLICATION TO THE ATMOSPHERE OF VENUS

A, BACKGRQUND

A combination of earth-based studies and data from the Mariner and
Venera spacecraft have established that the atmosphere of Venus
contains large gquantities of COZ’ some Nz and inert gases, small

gquantities of HZO' and traces of HCl, HY, and CO.

Disagreement still exists as to whether other ingredients than C}O2 are
present below the clouds in significant quantities. The amount of
water is of particular interest, as it bears on the proposal by Dole
(1956) that the differences between the atmospheres of Venus and the
earth result solely from the earth's greater distance from the sun. A
quantitative analysis of the evolutionary processes involved (Rasool &
deBergh, 1970) suggests a concentration of HZO of 0. 1% at the present
epoch., Water has also played a significant role in attempts to explain

Venus' high surface temperature, by contributing to the microwave

and infrared opacity of model atmospheres.

Comparing the temperatures of the surface and the cloudtops, it is
obvious that nearly 99% of the surface black-body radiative flux must
be prevented from reaching the clouds by opacity in the lower atmo-
sphere. To explain such an opacity, the wavelengths where absorp-

tions are usually seen in the laboratory are of little concern, as the

depth and density of Venus’ lower atmosphere are so great that even
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small absorptivities will completely block radiation at those wave-
lengths, Rather, the "windows'' — wavelength regions in the CO2
spectrum that are usually considered transparent — are important:

when their widths are weighted by the black-body curve, they trans-

mit far too much radiation to sustain the observed surface temperature

of over 750K.

Though some investigators (Sagan, 1960; Pollack & Morrison, 1970;
etc.) bhelieved that water is necessary to close the windows in the GO2
spectrum, another alternative was suggested by Thaddeus (1964). He

pointed out that the integrated opacity of CO, is very large, and if

2
only partly spread into the windows by pressures and temperatures
beyond those reached in previous experiments, a massive dry CO‘2
atmosphere could provide enough greenhouse effect to sustain the

surface temperature. In the present study, partial closure of a mum-

ber of windows has been found; this section will apply these results

and those of other investigators to a model of the Vemus atmosphere.

In order to compare the net upward radiative flux within the lower
atmosphere of Venus to the flux emitted from the cloudtops, attention
was directed to ten windows in the CO2 spectrum. In these windows,
allowed and induced absorptivities versus wavelength were combined
with an atmospheric profile of density and temperature, to obtain

radiative intensities versus wavelength, angle, and altitude. Total



6l

flux was found by integrating over angle and wavelength, both with and

without the effects of an opaque cloud.

B. PARAMETERS

1. Profile

The profile from Avduevsky, Marov,& Rozhdestvensky (1970) is used.
It has a surface temperature of 768K, is essentially adiabatic, is
extrapolated from measurements made by Venera 5 and 6, and appears
to be confirmed by data transmitted down to the surface by Venera 7

(Marov, 1971). The profile was used from zero to 95 km altitude.
2. The Windows

There are ten spectral regions within which the opacity of C‘.O2 is
sufficiently low so that, in a dry model atmosphere, these wave-
lengths could carry energy from the lower atmosphere to the clouds.
The limits of the window regions, as listed in Table 5, are those
wavelengths where the opacity has become sufficiently great so that
no significant additional flux is transmitted. In general, the spectral
regions other than the windows are filled with well-known absorptions
of sufficient strength so that substantial opacity occurs above the
clouds, implying that these non-window regions do not c:ontribufe to
radiative transfer from the surface and lower atmosphere to the

clouds.
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TABLE 5: WINDOW LISTING

Name Limits, p Name Limits, u
Long-wave 60.5 -~ 18.5 3. 5u 3.725 - 3,135
11. 2 11.75 - 10.65 2.3u 2.500 - 2,150
10. 0y 10,225 - 9,725 1. 750 1.815 - 1,665
8.75u 9. 175 ~ 8.075 1. 26y 1.285 - 1,245
6.0y 6.925 - 5.325 1. Iy 1.200 - 1.070

3. Absorptivities in the Long-Wave Window

If the region beyond 18,5, were transparent, it would radiate 3. 6% of
the total energy emitted by a 768K black body. This is 3. 1 times the
total emission of a black body at Venus' eloudtop temperature of 251K.
Substantial opacity must therefore be present in the Venus atmosphere
in this spectral region; since previous analyses have not considered
C‘.O2 to be opaque at those longer wavelengths, they found it necessary

to invoke the presence of water vapor.

Though there is still a substantial gap between 20 and 45, in published

CO2 experimental work, there is enough evidence available to permit

synthesizing an absorption spectrum in the longwave window in a con-

servative manner.

First, the pressure-induced rotational absorption of CO2 has been

. -1
measured by Ho, Birnbaum, & Rosenberg (1971} from 7 to 220 em



(1428 to 45y), over a temperature range from 243K to 333K.
Birnbaum(1971) discusses the wavenumber dependence of such absorp-
tions, and shows that an eventual exponential decrease at larger wave-
numbers is preceded by a more slowly varying transition region. We
have therefore extrapolated the Ho et al. results with an exponential,
assuming that 220 em . is past the transition region, If this assump-
tion is wrong, the true induced absorptivity will be greater than used
herein, Ho et al. show a temperature dependence which decreases
with increasing wavenumber, reaching T"O' 68 near 200 cm l. We
have used this exponent throughout the region of extrapolation. If, in
fact, the temperature dependence continues to decrease at higher
wavenumbers, the true induced absorptivity will again be greater than

used herein.

Second, the collision-induced wings of the strong 154 bands will extend
to longer wavelengths. While no far-wing measurements exist in this
region, measurements of wing shape as far as 380 cm_l from other
band centers have been made by Burch, Gryvnak, Patty, & Bartky
(1968), Their results in the 3800 cmul region (far wing of the 0000—
201, II transition) have been adjusted to the greater strength of the
0000—0110 transition, and are used from 19y to 34y (526 to 295 cm 1},
with an exponential decrease thereafter. This extrapolation becomes

smaller than the extrapolation from Ho et al. beyond 30u, so that its

shape is not critical.
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Third, long-wave hot bands provide substantial allowed absorptivity.

A list of such transitions, with their allowed strengths, has been calcu-
lated by Benedict & Wattson (1969), We have taken 24 of these hot
bands which have significant strength, and whose centers lie from 177
to 544 cm ! {56.6 to 18.4p), to synthesize allowed absorptivities versus
wavelength., The strength of each hot band was distributed over the
same contour (P, O, and R branches) as that of the transition from
ground with the same change in quantum numbers:::, located at the
proper wavenumber, and summed. Table 6 gives the resulting allowed
absorptivities, and also gives the induced absorptivities (the sum of the
induced rotational absorption in Ho et al, and the collision-induced far

wings of the 15 band).

The values in Table 6 apply only to 295K, and will vary rapidly with
temperature, in proportion to the changing populations of the lower
states. This variation is approximated by selecting the most strongly
absorbing transition at each point in the spectrum (in most cases, one
is clearly predominant), and multiplying its allowed absorptivity by the
Boltzmann factor corresponding to that transition's lower state, The

absorptivity K¥{T) at temperature T is related to that at 295K by:

K(T) = K(295) exp [(1 - 295/ Tyhve /295Kk] (8)

The correction is unity if the lower state is ground.

0 -1
* For example, the 00 1—'—100, II at 322 cm has the same change in

0 -
guantur: numbers as the 0000—4 1,11 transition at 4978 cm



TABLE 6: ABSORPTIVITIES, LONG-WAVE WINDOW

Allowed e
Wavelength, Absorpti.vity' s
microns cni-lanqa-l
60. 0. 080
59. 0.115
58. 0. 155
57. 0. 200
56. 0. 240
55, 0. 280
54. 0.310
53. 0.325
52. 0. 310
51. 0.210
50. 0. 110
49, 0. 250
48, 0. 320
47. 0. 320
46, 0.290
45, 0. 200
44, 0,070
43, 0. 040
42. 0.025
41. 0. 027
40, 0,030
39. 0.028
38. 0.036
37. 0.095
36. 0. 230
35. 0.420
34. 0. 900
33. 1,85
32. 2.00
31. 0.400
30. 2.20
29. 0. 800
28. 0. 180
27. 0.060
26, 0. 260
25. 1.11
24. 4,20
23. 17.5
22. 43,
21. 170.
20. 950.
19. 4000.

" See Appendix B,

Induced N
Absorptivity ,

6,29
5.90
5.51
5. 14
4.78
4, 44
4,11
3.79
3,49
3.20
2.92
2. 66
Z2.41
2.18
1.96
.75
1. 56
1,41
1.24
1,14
0.961
0.838
0.727
0. 629
0. 549
0. 476
0.414
0.362
0.319
0, 284
0. 256
0. 254
0,258
0.278
0.342
0,429
0. 620
0.863
1.31
2,21
5.00

18.0

part 2, for definitions.
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Several other factors do not appear in the synthesized long-wave
absorption spectrum.

a. The effect of temperature in changing P and R branch shapes
is not included. This will have the effect of filling in the
regions where the linear absorption is low.

b. Pressure-induced wings of hot bands are not included. These
will cause an increase of a few percent at room temperature,
but will contribute more strongly at higher temperatures.

12_ 16

c. Isotopic species other than 626 (the common C O2 ) have

not been considered, except for the 00°1-4°0,1I line at 322

cm  mentioned above, which is shifted to 272 and 261 em

in species 628 and 636, respectively.

The greatest uncertainty in the synthesized spectrum is in the region
near 20yu. However, the values of allowed absorptivity agree closely
from 19 to 22, with results reported by Anding {1967) using more
sophisticated methods; and if both allowed and induced absorptivities
are applied to the experimental conditions of Burch, Gryvnak,
Singleton, France, & Williams {1962), predicted opacities agree with
their results at 19 and 20. It is therefore believed that the synthe-
sized spectrum will provide a valid basis for analysis until comple-
tion of current experimental work between 20 and 40 (M. J. D, Low,

1971).
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4, Sources of Other Data

In the windows at 11,2, 10.0, and 8. 75y, allowed absorptivities were
obtained from 18 hot bands in the compilation by Benedict & Wattson
(1969}, using the procedure outlined in section VI, B. 3 and the
Boltzmann correction for temperature as in equation (8). They were
supplemented by the allowed absorptivity given by Burch, Gryvnak,

& Pembrook (1970) for the wing of the ZOO, I in isotopic species 628
from 8.1 to 8. 25, with exponentially decreasing extrapolation beyond.

Induced absorptivities were as measured in section IV. B, 3.

In the 6.0y window, the data of Burch, Gryvnak, & Pembrook was
analyzed in a series of simultaneous equations in order to provide

both allowed and induced absorptivities.

In the 3.5y window, the data of Gryvnak, Patty, Burch, & Miller
(1966) and Burch, Gryvnak, & Patty tl968) provided allowed absorp-
tivities. Induced absorptivities were obtained from the present study

by normalizing observed spectral contours at high density to the

induced term in the analysis of measurements of 3, 3. (section IV.B.2).

The 2. 31 window has already been discussed in detail. Induced
absorptivities as in section IV, B. 1 were supplemented with allowed

absorptivities near 2. 15, from Burch, Gryvnak, & Patty (1964).
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The 1. 26y window has only allowed absorptivities, taken from Burch,
Gryvnak, & Patty (1967). The 1.75y and 1.1y windows are taken as
transparent over the wavelengths where neither the present study nor

Burch, Gryvnak, & Patty (1965B) found any absorption.

Figures 17 and 18 show the allowed and induced absorptivities at
295K, as used to calculate radiation properties of Venus' atmosphere.
As explained previously, the absorptivities in the unplotted regions
between the windows are so much larger that they do not contribute to

the flux in the lower atmosphere.
5. Clouds

Calculations were performed with and without the effect of opaque
clouds. In the former case, altitudes of the cloud bottom and top are
taken as 59 km and 65 km, based on Avduevsky, Marov, &
Rozhdestvensky (1970). The corresponding temperatures are 278, 3K

and 251K, Cloud emissivity is taken as unity.
6. Limitations of the Model

a} Temperature variations with latitude, longitude, and time
are not included, However, Thaddeus (1968) has shpwn
that there will be less than 30K variation at the surface.
This is a small enough fraction of the average surface tem-

perature so that results can be based on that average.
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The zere values in the 2.3u region were used to evaiuate the signifitance of the 0000~311 induced transitions,
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The effect on the spectrum of individual rotational lines is
not considered. Pronounced rotational structure appears in
the strong allowed bands, not in the windows, except for a
few weak hot bands and scarcer isotepic transitions. In
these cases, it may be noted that the amplitude between peak
and trough is reduced by pressure broadening to about 30%
at 4 atm, permitting averaging over the rotational lines at
altitudes of 40 km and lower on Venus,

Absorptivity is assumed to be either linear or square-law
in density. Intermediate cases actually occur between the
centers of bands and their far wings, but such near wings
are outside the windows except for the edges of the 11,2,
10.0, and 8.75, windows. In these, treating the experi-
mental data as square-law is conservative,

The cloud may not have a well-defined bottom. Condensable
or particulate material may extend to lower altitudes or
even to the surface. This possibility can not be taken into
account until more observational evidence from Venus is
available to provide the parameters on composition, size,

number density, etc.



C. CALGCULATIONS

1. Transfer Equation

The radiative properties of the model of the lower Venus atmosphere

were obtained through mumerical integration of the transfer equation as

in Chandrasekhar (1960). For upward radiation intensity I at a given
wavelength, it gives:

—(’ro—’r)/cose T -{t-pfcost

o

I{1,8,¢) = I('ro, 8, &e + f Alt,8,0)e dt/cos B
T

(9)

where 7 is the optical depth (71 = T, at the surface), and & is the

source function. The downward intensity is given by (9) if cos § and
laced by - d , wh is th tical depth

7, 2@re replaced by -cos 6 an T Wwhere T is the optical depth at

the bottom of any opaque clouds; T C 0 for no clouds,

Assuming symmetry around the vertical, the radiation flux is
m
F - 2 f 1{8) cos § sin Opf (10}
0
Since the local temperature is defined, and since scattering is not
considered, the source function & becomes B(T), the Planck function.
In the absence of other sources, I(TO, G,¢ is <B(T), at TO or Tm, the

temperature of the surface or cloud bottom.
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2, Step Size

The number of steps in the numerical integrations over height, angle,
and wavelength were varied in a series of trials, in which accuracy

was checked as the number of steps was changed.

Intervals of 0. 2 km were used in height. In angle, 20 steps were used
{10 in each hemisphere), with size varying as described by Diamante

(1969} so as to provide annuli of equal projected area.

In wavelength, 201 steps were used, with closer intervals in those
spectral regions with more rapid changes of absorptivity. The step
sizes were:

from 60. 5y to 15.0y, 1.0y wide,

from 15.0y to 10.0,, 0.1, wide,

from 10.0y to 3.25,, 0.05, wide,

from 3. 25y to 1.0y, 0.01, wide.
D, RESULTS
1. Flux

Figure 19 shows total flux for all wavelengths versus altitude, inclu-
ding the effect of infrared-opaque clouds. The level of flux for a black
body at 251K, the cloud-top temperature, is also shown. Cutrves are
also given indicating the amount of flux without the induced absorptions

. 0
found in the present study near 2. 3; (the 00 0—311 pair), and without
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the synthetic spectrum between 60. 5 and 20. 5, in the long-wave region
(though the induced rotational absorption from He, Birnbaum, &
Rosenberg (1971) is still included). Neglecting the slight decrease
which results from the cloud discontinuity, the flux entering the cloud
5 -2 - . .

bottom is 2.3 x10  ergs ¢cm s , which compares closely with a

.. 5 -2 -1 .
cloud-top emission of 2. 25 x 10 ergs cm s at 251K, Itis

therefore not necessary to invoke the presence of other absorbers than

CO2 to sustain a surface temperature of 768K.

1
The induced 0000-3 1 transitions found in the present study are quite
significant to this conclusion. This can be seen by noting the differ-
ence between the lower and middle curves in Figure 19: without the
. . - 5 -2 -1

2.3u induced absorptions, an additional 5.1 x 107 ergs cm ]
would reach the cloud bottom. Simdilarly, the upper curve shows that,
without the long-wave synthetic spectrum, there would be an addi-

. 5 -2 - . . :
tional 1.1 x 107 ergs em s . While these increases may at first
appear large (considering especially the narrowness of the 2, 3y win-
dow), they are actually small in comparison to the total flux of

7 -2 =1
1,98 x 10 ergs cm s  that would be emitted from the surface if

there were no greenhouse effect.

Figure 20 presents the results of similar calculations without clouds,
for comparison only; the curves have little physical significance, as

they do not allow for radiative transfer in the upper atmosphere.
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2. Other Variables

In the process of computing intensity and flux, other quantities were
readily obtained as functions of wdvelength., Optical depth is shown in
Figure 21; the values {which, though not shown, are much higher in the
more strongly absorbing regions between the windows) meet the
criterion estimated by Wattson (1971} that an average optical depth

3 4
between 10 and 10 is required to support the surface temperature.

The radiation intensity in the windows, averaged across the disc of
Venus, that might be expected if there were no clouds, is shown in

Figure 22. The effect of the upper atmosphere is not included.

Figure 23 shows the effective radiating altitude (thét whose optical
depth is equal to T + 1). For the wavelength regions between the
windows, the effective altitude is above the clouds. Some of the
deviations from smoothness in flux versus altitude (Figures 19 and 20)
are explained by the fact that there are certain altitudes {(such as 42-
44 km) where a number of different wavelengths all "decouple' {rom
the atmosphere (reach a large mean free path) at once; their energy is
thus appropriate to the temperature at the effective altitude. This
effective temperature is given in Figure 24; in the transparent win-

dows, it is equal to the surface temperature.
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3. Comparison with Obscrvation

The agreement shown in Figure 19 between the [lux reaching the cloud
bottom and that leaving the cloud top depends on the cloud-top tempera-
turc, While the 25158 value is based on results [rom the Venera space-
cralt, it is higher than the 235K t5 245K often quoted on the basis of
brightness temperature in the 8,) region. It is thercelore desirable to
take a more comprchensive view of brightness temperature. Unfortu-
nately, the available obscervations at other wavelengths arce sparsce. The
resulls of Hanel, -Forrnan, Stambach, & Mceilleur (1969) show bright-
ness temperatures rising from 240K at 8.5, to 255K at 12y, on the
basis of carefully calibrated measurements [rom 8. 4, to 9. 4|, and

10. 3, to 13, "Absorption-like'' features arce scen at 9 and 11, 2¢.
Gillett, l.ow, & Stein {1969} cover the ranges 2. 9 to 5. 7 and 7, 4 to
13. 8. Though similar dips arc visible, their brightness tempera-
turcs are lower than those of Hanel et al,, except [or higher values at
shorter wavelengths, A sharp risce to 350K at 2. 9y, is attributed to

solar scattering, at least in part.

More recently, F. J. Low (19371} states that solar scattering has still
prevented acceptable short-wave work, but broad-band obscrvations

in the 17. 5 to 25y rcegion show a risc of about 15K as compared to the
8 to 10y region {Armstrong, 1971). Since the I5,; band of v, in COZ

plays a strong role out to 20, the increasc betwcen 20 and 45 must

be even larger. The work of F. J. Low and Armstrong also shows a
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drop between 30 and 47y, followed by an increase to over 270K from
46 to 100, In summary, it appears that a broad-band average of
brightness temperatures may well agree with a cloud-top temperature

near 250K.

Referring again to the work of Hanel et al. and Gillett et al,, the fact
that the intensities versus wavelength which they observe do not
exhibit the variations in Figure 22 indicates a high degree of attenua-
tion in the clouds, and justifies treating them as infrared opaque. It
should again be emphasized that the parameters used in the present
sf:udy are appropriate primarily to transfer within the lower atmo-
sphere. While the results herein cannot exclude the possible pre-
sence of absorbing gases, dusts, or droplets below the clouds, they
do indicate that infrared-absorbing constituents other than CO_ are

2

not required to explain the high surface temperature.
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VII, ACCURACY AND STATISTICS

To confirm that the absorptions found in the 2. 3; region are due to
collision-induced transitions, their proportionality to density squared
must be verified. Then the accuracy of the peak and integrated absorp-
tion, and of other derived quantities, must be obtained. Finally, the

accuracy of the application to the Venus atmosphere must be assessed.

A, FUNCTIONAL DEPENDENCE ON DENSITY

The experimental observations of absorption versus density can be
fitted to smooth functions, using a least-~squares approach to deter~
mine the function parameters. Where a choice of several possible
functions exists, statistical tests can be made between them. The peak
absorptions shown in Figure 15 were fitted four different ways: to
polynomials of first, second, and third degree, and to a single term in
. . . y/
density squared. Since there are not enough points to use a y test (at

least 30 are recommended by Parratt, 1961), the F test is used.

Table 7 shows, for the four functional fits, the values of Parratt's

2 . ' .
0 = (ay) /{d.f.), the sum of squared deviations around the regression
line, divided by the number of degrees of freedom. The goodness of
fit is tested for two different wavelengths, labeled B ard D in Figure
15, and which are plotted versus density as x's and dots, respectively,
in Figure 16. Note that the statistical measure F is defined as the

ratio of )'s when comparing two hypotheses.
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TABLE 7: GOODNESS OF FIT

Type of Fit Point B Point D
-2 -2
(1) AO + Alx 0 =0,25x10 0. 18x10
2 -4 -4
{2) AO + Alx + Azx G = 0.81x10 0. 59x 10
2 3 - -4
{(3) A+ Alx + AZX + A3x 0 =0, 66x10 4 0. 63x10
2 ~4 -4
(4) Azx Q = 0.-87x10 0. 69x10
Compare {1} and (2} I =230.8 30.3
Compare {4), best of {2}, (3) F = 1. 32 1.17

A highly significant improvement occurs going from a linear fit to any
of the others: for point B, the improvement will occur due to chance
about once in 106, ana for point D, less than once in 107. On the

other hand, there is little difference between fits (2), (3), and (4).

With respect to the pure ,Square-law fit, (4), adding other constant,
linear, or cubic terms giv-es no significant improvement, as the F'-
ratios could occur by chance 32% of the time [or B and 38% of the time
for D. Acceptance of the single term of the form AZXZ therefore seems

justified.
B. ERRORS
1. Signal-Level Errors

The individual absorption measurements are affected by numercus

sources of error. The quantity used in calculations is the logarithm
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of the transmission ratio between COZ and NZ -- where the separate
measurements on the two gases were taken days or weeks apart., Thus,

ordinary problems such as instrument error, reading error, etc. are

supplemented by long-term drift, effects of filling the tank, etc.

On the basis of five test runs with NZ over a period of seven weceks,

r.m.s. errors appear to be:

Output noise fluctuations and reading error 0. 2%
Instrument error 0. 5%
Instrument drift 0.5%
Source intensity variation 1.0%
Hysteresis from pressure changes 1, 0%

Summing these twice on an r. m. s. basis {once for COZ‘ and once for
the NZ reference) we obtain an r. m. s. error of £2. 3% in the ratio.
After taking the logarithm of the transmission ratio, this becomes an

absolute error (not a percentage) of +£0. 023,
2. Gas-Based Errors

Temperature could be measured within £0. 5C and pressure within

+5 p.s.i.%, on an r.m. s.basis. This causes density errors that are

“*The pressure gage is rated with a maximum error of 10 p. s.1. in the
range used. This is taken as 2¢g rather than the usuzal 30 because the

manufacturer’s quality standards cut off the tail of the distribution,
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+0.17% and +0. 3 amagat, respectively, at low pressures, but rise
rapidly as the critical point is approached. For example, at 60, 75, and
and 95 ama, the combined effects are 1.6, 2.1, and 3.8 ama; with
absorption proportional to density squared, apparent errors will be

5. 3%, 5.8%, and 8. 0%.
3, Effects of Errors on Absorption

Recalling from section IV. D. 1 that the spectra fell into three classes,
we can estimate the error in optical depth as the r. m. s. sum of signal-
level and gas-based errors for the spectra in class {(a) -~ those not

requiring normalization. For those with normalization, class {b), the
errors are estimated to be about twice as large. Though the errors
in the lower-pressure spectra in class (¢) will be smaller (since they
were not compared to the N2 reference spectrum), they do not affect

the accuracy of the overall results.

Sample erl;or bars have been placed in Figure 16 lto show the errors in
each class of spectra; in combination, they lead to an error in the
induced absorptivity at each wavelength of about 10%. This is increased
to 15% in the induced strength because of uncertainties in estimating

the far wings of allowed lines, which must be subtracted.

1
In both the induced 3 1 Fermi pair and the simultaneous transitions

with N2 (Figures 10 and 11) the relative error between absorptivities
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at different wavelengths is of the order of 1% or less; the 15% applies to

the overall level,

C. EFFECT OF ERRORS ON DERIVED QUANTITIES

1 1
Errors in the ratio between the 11 1 and the 03 1 matrix elements
were derived by performing the calculation three times: at the central

point and at the error extremes.

The polarizability derivative o ,, is proportional to the square root of

123
the induced strength and to the quadrupole moment. With the errors

in induced strength and quadrupole moment being 14% and 5%, the
formal error in this polarizability derivative would be 8. 5%. This

has arbitrarily been increased to 15% in order to allow for other errors.

These might include errors in using the Lennard-Jones potential, as

well as any other hidden or systematic errors.

D. ERRORS IN APPLICATION TO THE VENUS ATMOSPHERE

Considering the many sources of data used in section VII, any gener-
alization about errors in the atmospheric results would be inappro-
priate. Instead, the sensitivity of the results to changes in the data

was evaluated by varying the parameters in the computer analysis.

The only sensitive result is the optical depth at the surface, which is
directly proportional to the absorption coefficients, and varies even

more rapidly with surface density. For example, the additional COZ
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due to a 1-km reduction in radius increases the surface optical depth

by about 15% at most wavelengths.

QOther results are affected much legs. This is because the emerging

"effective

intensity is that of a black body whose temp‘erature is at the
altitude'" where the optical depth is unity (see Figure 24). Since typical
density and temperature gradients are 6% per km and 8. 5K/km, a 10%
change in absorptivity will shift the effective altitude by 1. 7km and

the effective source temperature by only 1. 4K. As examples in the
Rayleigh-Jeans portion of the spectrum, a two-to-one change in both

components of absorptivity causes only a 9% change of intensity; a RO

change in the CO2 mixing ratio causes under 1% change in intensity.

The sensitivity is greater at wavelengths near the peak of the Planck

curve and shorter (the peak is near 3. 8y for the 768K surface temper-
ature), but these wavelengths contribute less than 20% of the total flux.
Empirically, variation of 3 km in radius produces less than 1% change
in the total flux; variations of 5% in the COZ mixing ratio produces less

than 0. 4%,
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VIII. CONCLUSIONS

Using equipment built to detect previously unobserved collision-
induced infrared absorptions, total strength of two new overlapping

-6
CO‘2 bands near 2.3 has been measured to be (6.2 £ 0.9) x 10

-2 - -1 )
crmn ama 2. One is centered at 4240 + 20 em , with strength

-6 -2 - -1
(2.6 £0.5) x 10 cm ama 2; the other is centercd at 4380 + 20cm

-6 -2 .
with strength (3.6 £0.6) x 10 "ecm ama . These absorptions are
1
attributed to induced transitions from ground to the Fermi pair 3 1 at
-1 A 1 0
4247 and 4391 emm , and to the associated hot bands 01 °6G-4 1 and
1 2 . - .
01 0-4"1 with the same change in quanturm numbers. The induced

strength of the transitions from ground is (5.25 + 0.25) x 10”

-2 -2 .
cm  ama . The strength ratio of the upper absorption to the lower

1
is 1.4 £+ 0.2, From this, the lower unperturbed state 11 1 is calcula-

+3.5

ted to have a matrix element for the transition from ground 8.1 17

1
times that of the upper state 03 1, Such a crossing-over of strengths

is shown also to occur in the CO2 Fermi Raman pair near 7. 5u.

. . 0 1
Absorptions due to simultaneous transitions G- 1 in N2 plus 00 0-3 0

in CO2 have been observed; though their intensity increases in pro-

portion to the amount of N_ as expected, their shape requires further

2
study at higher resolution. Evidence is presented for observation of

. 0 0 . . -1 .
the induced 00 0-00 2 transition in CO2 at 4673 cm ~, with strength
-6 -2 -2 . 0 i .
3.8 x 10 em ama . The induced 00 0-01"1 transition at 3004

-1
cm  has been observed in more detail than in previous work,
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finding its strength to be (6.2 + 1.3) x 10™2cm™ %ama~2,

Previous investigations have been surveyed or analyzed to obtain
strength estimates of three other induced groups. Thesec and the
results herein have been used to calculate eight of the polarizability
derivatives of the CO2 molecule, including an improved value of
a'lz 1.20 % 10_15c:mz, and all second derivatives. The change in
strength with VZ (for fixed v3) has been determined, and is less rapid
in induced groups than in the allowed groups with the same Ve
Induced absorptivity versus wavelength has been measured in thfee
"window'' regions between 12 and 8. The results permitted testing

and rejecting a hypothesis that the far wings of allowed lines become

increasingly sub- Lorentzian at longer wavelengths.

The experimental results in this study have been combined with those
of other references to generate linear and density-squared components
of absorpt.ivity versus wavelengths in ten windows. Applying the win-
dow absorptivities to a profile of the Venus atmosphere, the flux
reaching the bottom of the clouds ig found to agree closely with the
blackbody flux at the cloud-top temperature, Without the induced
transitions discovered in the 2, 34 region, substantial additional opa-

city would be required from some other substance than COZ'
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APPENDIX A. REVIEW OF COZ VIBRATIONS

1., General

In carhon dioxide, the vibrational modes are: v X a symmetric
stroteh; VZ, a bending which is degenerate with respect to two

orthogonal planes through the molecular axis; and v an asym-

37
metric stretch. The degenerate bending modes combine to give
a generalized bending and a rotation around the axis. The quan-
tum number of this rotation, 4., is equal to or less than VZ (the

guantum number of v 2), and is even or odd according to Ve The

modes are shown in Figure 25,
2. Infrared and Raman Activity

The - 2 and v, modes are observed in the infrared, with wave-

3
numbers 667 and 2349 cmﬁl. Because of the symmetry of the COz
molecule, it has no dipole moment at rest, nor during symmetric
axial displacements of the oxygen atoms. The \)1 mode and pure
rotational transitions (around a normal to the axis} are therefore
not optically active. For vy P and Vo opposing displacements are

centrally symmetric, so that their even harmonics are also opti-

cally inactive,



89

7° =1i332.87cm™} v, =667.38 cm”!
NO DIPOLE MOMENT DEGENERATE IN THE

X~Z AND Y~Z PLANES,
COMBINE AS ROTATION

vy, =2349.14 cm™!
STRONGEST DIPOLE

Fig. 25, The three fundamental modes of vibration of the carbon dioxide molecule.

r4
r 4
y y
A
X
W=1285.4lcm"~! W=1388.19¢cm"!

Fig. 26, Two classical trajectories in the x-y plane, which might correspond to the

2°1 Fermi pair. Each is a Ligsajous combination of the v

1 and 2v_, classical motions;
the two trajectories can be summed with appropriaste phases to vyield the straight-line
motion for either v or 2w,

i 2
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Since the polarizability of CO, is, by symmetry, the same at either

2

extremum for both y., and v

5 3’ ao:/agz = aa/5§3 = 0, and these modes

will not be active in the Raman effect. The polarizability of vy is dif-
ferent at its two extrema. It is therefore expected to be active in the
Raman effect, as are pure rotational transitions and the even har-

monics of the other two vibrational modes.
3. Induced Infrared Activity

Although the polarizing lield in the Raman effect oscillates many times
during the period 7 of molecular vibration, Condon (1932) suggested
that Raman-active vibrations might also be excited in the infrared re-
gion by an intense fixed polarizing field or by the transient fields re-
sulting from close approaches of other molecules. The latter can be
thought of as fixed from the point of view of molecular vibration: in
. . . ~14 .
COZ’ the strong Raman-active vibrations have 7 .. 3 x 10 s, while
. . . 4
a room-temperature molecule with a relative velocity v..3 x 10 cm/s
. -8 . -13
will pass the molecular length of 2 x 10 cm in about 6 x 10 5, 50

that the induced field lasts over 20 7.

Since Raman activity is at a frequency displaced from that of the
exciting line by the vibraticnal frequency, the displacement from
"zero-frequency'' excitation will bhe in the infrared, at the vibrational
frequency itself. Actually, the displacement should be around the

frequency spectrum corresponding to the Fourier transform of the



encounter time. This would give a half-width of about 60 cm

at roomn temperature, as is actually observed.

If the perturbing molecule is different from the perturbed molecule,
it is possible for simultaneous transitions to be induced. In these,

a single photon of incident radiation raises the energy of both
molecules, giving rise to absorbing bands which are not present in
cither molecule alone. The likelihood of collision-induced absorp-
tion and of simultaneous-transition absorption depends on the number
of collisions in the absorbing path. For foreign-gas induction, this
is proportional to the path length times the product of the molecular
densities of the two gases. For self-induction, it is proporticnal to

the path length times the square of the density.

There are two other types of absorption that are proportional to den-
sity squared. First, the rigid motions of {ranslation and rotation
can be seen in the microwave and far infrared region. Second,
absorption far from the center of an allowed line is also proporticnal
to density sguared at any given wavelength, even though the shape is
not a predictable function of wavelength (Burch, Gryvnak, Patty, &

Bartky, 1968).
4. Fermi Resonance

The v 1 and 2v 5 lines are found in the Raman effect at 1285 and 1388

cm , rather than at their expected positions {both near 1336 cm ¥

91
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Fermi (1937) showed that if several vibrations with nearby energy
levels have the same symmetry species, and if there is a cross-
term in the potential function, mutual perturbations push the energy
levels apart (without changing the average energy of the group). In
the case of two interacting levels, the perturbed levels W’ formed

from the unperturbed levels WZ and W% are

2 —
w’:—;-(w;; + W )i § 4+ 4W = W4+ A2 {Al)

W o

where WA is the interaction term, and § is the unperturbed dilfer-

B
o

ence | WA

o]
- wll.

The eigenfunction y * of each Ferfni—perturbed level can be regarded

as a mixture of the unperturbed eigenfunctions

E — I

o} o . _ o] o}
b T 2b, by ; Vg < biy tTap {A2)
Z 2
witha® +b% = L and a ,bZ:l/Zié/za. (A3)

In the case of COZ’ a Fermi group is formed from any set of levels
with the same £ and v_, and with a constant sum of Vl and sz. Such
groups c¢an, of course, occur in infrared or Raman spectra. The
Raman pair above is the result of interaction between the unperturbed

-1
v, and Zy, at 1332. 87 and 1340. 74 cmm , respectively. Figure 26

2

shows two possible motions for this pair. In each, one cycle of y 1

occurs during each half-cycle of y , (the latter at an amplitude cor-

2

responding to quanturm number 2).



5. Energy Levels

Observed energies of overtone vibrations and of combinations of
several vibrations are slightly different from sums of the fundamen-
tal energy levels, due to anharmonicity in the potentials of the three
displacements. Dennison (1940) showed that higher-order and cross-
terms in the potential cause additional terms in the energy formula,
and gave an expression for the term values (energy divided by hc},

referred to the potential minimum.

It is usually more convenient to refer the energy to the lowest state,
thus deducting the zero-point energy. In COZ, the appropriate

expression includes modifications to allew for the v degeneracy;

2

third-order terms provide sufficient accuracy for all experimental

work:

3 3 3
G" = gZZ{' +§:(w ; Vs i yi{,&'{zzvi) Jr_EEXlCJ) vle
3 303 "=
DD ARAAS (A4)
1<j<k

Table 8 gives values for the spectroscopic constants in equation (A4),

from Benedict and Wattson {1969,

93

NOTE ADDED IN PROOEFE: Cihla & Chedin (1971) give constants for

nine isotopic species, referenced to the potential minimum,
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TABLE 8: CO2 VIBRATIONAL CONSTANTS

w§ = 1335,7470
X3, = -2.9697
xfz =  -5,3564
vy = -0-0019
Vi - %0

Y35 = -0.0602
Vigs -~ 9°

Vi, = -0-0120
Al = 0.5120
w,, =  0.0100

The W and ) are used to calculate the interaction between levels in

Fermi resonance:

_ _ S - - W__ v
ZWAB‘[WE vy TAYe T3 T T

where the levels have quantum numbers v

"

667, 2133

1. 6162

-19.1963

0.0085

-0.0025

-0. 0022

51. 7416

0.0184

0. 6591

-0. 1030

2 2
2 . v_ +t2i v, ~4 v J
2 W23vz"3] [( 2 vy 1

V{'V
123

£
H

L
1

b
il

It

2361,

6319

-12.5318

~12. 4953

. 0052
. 0864
. 0187
. 4604
L0103

. 2840

and (V1 -1)(v2+2)

L
2

V3.

For more complex Fermi groups with N members, perturbed levels

are found by linearizing the N x N matrix with the W

AB

(A5)

as off-diagonal

elements. Table 9, at the end of this Appendix, gives term values and

1
other data up to the 017 2 level for various isotopic species.



6. Molecular Constants of CO2
-8
e C - O spacing, L 1.16x10 =~ cm (Herzberg, 1945)
-10 .
e Effective charge on each oxygen -1.01x10 esu (Fahrenfort, 1955)
-26 2
e Quadrupole moment (-4.5 £ 0.2) x10 esu-cm
(Ho et al., 1971)
-39 2
® Moment of inertia 7.17x10 g-cm (Herzberg, 1945)
® Mie 6-12 (Lennard-Jones) potential constants: (Fahrenfort, 1955)
-8 -15
Radius 4. 57 x 10 ~ cm Enezgy 25.6 x 10 erg.
1 - -25 3
8 Polarizability, r.m.s. q = 26.5x10 cm

(Brand and Sparkman, 1960)
5
# Force constants: for symmetric stretch kl = 16.8 x 10~ dyne/cm;
5
for bending k@/L2 = 0.57 x 107 dyne/cm. (Herzberg, 1945)
e Normalization factors for dimensionless normal coordinates
/ 2 9
= /h
Nl /Z-rr m\)lc

0.562x%x 10 " cm
z
NZ. = Jh(2m+M)/8n mMv 2‘C

0. 760 x 10"9 cm

il

0. 405 x 1077 em

Hl

2
N3 = Jh(2m+M)/8ﬂ mMvy c

3
- 2 2 2 3
Potential V/hc = 677.372] + 336,458 + 1198, 168, - 30.28]
2 2 4 4
+ 73,98 &, - 251.8 &, - 0.335 + 52.%,

2.2

4
+ 0.01§3+ 296.§i§§+ 25.9@?52 - 27, 55:5253

95

Recalculated after Dennsion (1940), using his rotational constants
. . 4 - 2 2
and those in Table 8, Coefficients of §2 and glgz are doubtful because
Fermi resonance is not well handled as a perturbation, and because of
the influence of higher-order terms (see Cihla & Chedin, 1971), For a

different approach, see Statz, Tang, & Koster (1966).
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APPENDIX B: DEFINITIONS AND NOTATION

1. Introduction

This Appendix defines the quantities and units used in infrared absorp-
tion, reviews the standard notation for symmetry representation of
CO. vibrations, and recommends consistent means for denoting Fermi-

2

group vibrational states and isotopic species,
2. Absorption Units

For radiation of initial intensity IO passing through a medium which
reduces its intensity to I, the transmittance T and optical thickness

T are defined by
Yl =T=¢ ', giving 7 = -gn T (B1}

In a gas, optical thickness equals the gas amount u, times an absorp-
tion coefiiéient # . The common units for u, atm-cm, require correc-
tion for temperature and for departures from the ideal-gas law, so
that units of amagat-cm are more appropriate, where the amagat
density p is defined below. From the molecular viewpoint, the optical
thickness T equals g, the absorption cross-section per molecule,
times N, the number of molecules in a l—cz.’nz column. Comparing

the two expressions: 7=uxu =xolL = ogN =sLn (L and n are path

1
length and molecular density). From this, /s = nfp = 2. 69 x 10 ?

-3
molecules-cm ~ ama . This is also equal to NA/V .
)
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With induced absorption, we can write
= +unploL (B2)

where # is the "allowed absorptivity'' and x’ is the "induced absorp-
tivity''; the latter's contribution to T is thus proportional to density
-1 -1 -1 -2

squared. The units of # and x’ are cm  ama and cm ama |,

respectively. The strength of a line or band, also called its

integrated absorption, is K+ pK' =f% {v)dv + f/:{'(v)dv. The units of

-2 -1
K and K'Y, allowed strength and induced strength, are cm ama

-2 -2
and cm ama .

In planetary atmospheres, T is called optical depth., At altitude ho,

h
'T(ho) :l [n(o, T) pth) +u “(p, T pz(h)]dh (B3)
. .

where the integration is from h to the top of the atmosphere h
o m

using the proper profile of g and T versus h.
3. Representation and Selection Rules

The COZ. molecule is in the symmetry class D where the Dh de-

he’
notes dihedral symmetry around the x-y plane {orienting the long
axis along z), and the » indicates the number of angles of rotational

symmetry. In linear molecules, the representation of vibrational

states is the same as in diatomic molecules, with ¢, I, A, &, T, H,



I, XK, .. . foro0, 1, 2, 3, 4, 5, 6, 7, . . . units of vibrational

angular momentum 4 .

The subscripts g or u are used to denote symmetry or antisym-
metry with respect to inversion at the origin; a superscripted +

or - indicates symmetry or antisymmetry with respect to a plane
through the z-axis. The 5 ~ occurs only in overtones of degenerate
modes of molecules with four or more atorns. In discussing rota-
tional lines of states with non-zero {, the superscripts ¢ and d are
added for the odd and even rotational levels. If £ = 0, the zero
nuclear spin of O16 means that only even rotational levels appear

+ +
iny andonly oddiny .
g u

. . R
In this representation, the ground state is ¥ and the three funda-

g

+ +
mentals v E Vo Vg are respectively Hu, Zg’ and Eu . The repre-

sentations of higher states are formed by combination rules given in

Tables 31 through 33 of Herzberg (1945), and are shown in Table 9,

For infrared transitions, one of the upper and lower states must
have the subscript g and the other u. A{ may be 0 or £ 1; in the

former case, the rotational J must change by + 1, giving rise to P

1

and R branches, but no Q branch. BT Moo=+ 1, AT =01is also allowed

103

*Except that in hot hands between two I, 5, &, etc. states, a weak

Q is allowed but usually obscured.
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so a Q branch appears. Raman selection rules require that the
upper and lower states be both g or both u. Since AJ may be 0,
+1, or + 2, there are five branches: Q, P and R, and O and S.

In COZ ., these rules mean that the sum vz + v3 must be odd for

infrared activity and must be even for Raman activity.
4. Fermi-Group Notation

In polyatomic molecules, a standard condensed method of des-
cribing complex vibrations has been to list the quantum numbers
for each vibration in the same sequence as the vibrations are
numbered. If the molecule is linear (so that one or more of the
vibrations are degenerate), the angular momentum guantum number
for the degeneracy is superscripted to the appropriate vibration.

-1
Thus the 1956 cm ~ level of CZHZ (which has five normal modes)

0
is labeled 0002 ll.

Even though CO, has a strong Fermi resonance which mixes levels

2

4,

v vf’v and (v Vs

172V3 p - v, 2

it had long been customary to

assign increasing values of v  to increasing energies within a Fermi

1

group. This was done because it was believed that the unperturbed

levels had energies increasing with v, and the ""adiabatic assumption "

i
assured that the predominant component of the mixed wave function in

the perturbed levels followed the same sequence. Thus, the Fermi

. -1 0 0
Raman pair at 1285 and 1388 cm was labeled 02 0 and 10 0.
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The first belief was cast in doubt by an apparent irregularity in

the isotopic dependence of the Fermi interaction term le

(Courtoy, 1959). Further work by Amat and Pimbert (1956) re-
vealed that the unperturbed 0200 level was actually the higher.
This proves to be the case in a number of other Fermi groups, but
not in all. The unperturbed energy may decrease or increase with

increasing v ; it is even possible for the behavior not to be mono-

1

tonic in larger groups.

As a result, several new terminologies have been proposed which

do not attempt to imply a particular sequence of v Oberly, Rao,

)
Hahn, & McCubbhin (1968) use parentheses around the old notation

for the highest and lowest members of the group, and add a Roman

narneral decreasing with energy. The lines at 4853, 4978, and

-1 0 0 0 0
5100 em  (old 04 1, 121, 20 1) become (2001. . 04 1)III,

0 0 0
(201 . . 0401)11, and (20 1. . 04 1)L

A somewhat less unwieldy scheme was used by Burch, Gryvnak,

& Patty (1967), who use the maximum wvalue of vy the minimum

of v, and V3. A Roman numeral, as above, is used as subscript.

2

The value of f is not given separately, as it is the same as v The

5
. 2 2
above lines become 201___, ZOIH, and 2011; the old 04 ! and 121 be-

IIT
come lZlH and IZII. Even single lines without Fermi resonance are
3
relabeled: 03 1 becomes 0311. The maximum wvalue of VZ iz inferred

from Zvl + vz.
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The lack of an explicit £ proved to be a disadvantage, and the
earlier schemes have been partially supplanted by one used by
Benedict & Wattson (1969). In this, the value of £ is given
after a comma. 0331 becomes (031, 3)I. Some authors omit

the parentheses.

These three schemes all have certain disadvantages., First, the
Roman numerals move in the opposite direction with respect to
energy than do the quanturn numbers; this is a consequence of

using the maximum value of v. to designate the group. Second,

1

lines with the same values of all quantum numbers except £ look
. . 1 3 .

quite different: 13 0 and 13 0 become ZIIH and 13OI. Third, a

drastic break is made with the well-known notation used not only

with COZ but with many other molecules.

The notation used herein attempts to use the positive features

of the various proposals, but without their disadvantages. First,
the maximum value of v, is used to designate the group, with the
usual { superscript. The corresponding (minimum) value of vy
is zero, so it can be omitted for brevity. This makes it logical
for the Roman numeral, used only in groups, to increase with
energy. Omitting the Roman numeral is an easy way to identify

an entire group., The standard notation is used for single levels

without Fermi resonance, and for the unperturbed levels in Fermi-

resonant groups.



The result is a notation which bears a definite resemblance to the
standard notation, does not require relabeling of unperturbed levels
or those not in Fermi groups, shows when leveis are in groups by
omitting the redundant T requires no more symbols than the stan-
dard notation, has a logical progression of Roman numerals with

energy, distinguishes between unperturbed and perturbed levels,

and provides a convenient shorthand for a whole group.

Examples of its use are given in Table 3, in Table 9 (Appendix A},

and in Table 10, below, which compares it with the other proposed

notations,
TABLE 10: NOTATION COMPARISON
Level, Old Oberly et al. %' pijedict Herein
-1 et al.
cm
1 1 1 1
3181 0570 (2170, . 05 O)II 210, (210, HII  5°0,1
1 1 1 1
3339 13°0 (210, . 05 0)II 210, (210, )L 50,11
1 1 1 1
3500 2170 (2170, . 050)I 210, (210,)I 50,10
3 3 3 3
3241 0570 (1370, 05°0)II 130, (130,3)I 570,
3443 130 (13°0,05°0)1 130, (130, 3T 530, 11
5 5 5
3341 0570  05°0 050 (050,5)I 0570

107
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5. Isotopic Species

A compact notation has beenproposed (Benedict, 1971) for iso-

topic species of simpler molecules. It gives the last digit of the

atomic weight of each atom, in a sequence corresponding to its

position in the molecule (e. g.: HOH, OCO, etc.). For diatomic

or non-linear molecules, the order is that of the usual chemical
12 _16_18 .

35
symbol. Thus heavy water is 262, C O O  is 628, HCL ~ is

15, partially deuterated ammonia is 4211,

In cases where confusion might arise, different elements may be
set off by a comma. Thus, halfi-deuterated methane and acetylene
are 2,2211 and 22,21. Though the system becomes unwieldy for
more complex molecules, it is a considerable convenience for

many common gases.
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APPENDIX C: VALENCE-MODEL MATRIX ELEMENTS

1. Model and Assumptions

0 0
We wish to compare the matrixz elements for the 10 0 and 02 0
t iti Th dto (3al3E ) :md(a‘z/az)Z
ransitions, ese correspond to (da/ 3 ey aldg e,
Since there are no cross~derivatives, each motion can be treated

separately. The molecular axis lies in the z-direction. Constants

are as given in Appendix A, part 6.
2. Polarizability Components and Derivatives

For a field E in the x- or y-direction, consider the molecule
L

bent at an angle 8 and with a C-0O distance of R. The force on

the oxygen atoms leads to a torque {qE J(R cos §) = kG 415, where
1

the additional bend is A6 = Ax/R cos 8. The increment in the

dipole moment is 2q Ax (where Ax = Axl/z + f_\,x3/2), so that
il

‘ e Z_2
the polarizability g My /E =29 R cosae /k
L L

8

The derivative with respect to the vy normal mode is

3
3oL 3 a%l
agl - az.l 3z,

1

where z, are the displacements of the three atoms. Since

gl = 2, - 24 the mode derivatives are € ’“ =1, g’lz =0, 5’13 = -1,

The ., mode is ignored by setting§ =0, R=L+ z_ = -1 - 2_. This

Z 1 3
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gives
2
aal : 2q o ao,l
2 -~ 2
9% (k /LYL 92
a
so that
2
aaL i 4q
= 2 4
35, (k, /LT

where we have set z = 0 for equilibrium.

The derivative with respect to the v, normal mode is obtained

similarly, withgz =x_ - (XI + x3)m/M. The mode derivatives

z2

areg"Zl =§’23 = -m/M, 5’22 =1,

To ignore vy set R = 1, and note that Ax = Ax. - (Axl + Ax3)/2.

1’ 2
Then
aax _ aal qZLJsin»a
3 Xl ) X3 ke
and
2
50"4. _2q L gin §
3 X h k
& 9
This gives
2
B&J_ _ 4q L sin § (1+M)
2 k
32, 5

This is zero at equilibrium, which is to be expected from the

fact that the v, fundamental is infrared active, not Raman active.



Repeating the process to get the second derivative,

2
2
5 a . 4q2 LM
2 - k m ’
a&:z g

For a field E, in the z~direction, the force on either oxygen atom

I

. 2 . . ..

is Eq = kl(z - ZZ) cos & . The induced dipole along the z-axis is
2

2q(z -~ z.), so the polarizability is o = aui‘/aEl

2 \

This is independent of z, so its derivative with respect to € 1 is

Zero.

Following the above procedure, we find

aay,

2
4q” sin§ O‘+ 5@)
3F 46

2 Lk, cos m

which is again zero at equilibrium, The second derivative is

2
9 oy 1g” M
2 2 Tt
s

at equilibrium.

The averaged values are the sum of the squares of the components,

with the perpendicular weighted twice as heavily. The result is

~17 2 2, .2
0a/3z, =5.04x 107" cm” and 3 a/a:

57 436 x 1077 cm. Since

this analysis assumes the charge is centered on the myclei, it

refers only to atomic polarizability, not electronic polarizability,

= Zqz/kl cos §.

111
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3. Matrix Elements

Evaluating the matrix elements, each derivative must be multi-
plied by the appropriate power of its normal coordinate and

integrated between the ground state and the excited states |
100

0 respectively. Using the results of Appendix E, we

020
26 3 - 27 3
have: A= 2.00 x 10 2 cm and B = 1.78 x 10 cm , for a

and ¥

ratio of A/B = 11, 2,

It must be recognized that this comparison is based only on the

atomic polarizability. Nevertheless, it suggests an explanation

for higher-~order matrix elements of the total derivative being

smaller than those of lower order..

Let us examire the effect of an additional differentiation. There
will be a moderate change in the numerical constants, but an

s -8 .
additional power of the length L = 1. 16 x 10 ~ cm appears in the
denominator. When the higher-order matrix element is formed,
an additional power of a normal coordinate appears in the dipole
term and in the Hermite polynomial. The latter brings in a nor-
malization whose size is the same magnitude as the vibrational

. -10 S

displacement: for COI—:’ near 6 x 10 cm. Thus it is not
surprising if each increase in the order of the matrix element

decreases its size by an order of magnitude, unlegs symmetry

causes a term to be zero.
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Another viewpoint is to consider the extent to which the electron
cloud can be shifted by an external field if the atoms are not in
the equilibrium linear position. If the molecule is symmetrically
stretched, the two portions of the cloud between the carbon and
oxygen (the regions containing most of the 2p bonding electrons)
will be further from the nuclei, the ratio between the nuclear
field and an external field will decrease, and they will be more
readily polarizable. The ls and 25 electrons will be relatively

unaffected.

On the other hand, if the molecule is bent, the nuclear spacing is
unchanged, and the bonding region will be unaffected. Near the
carbon, those of the 2p electrons inside the bend angle will be
further from the nucleus and thus more polarizable - - but those

outside the bend will be closer and less polarizable.

Putting it more simply, Brand and Sparkman (1960) state that
electronic polarizability {the major contributor to total polari-
zability) depends strongly on bond length, which changes only

with £ 1"
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APPENDIX D: MECHANICAL ANHARMONICITY

Overtone and combination lines can arise from mechanical anharmon-
icity {deviation of the potential from the form kgz) as well as from
electrical non-linearity (higher-order terms in the Taylor-series
expansion of the dipole moment or the polarizability)., In the present
study, all the induced strength of the bands at 4248 and_4391,cnn"1 has
been ascribed to the last of these. To verify that mechanical arharm-

onicity can safely be ignored, a brief discussion follows.

Expanding the polarizability to order )\3, many terms are zero because
of the symmetry of the C02 molecule, Those which remain are:

a =

saate 400t e 42
o M5 23%2%3 7 2

3 m l I 2 Hr 2 1 " 3
3 = .2 - 1
A [“123315253+ 2(%22-132"‘“133@1@3)+ 6Q411§1} (DD
If the time-dependent normal coordinates are expanded asg in
Herzberg, p. 205 (1945), assigned powers of A to indicate their order,

and inserted in (D1), the only term giving a frequency of . [corres-

1

ponding to the Raman-allowed or collision-induced unperturbed trans-

0 0 . e
ition 00 0-1070) that is of lower order than k3 is

% In this and other time-dependent expressions, an additional sub-
script has been added before the comma to indicate which normal
coordinate's expansion the ncomes from, as Herzberg's notation is
ambiguous. For brevity, phase is omitted. Powers of A are not
grouped, but are written adjacent to the term in which they originally
appeared, in order to show their origin,



AQt !1'”1,109 cos (wlt),which has no anharmonic components. Similarly,
most of the induced transitions with total guantum number change of

4
2 have only the harmonic term of lower order than ) :

OOOO-OZOO : ?&2 5
frequency 24..: —a/ (ﬂgmo cos (i t))
0000_0220 2 2 22 2
2
0 0 A 2
00 0-00 2, frequency 2w3: 5 Ggs (%,ool cos (c_u3t))

0 1 2
00 0-01 1; frequency iyt g A G400 COS @gt)ns,ooz cos @;3t)

. _y 0 0 .
However, the induced transition 00 0-20 0 with frequency Zwl has

two terms, the second with mechanical anharmonicity:
)\2 )
F p
E2 all (ﬂl,mo cos (wlt)) + Mxl)ml'goo cos(zwlt)

1
In the case of the OOOO- 1171 induced transgition, the relevant fre-

quency is My + £ + g2 and there are four terms of lower order

than )LS:
A O'1,1231']'1-10‘3 Cos@"lt}' Mo C€OS Guzt)' s, 001 cos(m?’t}
2 ) .
A CLZB}mBanD cos (Ul)lt)cos '\wzt) Na,o01 €08 (w3t)

2 14
+ X a5 4N2p10 €OS @zt)- . cos(wlt)COS(mg’t)

2
!
+ )\O(,l)\ (I cos(rglt)cos(wzt)cos(w3t)

The first term is harmonic, has been treated in section V, B., and

will be called Ph; the last requires a term in the CO

5 potential

115
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function of the form k§i§2§3 , which is zero by symmetry. In the

2
second and third terms, n3.1,, stems from 73.9%152 in the potential

function, and ng,, from -25 1glg§_

Parenthetically, it should be noted that mechanically anharmonic

terms with frequency 2y _ or 2;33 might concelvably arise from the

2

dipole moment. Again allowing for symmetry, the expansion is:

_ 4 ’ 2( B E -
W=y FA (“2§2+ “3€3) T8 5, T “135153)

3 1 " 2,_ I 2: o 2 b2 2
Y 2o
|2 (“112 1°2F My135153 7 Hpppa5s “233-52@3)
1 ﬂl 3 s 3
1 D
T e (“222§2+ “33353” (D3)

Inserting the normal coordinates as before, the terms leading to

2w, and 2y

5 are Kuéhﬂe,oeo cos (2w ,t) and )\uéknaooq cos (2u,t), res-

3

spectively. However, they require terms in the potential function of
. 3 3 . .

the form k@z and k§3 , both zero by symmetry. Likewise, there are

six terms from (D3) which lead to frequency %4 + Wy + Wy but they

also stem from terms in the potential which are zero by symmetry.

If any mechanically anharmonic terms from (D2) were not zero,

they would not require an inducing field, and would thus be

proportional to density. Not only is such proportionality not

observed except for asymmetric apecies (see section VII, A; Mannik,

McKellar, Rich, & Stryland, 1970; Burch, Gryvnak, & FPembrook,

1970), but it would viclate the rule that a transition which is
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forbidden in the harmonic approximation does not become allowed

if anharmonicity is added,

Returning to the remaining terms in {D2), we can determine their im-

portance by solving for the time-dependent normal coordinates, using

a firgt-order pertubation approach as in Baldwin (1967). We find:
) | COS(ml—H;JZ)t COS(U’Jl" Uu‘z)t
Eztt) - 'r!g'.glo cos (wzt}* 73'9’}”(?1,100 2 +

i [f)l -F-Zwlwz :131 —Ewlwz |

[_ o cos(-;}1+w3)t cos(cyg-ml)t
§3(t) = na,ooj_ COS=\(,U3t,,- 251 Mh,loo + 2

. 2y +2u:1w3 Wy —211)1613’ )

Inserting these in {D1), the two mechanically anharmonic terms with

frequency tw,tuw, are

i
Mz 010 73.9 AN 100

2
Ly + 2:‘;)111)

2 Ms,001 251 M1 00

“
=X %5

“@

232,010

2
-

P 5=

a
m1l

MNa,001 and Pm

w

1 +2wlw

2 3

Their contribution to the transition probability compared to that of

the harmonic term PI—I’ is

2 p
Pt " Pmz (%23 73.9 Y 251 -
> = um’ % + A
P 123 3,58 x 10 8.07 x 10

Not only is the mumerical factor small, but the second derivative is

orders of magnitude smaller than the third. Neglect of mechanical

anharmonicity is thus justified. Dunham (1930) reached a similar

conclusion with HCIl, after a more rigorous analysis.
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APPENDIX E:

DEGENERATE EIGENFUNCTIONS AND HOT BAND STRENGTHS

1. Radial Eigenfunctions

The effects of degeneracy in £ must be considered when evaluating CO2

matrix elements. While Hermite polynomials are the appropriate
eigenfunctions for those transitions involving changes in guantum num-

bers of vy or Vg, both non-degenerate, they are only applicable to the

degenerate v_ if the x and v components are treated separately. This

2

is not as convenient as forming new eigenfunctions which are linear

combinations of the components; see p. 81, Herzberg (1945).

Consider the case where Vs, has one quantum of excitation., This can

appear in either the x or the y component; the other will be unexcited.
The eigenfunctions are, in dimensionless normal coordinates {where
the subscripts on U indicate the quantum numbers of v. and v_ ,

2x 2y

respectively):

L 1 _~ L _r=
Vip = 2 e f’“/Zdex T e %2y /2
1
-z - 2 - 3 _r
bop = mEe iR R R 2,

Withx= 5 cos ¢, y = 0 8in ¢, an obvious linear combination is

2
+1 1 . 1 - 2 :
vy o=E 7 (I!JIO ilwol) = e o/ peilq5 (E1)



where the last exponential indicates an angular momentum with

two possible directions.
The combined ground state is simply the product

0 R R S S PR P
\ _ d - . = — g
p

For two units of excitation, the x and y quantum numbers can be

2and 0, Tand 1, or 0 and 2. The appropriate linear combination

+2

5 are

1 0 1
_1 _ ; - y Y. (E
Vo m sl Vgt M2l ) and A R YL (E2)
Similarly, the combinations for the next level are
+3 1 - ~
= —= i i - 3 i1 3
by = g gy Fllgy - /30, =5 0y (£3a)
and 5 = W e, £ 43 0L T b &) (E3b)
Vs =% LY, Vg T ¥y M,
4.
Table 11: NORMALIZED RADIAL POLYNOMIALS FOR IIJ;{’
£=0 1 2 3 4 5 6
n=0 Vi
h=1 plfm
n=2 tpz-n.tfv_v pzf.ﬁTT
n=3 (b -z ivEn pifGn
n=4 plespliaray ipte3p st PN
n=>5 i~ 6p71 6p) /T2 tp°-4p")/FAm p>1A20n
n=>6 ip°-9p% 16521130 10 -8y 12581128 9"~ 50 ) 120w o1 TE
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The explicit form of the first sixteen normalized radial polynomials is

2 .
. - 2 i .
given in Table 11. They should be multiplied by e o™/ e o , which

has been omitted for brevity.

These have been related to the associated Laguerre polynomials by,
for example, Shaffer (1941); including normalization, a more direct

expresslion is

~p2/2 +iL g -3 o !
Uiy Zoemesy

2/ \2

In order for the series to terminate, 4 is restricted to the values n,

n-2, n-4,... 0 or 1,

To obtain transition probabilities, the squared matrix elements must

be summed over tlie x and v components. Table 12 gives the values of

for a few cases. The entries in Table 12 must be multiplied by the
appropriate power of the coordinate normalization (Appendix A,
Section 6), but the statistical weights due to degeneracy can be taken
directly from the table by recalling that the energy of a level depends

on the absolute value of £ but not on its sign,



Table 12: RADIAL TRANSITION PROBABILITIES
n_-n n,-n,
Based on Squared Matrix Elements of x and y
UPPER
n 1 2 3
__2___ e, /-—-../\-—l-\ .
4’,2 -1 +1 -2 0 +2 -3 -1 +1 +3
LOWIER
o
0 0 /2 1/2 1/4 1/2 1/4 3/16 9/16 9/16 3/16
-1 1 1/2 0 3/4 1 1/4 0
L)
{1 o 1/2 1 0 1/4 1 3/4
~2 3/2  1/2 0 0
2 0 0 1 1 0
2 0 0 /2 3/z2

It is interesting to note that the selection rules appear as a result of the
integration over ¢, rather than from symmetry over the length coordi-
nate, as is the case with Hermite polynomials., One consequence is
that a given transition is affected not only by the matrix elements of the
n_-n, power of the normal coordinates, but also by the higher powers

2z 1

nz—nl—{-z, n2~n1+4, etc.

The values in Table 12 may be compared with the corresponding transi-
tion probabilities for the one-dimensgional harmonic oscillator {using

Hermitian pelynomials), where
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It is interesting to note that this formula leads to the correct values if
) 0 .1 0 .0 Lo .
used -~ improperly -- for the 0 -1 and 0 -2 transitions, but is

otherwise generally incorrect for degenerate transitions.

2. Hot Band Relative Strengths

Using the foregoing, the ratio of strengths between a hot band and the
transition from ground with the same change in quantum numbers can
be calculated. Though the discussion which follows applies to C}O2 hot

bands, the principles apply generally.

First, consider transitions of the form 0000~v100v3, with a non-

1
1 v,

1
degenerate upper level. The corresponding hot band is 01 O—vl 3

{unity), and v_ in

where the same matrix elements apply to VsV 3

2

both cases; the hot band is degenerate in {. On the other hand, both
may be degenerate, as in the case of a transition of the form

0 1 1
a0 0-v11 Vg with the corresponding hot bands 01 O~v120v3 and

1
0% 0-v122v3. For completeness, a case with A4 = 2 and one with

a non-degenerate lower level may be considered. These are listed

in Table 13, which includes the weighting factors for degeneracy.



Transitions

from Ground

0 0
00 0—v10 v3

0 1
- 1
0070 vl v3

00 0-v 22v3

0
00 O-v v‘r;

1 A"

3

Table 13;
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HOT BAND RELATIVE STRENGTIIS

Corresponding Strength Ratio
Hot Transitions Khot/KO B
1 i
-v_1
0170 vilov, 2
i 0
o1 O—vlz £ 1
1 2
01 0—v12 Vs 2
o1 1
01 0- v13 Va 5
1 3
170~
Q179 v13 v3 3
0 2
1 - 1
070 (V1+ )v2v3 (v1+1)

In COZ, the next-fo-last line is allowed in the Rarnan effect or in

induced absorption; other cases with 4 < v_ need not be considered, as

2

they are members of Fermi multiplets whose strength is dominated by

the term with largest v

1°

" Bis the Boltzmann population factor for the lower level in the hot

transition (different in the last case).
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