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of the bands. Yet a precise understanding of continuum absorption
is important for long path energy transmission. For this reason
the study of the water vapor windows has had a h ong and speculative
history. -.~~~~~~~- - - -~~~~~~~~~~~~~~

The purpose of this study is to demonstrate the importance
of far wing phenomena in characterizing H,O continuum absorption.
A total line shape for water vapor-nitrogen interactions valid
under tropospheric conditions is derived. The model is tested
using a set of experimental room temperature H.)0 continuum measure-
ments of hi gh qual i ty. Using this data base pSrameters of the
far wing component of the total line shape are determined.f~~pnear band experimental data. Gr3ting spectrometer measure~h~ntsfrom 300 to 650 cm are used to determine unknown far wing param-
eters of the pure rotational band of ff,O. CO and HF laser measure-
ments taken in the 5 micron and 3 micrbn regions are used to
determine the far wing parameters of the and v-~,v3 fundamentalbands , respectivel y. 

-

The total line shape model is applied to the millimeter ,
10 ~n, and 4 pm absorption windows with encouraging success.
A significant increase in the self-broadening ability of H~,O overN, ‘is predicted in the far wing. This allows the proper mbdeling
o? the absorption coefficient versus H 0 partial pressure dependence
in all window regions. A negative tem~erature dependence is predic-
ted by the model in the continuum. The observed rate of the tempera-
ture decrease is not predicted by the model , however the failings
are related to approximations made on the interaction potentials
and perturbation expansion of the Hamilton i ans. Although the
total line shape mode l has limitations , it does demonstrate the
importance of considering far wings of absorption lines in continuum
absorption .
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CHAPTER 1
“WATER , WATER EV ER Y W H E R E ”

Rhyme of the Ancient Mariner
- Samuel Taylor Coleridge

The impor t ance  of wa te r  is  sugges ted  by i ts  considerable
abundance on the surface of the earth. Its physical prope r t i e s
have been studied for a long time and it has proven to be a molecule
of great comp lex ity which gives water special and uniq ue properties.

One of the l argel y unsolved problems concerning atmospheric
water vapor is its effect on infrared ( i r )  propagation through
the atmospheric windows . The propagation of rad i ation is affected
by three major phenomena: absorption , scattering arid turbulence.
In the atmosphere water is primarily in its vapor phase; however
water v apor clusters can form on part i culates ( i .e. ,  clouds , fog )
or ionized mo l ecules . Attenuati on of ir radiation by molecular
water vapor is largely due to absorption. Water vapor clusters
contribute to both absorption and scattering. Local heating of
the atmosphere caused by water vapor absorption can contribute
to turbulence or beam dispersion effects. An ideal approach to
solving the propagation problem is to separate each phenomenon
for independent study. To some extent this can be achieved. Under
lar boratory control , turbulence and particulate scattering can
be minimized. However pure water vapor samples always contain
some dimer and cluster formations Il l .

Infrared absorption by the water vapor molecule is the dominant
mechanism of atmospheric ir attenuation. Fi gure 1 shows the low
resolution infrared transmittan ce of the atmosphere and demonstrates
the importance of water vapor over other atmospheric constituents.
Water vapor cluster attenuation caused by absorption and scattering
is much smaller than water vapor molecular absorption in the strong
absorption band regions.

This study wi l l  concentrate on the water vapor window absorp-
tion problem under tropospheric conditions. The main rotational
and vibrational bands have been extensivel y characterized by Benedict ,
Calfee , C amy-Peyret and Flaud (2 ,3,41. This work has resulted
in a compendium of absorption line parameters maintained by AFGL [5].
This compendium represents a significant contribution to absorption
calculations and is used in this study.

_ _ _ _ _ _ _ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Fi gure 1. Low resolution solar spectrum compared with
l aboratory spectra of atmospheric gasses [6].
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I
I b r  general electro -optic al system applications the strong ly

absorbing reg ions  are not of interest; instead the reg i ons of

I small attenuation are importa nt. The infr ared windows of the
t roposphere occur between 33 to 8 1gm , 5 t o  4 .5 !Jm and 4 .1 to 3.2 pm
bounded by strong 1170 or CO., bands . The weak absorption which
does occur in the wThdow re’qion s can be described as arising from

I two sources; local line ari d continuum absorption.

Weak absorption h~rids of CO2. HDO along with other H,O absor p-
tion lines in the wind ow regions comprise the local line cbntribut ion.

• The con tinuum contributes a slowl y vary ing frequency dependence
to the absorption. Elsa ’~s~m- [7], i~ 1938, recognized the existence

• of a continuum in the 13 to 8 pm window reg i on w hi c h he attri buted
to the far wings of the strong nearb y rotational and ‘~‘~~ v ib rat i onal
bands of H90. Further verification of this nonlocal l’the absorption

- feature wa~ provided by Yates and Taylor 18] who studied infrared
attenuation along horizontal paths at sea level. Solar spectra

• studies also indicated continuum absorption in the 13 - 8 0m window
[9,10,11) . The nature of the contin uum based on these measurements
was uncertain. It could be due to far win9s of strong absorption
bands 0r scatter ing and absorption by part iculates.

In an effor t to de term i ne t he cause of con ti nuum absor pt ion i n
the 13 to 8 pm window Bi gne ll 112 1 in 1963 examined solar spectra while

• testing the atmosphere for aerosol amounts and studied CO9 far
w i ng cont rib uti ons. He conclu ded t hat the amoun t of cont~nuumn
absor p t i on observed coul d not be acco unt ed fo r by aerosol a t tenu-
at ion or far w i ngs of CO . An a t tempt was th en made to model
the cont i nuum by far win~s of the bordering H90 ban ds . The important

• contr ibut ion f rom th i s in i t i al work was the r~al i zat ion of the
major water vapor contributions to the continuum . A second paper
by Bi gneil [131 i n 1970 descr ibed a careful exam i nat i on of water
vapor absorption in the window reg ions emp loying a multi p le traversal
absorption cell and grating spectrometer . Two important facts
about the 13 - 8 ~jii w i ndow were observe d namely a large ratio
of water vapor self-to-forei gn-gas broadening ability and a strong
negative temperature dependence. Both of these results were not
ant i ci pated base d on the far w i ng ~4pproaches of Bi gnell ’ s 1963
paper. Also reported by Bignell was a similar but much weaker
cont inuum absorption in the 4 pm region.

Further laboratory measurements performed by Burch 114,151
us ing a long path absor pt io n cell  and grating spectrometer
exam i ned the 10 ~~ and 4 ~jn reg ions in 1970 and 1971 , respectively.
Confirmat ion of the l arge self-to-foreign broadening dependence
and negative temperature dependence were made in the 10 jin window
reg ion. The 4 pm continuum was more completel y characterized
and verified.
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In recent years laser measurements have contributed a great
deal to the understanding of continuum absorption. The stable
hi gh intensity monochromatic source provided by the laser alleviates
some of the problem s encountered in obtaining accurate l ong path
absorption measurements which are characteristic of continuum
(i. e., window) investigations. Initial CO2 laser measurementsby McCoy [161 in 1969 at 10.6 ~ju indicated the ratio of self-
to-forei gn broadening abi lity to be 200. The value inferred from
line measurements is 5 [ 17).  This result conf i rmed the preliminary
observations of Bi gnell’ s 1963 paper concerning the dominance of
H.)0 contributions to continuum absorption and provided a quantitative
number for the self-to-forei gn broadening ratio. Recent compre-
hensive studies at The Ohio State University ‘18,l9,20~ have extendedthe frequency range by examining many CO~, laser lines using a
stablized laser with both a multiple tra~ersa1 cell set to 1.5
kilometer path length and also with an optoacoustic spectrophone.
The results further verify the general trend of l arge self to
forei gn broadening ratios and negative temperature dependence.

Arefev and Dianov-Klokov [21) have also examined the tempera-
ture dependence In the 10.6 pm region using a CO2 laser and long
path cell. A negative 1.7% change in absorption per degree Kelvin
was observed , over a 284 to 353 K range.

From extended temperature measurements to 473 K using a
laser diode operating at 1203 wavenumbers Montgomery [22) has
observed that above 398 K a leveling of the negative temperature
dependence occurs. To explain the result a competitive effect
between dimer and far wing absorption was suggested. According
to Montgomery, temperatures below 398 K dimer absorption dominates
and above 398 K far wing absorption dominates . Because these
measurements were made around 8 pm , close to the ~ band of H20,
it is not known if a similar temperature dependenc~ will occuP’
at 10 pm.

Other popular lasers used in probing the continuum have
been CO and DF which operate at the 5 and 4 ~~ regions respectively.Absorption at 5 pm features strong local line absorption along
with continuum contributions [23] . Thus many of the special con-
tinuum characteristics are masked by comparable local line absorption.
Recent measurements at White Sands [24] with a OF laser and 1.5 km
path lengths show continuum absorption properties at 4 ~1m similarto those in the 10 pm reglon~ An average self-to-foreign broadening
ratio of around 90 has been measured. Thus it is possible that
the 4 pm window continuum may be generated by the same phenomena
as the 10 pm window.
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Mo’l”liiig e f for ts  have not been to ta l l y successful in explain-
ing the experimental observations. Attempts by Burch [141 to
model measured absorption in the 8 - 12 0rn reg ion usin g the Lorentz
l ine shape failed to predict the observed absorption magnitude ,
water vapor partial pressure dependence or temperature dependence.
This computation used all absorption lines in the rotational and

~ 
ban ds of H90 (i .e., no bound). Even though the va 1i d~ty of

the Lorentz Vtne sha pe does not extend beyond 5 - 10 cm , the
result has been a de-ernphasis of far wing mod els in general.
Th is has prompted the search for other mechanisms of continuum
absorption. However , sophisticated far wing theories are being
applied to the H2O con ti nuum by a few researchers .

A major candidate to describe contin uum absorption has been
the water vapor dimer 125 ,261. The strength of this approach
is the strong negative temperature dependence exhibited by dimer
absorption. A similar candidate is the water vapor cluster 11 ,271
which extends the dimer concept to larger formations. Because
monomer , dimer and cluster formations are present in any sample
of water vapor it is difficult to determine the most important
continuum mechanism involved.

Advanced far wing models are being used by Fomin and Zuev
[28 ,29 J to exp lain experimental measurements of the H20 and CO 9
continuums . Si gnificant im provem ents over the Loreritz line sh~pefar wing are demonstrated for the H90 pa r t i a l  pressure dependence
and frequency dependence. However ~ lack of detailed information
on the nature of this (i.e., Fomin ’s) l ine shape formula make
it diffi cult to properly evaluate its performance. Nonetheless ,
the success of their far wing approach has encouraged our efforts
to develop a total line shape formula for H20.

The amplitude of the far wings of water vapor spectral lines
are diff icult to determine both theoretically and experimentally.
Fi gures 2 and 3 show the frequency dependence of the 10 jjm and
4 11m continuum regions respectivel y. The observed frequency
dependence is consistent with a far wing ‘extension of the bordering
H90 bands. The strong H90 rotational band should dominate in
the 10 1m region from th~ low frequency side as Figure 2 indicates .The 4 ~n region exhibits more balance in the 1 strength of the border-ing bands . The fundamental near 1600 cm contributes from
the1 low frequency side and the v~ and u3 fundamentals near 3700
cm 1 contribute from the hi gh frequency side. A minimum at 2600
cm occurs in the continuum due to the nearl y equal strengths
of the v2 and the v.1 and v~ bands . Based on the frequency behavior
of the H90 continuuth far w~ngs must contribute some portion ofthe obseP’ved absorption , with perhaps dimer and cluster absorption
accounting for the rest.

5
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Fi gure 2. Water vapor absorption C°(v) at 1=296K as a
function of frequency v (wavelength A )

In the 8-12 pm region.

Far wings of water vapor absorption lines are also si g n i f i c a n t
in the fundamental bands . The H90 spectrum in Figure 1 shows
wing absorption underneath spectt’al structure at the band edges
of the v9 band at 5 pm and 7 to 8 pm. Far wings of absorption
lines within the band can be studied in such regions. Once the
nature of the far wings is determined in the near band region
an extrapolation in frequency away from the band and into the
windows can be performed. Thus the characteristics of far wing
absorption can be determined in the window regions. To do this
a proper mode l for far wing absorption must be deve l oped and in-
corporated into a total line shape theory, from line center to
far wing of a sing le absorption line. The total line shape must
be normalized , thus insuring conservation of energy and proper
magnitude of absorption. To achieve this goal an in depth analysis
of the interactions of photons and gases is required.

6
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The purpose of this study is to demonstrate the importance 
-

of far wing phenomena in characterizing H90 continuum absorption.
Chapter 2 attempts to develop a valid tot~l line shape for water
vapor-nitrogen interactions under tropospheric conditions. Chapter
III describes the experimenta l apparatus and procedures used in
making continuum measurements on White-type absorption cells.
Chapter IV presents the experimental results of this study and -

a comprehensive review of other experimental efforts. Using this
data base parameters of the far wing component of the total line
shape are determined from near band experimental data. Then
a comparison of experimental and theoretical results is made
displaying remarkable agreement. The total line shape calculations
are applied to the 4 pm, 5 pm , 10 p, 17 pm , and millimeter windows
under tropospheric conditions .

AppendIx B contalns 1water vapof spectra in _she window regi~ns
from 850 cm1 to 1282 cm , 1800 cm to12054 cm , an d 2500 cm -

to 2862 cm . The resolution is .05 cm .
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CHAPTER II
THEORY OF SPECTRAL LINES

A. Introduction

A general expression for the absorption coefficient is
developed in this chapter. Section B derives a general expression
from first principles containing line strength and line shape
i n fo rmat ion .  Sect ion C develops the line strength resulting in
a stan dard formula with some correction terms. Section 0 separately

* develops line shape expressions valid near line center and the
far wing under the adiabatic assumption and binary collision approxi-
ma tion. Section E presents a technique for constructing the total
line shape for H9O-N9 gaseous mixtures and a careful analysis
of t he i ntermo1e~u l a~’ potential functions for H20-H90 and H90-
N9 coll isions. Knowled ge of the intermo l ecular pothntials ~?s
ct’uc-ial in predicting the far wing behavior of a line shape.
The important equations of this chapter will be enclosed in
rectang les.

In order to examine the attenuation of monochromatic radiation
per un i t path length , cons ider a medium (Figure 4) on which plane

d5~

4 -  

~~~~~~~~~~~~~~~~~

I I

Figure 4. Radiation transmission in a lossy medium.
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wave electromagnetic radiation is incident. Let “I” be the i n t e n s i t y
at any point along the path and “94” the path len gth. The me d ium
is divided into a number of segments of l ength d perpendicular
to the direction of the radiation. The change in intensity, dl ,
per un i t length, d94, is proportional to some constant times the
intensity plus another constant independent of intensity (for
a homogeneous medium). This may be expressed as,

= - ol + c . (1)

The pdrarneter ci is the extinction coefficient and c is the emission
coeff icient. In the following analysis the emission coefficient
is not cons idered. The emission coefficient represents blackbody
radi at ion of the medi um an d fu tu re  ar guments w i l l  just i fy i t s
el imination. The physical processes which contribute to the ex-
tinction coefficient can be divided into two general classes ,
absorption and scattering. Thus ,

o = k + s  (2)

where k = absorption coefficient
s = scattering coefficient.

The dominant coefficient will be determined by the nature of the
medium and by the radiation frequency. This study is confine d
to gaseous media and the infrared spectrum . This condition basically
el iminates scattering (because a<<A), which in the infrared becomes
important for aerosols , clou ds, fog , and various other particulates.
As the next section will show, scattering is at least a two photon
process where absorption can be a sing le photon interaction.
In a perturbation expansion the single photon process will be
favored.

LamberU s law for absorption of radiation is obtained , H

- kI. (3)

The solution of this sim ple differential equation leads to the
definition of another important parameter, T, the transm ittance.

i = e~~ (4)
where i = .~.f~- .

10
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The absorption coefficient , k, represents the molecular
interaction with an electromagnetic field and other molecular
systems, resulting in the absorption of a photon and the excitation
of the  absorbing molecular system. The anal ysis of such phen-
omena requires an understanding of molecular spectroscopy, quantum
theory of radiation and intermolecular forces. For only one absorbing

— 
molecule and one perturb i ng fore i gn mo l ecule the absorption coef-
ficient may be functionally expressed as

k ( M a,Mf ,v) = S94u (M a,Vo)
j(v_v

o,Ma,Mf;c
~

(M a,Mf,Vo)) (5)

where
Ma 

- rep resents the absor bi ng mo lecule
Mf - represen ts the fore ig n molecule

- t he l i necenter wavenum ber
5Qu - the l i ne stren gth for trans i t i on between

94 and u states

- the line shape

11 - the ha l f  w i dt h at hal f  max imum

Note that the line strength is a function of the absorbing
molecule only (to first order). It is convenient to normalize

• j(~v;ct) by requiring,

J
_

k(M ,Mf ,V ) d V r S
94

(M
~~~~ 

(6)

thus

L~3:01M~Mf1~ HI~
The parameters M and Mf are themselves multi -va ria ble functions

- of quantities affecting the properties of the associated molecular
systems. They are used here to emphasize this fact and , having
served their purpose, shall be eliminated from the notation and
replaced by more expli cit variables.

11
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The de scription ef the absorption coefficient , k(v), can now
he broken down into two parts , line strength and line shape function.
T hese two quant iti es are na tur a l cho i ces for experi men ta l l y charac-
terizing the absorption of a sin~ le l i ne. Also  the absor pt i on l ine
parameter compilation of AFGL [5J uses this formulation. Therefore
the qo~i1 of the following theoretical development is to find standard
n4~ themat ic (1 1 forms of i t renq t h and I i ne Shape

,. ~~ei~ im Electrodyn amics of Gases and Photons

In the quantum mechanical model representing gases and photons
the Ham iltonian is comp lex ; because of this , a c areful descr ip t i on
is necessary. The total Harnil toni an may he written

H10t(t) 
= Ha + Hb + H~ ~

- Ha 1 p
(t) + H

~
(t) (7)

where

Ha — Hami ltonian for the abs r~4ing mol ecu le

- Ha mi ltoni an for the broadening molecule
- Hamil toni a n for the photon field

H (t) - Interaction Ha!n ilton ian between absorbing
molecule and photon field

U ( t )  - Co l l i s ion  Ha mi l ton ia n  between absorbingc molecule and broadening mo l*~c i j lu ~s.

Time dependent terms are exp l i c i t l y  indicated. Otherwise the
separate Hamiltonians are time independent. The first three term s
in the total Hamil tonian form the unperturbed or zero order Hamil-
tonian , H . The last two form the interaction Hamiltonian. A
descr ipti8n of each term in the total H a m i l t o n i a n  fo l lows .

H represents the absorbing molecule. In a gas samp le
man y mo 1~ cules w i l l  be of the same ty pe; the subscr ip t 1 in di cates
the absorbing molecules while all others are perturbers. The
general unperturbed Hamiltonian for absorbing mo l ecules is

Ha H ROT + HaV IB + HaE L + HaTRN (8)

where HaROT - describes the rotational energy levels
HaVIB 

- describes the vibrational energy levels
Ha L L - describes the electronic energy levels
HaTRN - desc r ibes  the translational energy of the

total molecule.

12
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I
H wil l not be directl y included in the anal ysis , but will
b~ ~~counted for by properly averaging over velocities of the
molecules .

H is a m any—partic le }hiui i It on ian representing all perturbing
fno1ecul~s. This includes forei gn molecules and molecules of the
same type as the absorber. I t  ma y be wr i t ten

N
4 K Nk

Hb = 
~~~, 

Ha + 
~~~

‘ Hb (9)
j=2 j k=1 m*~’l km

N is the number of absorbing molecules , K is the number of types
o? forei~~ molecules , and N~ is the number of forei gn molecules
of the k type. Each Ham i ’!tonian is structured in the same way
as Equation (8); that is the rotational , vibrational , electronic ,
and translational energies are represented.

H is the free space photon Hamiltonian. Many excellent
texts d~scuss this term 131 ,321 . Simp l y  s tated , it I s

II -: f~a (~j) (a t (i~) a (q) + 
~

) .  (10)
qo 0

a~f~) is the photon creation operator and a~,( i )  is the photon
annih i la t  ion operator for a par t icu lar  pola r i i4 i t ion o and wavenu mber
q corresponding to the angular frequency w=~~q~ .

Ha ~(t) is the interaction Hamiltonian between the absorbing

molecule t and photon field. It can be shown that [321

Ha 1p
(t) (_ ~~~~~ (~~~ 

° ~~~~ + ~~~~ o

+ -
~~~~~~~~ ,t) ° A (~,t~ (u ( t )  - u(T)) (11)

2mc J
p is the par t ic le  momentum operator. ~(F,t) is the photon field
maqnetic vector potential operator.

1/2 ( r—(4)t l
A (~,t) = (

? flfIC
) (~a0(~) ~~~ 

e

— —* 
-ii~ ° ~-wt11~ ( 12 )

+ a~(q) c0(q) e J
13
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~ is an orthonorma l vector perpendicular to the free space photon
p~opagation representing the polarization. I is the observation
time or the time period during which the molecules and photons
can interact.

Hc(t) models the intermolecular potentials due to neighboring
molecules surrounding the absorbing molecule. It is the least
understood term in the Hamilton lan and yet when considering line
shapes it is the most important. A general many—body expression
can be wri t ten as

N k Nk
H (t) = Ha (t) + 

~ 
Hb a ( t )  . (13)

C j=2 ~a1 k=1 m=2 mk 1

Each term is a binary interaction of the external fields of the
molecule. Figure 5 illustrates such an interaction. For mutual
neutral molecules with permanent electrostatic potentials a sing le
Hamiltonian in H

~
(t) may be written [33)

Hbmk al
(R( t ) ;

~
:mk;~

:
l) = <~‘Electrostat ic + VMagnetostatic>~~

- V o ispersive - V lnduct i e + VRep lsive~
(14)

R (ti ~ie intermolecular distance between two moving molecules.
The quantities rmk,rl locate the charged particles in the internal
molecular coordinate system for the broadener and the absorber ,
respectively. The magnetost atic potential function is si gnificantly
smaller than the electrostatic potential so it is ignored. A brief
description of the potential terms will be given.

A multipole expansion of the electrostatic potential is

v ~ DD~~mk ~
‘l ~4~

1DQ~~mk 
,r1 ) VDO (i mk ‘~ l )+V QQ(~~k~Fl )

Electrostatic R3( t) R4( t) R5(t)

+ (15)

where

14
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V..)f) (r lflk ,r l) - Dipole-dipole interaction term
V DQ (r Iflk .r l) - Di pole -quadrupole interact ion term
VDO(~mk I~ l ) - Dipole-octupole interaction term

VQQ(Fmk )Fl ) 
- Quadrupole-quadrupole interaction term

and

VDD (Fmk~~l ) 
= 

~mk~ l ~mk’~ 1~
VDQ(

•F
mk~

•
~l ) 

= 

~‘mk ~~ ~~~~~~~~ 
+ 
~r~k 

~~~~ ~~~~~~~~
V DO (

~ mkI~ 1) 
~mk ~l h l (Qmk~S1l ) + 

~mk p 1 h2(c2 k,c2l )

VQQ(rmk~
rl ) ~mk ~l l mk $2 1 )

~mk and are the dipole moments of broadener and absorber , re-
spectively. 1~ is the mean quadru pole moment and ~ is the meanoctupole moment. The functions of 

~ k 
and ~2-~ represent the angular

dependence of the potential function~ and whether the potentialfunct ion is attractive or repulsive at the generalized orientation
ang les ~ ~ and in a space-fixed coordinate system. The molecules
are rota’~1ng during the collision with the amount of rotation
observed during the collision depending on the collision duration
time. The forces induced by the electrostatic potential will
always try to orient the molecules in a minimum energy conf i guration
resulting in a net attractive force. An average over this rotation
is performed to account for the mo l ecule ’s ability to achieve this
preferred orientation; it is denoted by < >Rot

fdc2 VE1 e p(Qo,td,f~k,
f
~
)

\VE1) = 
__________________________—

~~~~~~ 

(16)

e E l /kT p(
~ o

,td,f~k,f~)

where d~� i s  the differ ential element for all orientation angles
and p(

~
2o,td,f~k,

f’
~
) is a pulse function with unit amplitude and

pulse duration depending on the initial orientation , td, the
collision duration time and and f~, the rotational frequencies
of the broadening molecule and absorbing molecule , respectively.

16

_  

‘ I 

~~..  L~~~~- ----. . _ _



I
I For collisions with large impact parameters the collision duration

time is very brief , thus

I <VE~,> 
.r VE1 . (17)

Rot

For collision s with small impact parameters the electrostatic
pot entials can be so strong that it is no longer a small perturbation
to the rotational motion. This happens in the formati of liquids

- and solids. The molecule ’ c abil i ty to rotate is irhihited as it
takes a relatively fixed orientation. Thus the average over rotations
breaks down . In fact the formulation of the unperturbed Hamiltonian
is no longer valid. This is an important point for water vapor
and wi l l  be discussed in more detail later.

Not all molecules have permanent dipole moments , an d thus
other types of long range potentials are of interest. The most

• important are induction and dispersion , both with leading terms
of the form CR ( t ) .  Induction potentials , V Inductive~ 

represent L
the interaction of a permanent electr ic multipole of one molecule
with an induced electric multipole of another molecu le wi th perhaps
no permanent multipol e. The resulting potential is attractive.
Dispersion potentials arise from the random motion (within the
bounds of the uncerta inty prin ciple) of electrons about the nuclei
generating instantaneous multipoles . These brief multipoles can
induce multipoles in other molecules resulting in an attractive

- 
potential. For a detailed description of these potentials see
Margenau and Kestner [33]. Approximate forms are given below
[34 J .

- 

r2- 2-1- 

V = - 
L~l 

amk + 1-’mk a1J (18)Inductive R6(t

— 2 2
- V .  . 

_ . c~ e €r >
Dispers ive 2 R6 ( t )

where

• - mean electric’ po l arizabi lity
e - charge of an electron.

The discussion of Hc (t) thus far has involved the long range
potentials. Intuitively, these are the most important potentials

- 
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to consider for gases. The short range potentia ls , VRe 1
are repulsive in nature such as experienced by the electron clouds
of very close molecules . The combination of the long range attractive
potentials and the short range repulsive potentials determine
intermole cular bonds which result in possible pol ymer formations.
In some gases the dimer is by f a r  t he mos t common pol ymer. Knowle dge
of bond lengths and strengths are helpful in dete rm ining 0 the nature
of intermo l ecular potentials for small separations (2 -7 A ) .  F igu re
6 shows the form of a general intermolecular potenti al .

STRE~~~
N
T~~{ 

R

BOND
LENGTH

F igure 6. The intermolecular potential

the development of spectral line intensity by Anderson ,
Tsao and Curnutte [35 ,361 will be followed to obtain a transition
rate of the system. The1 probabil ity that the systemfwill change
from an initial state I~ 

(t)> to some final state <s (t)I is

= J <s~(t)I s
i (t ) 1 2 (20)

The zero order eiqenfunction of the system is a product of the
el genfunctions corresponding to each ind ividual zero order Hamil-
ton i an composing the total quantum system.
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I

1 (21)

The notation follows from the definition of the Hamiltonians.

I The time dependence of the initial and final eigenstates can be
characterized by the appropriate time-develo pment operator (scattering
operator)

I 1s
1 (t)> = S1~~(tfl s~> (22)

1 and

<s (t)I = <s
~IS~~

(t). (23)

A conven i ent form for the operators of concern is

-

~~~~ 
j H.~.0~(t’)dt’ (24)

STOt(t) = e

:~ ~~ J H~~(~)dt’ (25)

S~~( t ) = e  °

I where H0~
(t) = H0 + H

~
(t)

H (t) lacks only the interaction between field and particle since
- tR~ final state comes after the photon interaction. Therefore,

: P 1~f 
= I<s~IS~~(t) S10t ( t ) 1s 1> I .  (2 6)

Let

- 
V( t )  = S~~(t) S10t (t) (27)

4

then

1 0

ifi V (t) = (S~~(t) H~~~(t)  Soc ( t ) )  V( t )  (28)

I
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where the re lat  ions

i~1 S~~( t )  = S
~~

( t )H 0~
(t )

i-Ps S10t(t) =

have been used. Equation (27) leads to

V ( t )  exp 

~~~ J ~~~~~~~~~~~~~~~~~~~~~~ 
. (29)

A perturbation expansion of the above result g ives

t t ’  t (n — l )
V ( t ) = l + ~~ 1 

~~~~~~~~~~~ Jdt’f dt hl
...f dt (

~~
) (S

~~
( t ’ ) H a 1p ( t ’ ) S oc ( t ’ ) )

(30)

Term s for n~2 represent mult ip le photon processes such as Rama n
scatter ing , Ray le i gh scatter ing, second harmonic generation , etc.
For the Photon density levels and frequencies of interest these
hi gher order term s are unimportant. V (t) to first order is

V(t) = 1 + ~~ f d t l  S
~~

(t’)Ha1 p
(t’)Soc ( t ’ )  . (3 1)

Recal l  also that Ha ~(t) contains two terms, one involving a sing le

pho ton  i n t e r a c t i o n  (~~~ 
° 

~~~
) and the other a two photon process

o 
~~~~~ 

For the same reasons as above onl y the l~ ° ~ term needs to H

be retained. Also , because the eigenst ate has the particle and
photon states i ndependent of one another the i nteract i on Ham i lton i an
can be written using Equations (11 ) and (12) as follows ,
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L.

Ha p (t)  = (~~ ~~~~~) ((2~~~)
h/2

( a ( ~)~ o ~~ (~~)e 0r )e 1
~~

t

- 

+ ( 2 uhC
) (a t (~) -

(32)

Ha1p
(t) = [H~~ e~~~

t + ~~~ eU~t] (u(t) - u(I)) . (33)

Equation (33) has two parts , one for absor pti on an d one
for emission of a photon. For absorption the matrix element becomes

(Sf
1V
ab (t)15 i)= ~~~~~~~~~~~~~~~~~~ Soc(t’) 1S 1) e~~

t’

0 (34)

and for emissi on

I
(5fIV ecll(t),5i)= 

~ ~~~~~~~~~~~~~ Soc(tI )Is
i
~~e

iwt .
0 (35)

The zero order part of the time development operator is removed
by observing

Soc (t) s5= exp(-~ E 1t) S
~

(t) Is ’) (36)

• (s~ls;~(t)  = exp(~~ Eft) cs~Is~~
(t ) .  (37)

I. Also , using ~~ Ef -E i and &i=w- w0 the matrix elements become

1. 
21



I

~~~ ~V ’~~( t )  s 1\ = 

~~ J dt ’ e~~~~
t \5 f S~~( t ’  )H

~~~
S
~
(t’) 15 i)

(38)

and

\sf IV~~(t) Is
i)=

~~~~1
dt I ei

~~
tI
cs

f
IS t 1 H ~~psc

t1 Is5. 3g

I t  i s  on l y necessary to anal yze Equation (38) since the emission
ma tr i x element wi ll develo p analo gousl y. This is a manifestation
of detailed balancing.

Substituting Equation (38) into Equation (26) yields

= 

~~~ ~ 
e~~~~

t I
~~~ J S t H ~~pSc t m ns5~

2
. (40)

The general probability, P, is obtained by summing 
~i÷f 

over the
f i nal  states and averaging over the initial states

~ ~i-~f>i - (41)

The probabi l i ty of a t r a n s i t ion becomes

I T
= .i~~Jdt1Jdt1t e

& t h1 t 1 )
Tr [Po

S ( t 1 ) H ~~~p
S

c
( t 1 ) S ( t h 1 ) H ~~~p

S
c

(t h1 )~

° ° (42)

where p is the density matrix generated by the initial states.
Since tHe operators in a trace can be cyclically permuted the
trace in Equation (42) becomes

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .

It is convenient to observe that
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I

• S
~

1(t” )  Sc ( t ’ )  = S~
1(t ) and

Sc (t ” )  S~~( t ’ )  = S
~

(-r ) (43)

where t=t ” -t’. Tsao and Curnutte [36] maintai n these relation sto be true when averaged over all mole cular collisi on paths.This simpl ifies the trace to the form

• Ir~P0H~~ S (T)Hat) S (.t)] 
. (44)

Let

F(t) = e
1
~~~

t 
Tr [PH S~~(T)H

at S (T)] . (45)

Note that F(t ) = F* (_ r )  (where * denotes complex conjugate) andtransform the variables of integration from t” and t’ to I andt’. Fi gure 7 illustr ates this change of variables . Therefore,

or 

~ = 

~~ [J dl F(t ) 
f dt u + f dt F ( T)

P ~~ ReJdt (T- t) F(t) . (46)

For a cw probe photon field the observation time is extremelylong compared to interaction times.

It is assume d therefore that T>>r and P becomes

P = ~~ Ref dt F(T) . (47)

The assumption that T>>t will in practice become invalid for 100picos~6oncJ or less pulse durations of the photon field (i.e.,1<10 seconds). The transition rate, r , is the probability

23
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Fi gure 7. Change of the integration variables .

of observing a transition per unit of time or r = . The transition
is between two energy levels designated upper and lower. For
absorption , the lower energy is the initial state. Thus the
transition rate can be written r

~,u
, and Equation (47) becomes

L 
~~~~~ 

= Re fdt e~
l
~~

t Tr
[P0

H S 1 (t)H~~ S(t ) 
] 

. (48)

The observation time has been extended to infinity with very littl e
loss in accuracy. Equation (48) forms the basis for many modern
line shape theories [37,38,39,40,4lJ which have followed the work of
Anderson , Ts ao, and Curnutte .
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I
Equation (48) is writt en in a very compact form and will

be expanded by sunining over the initial states of the trace and
a complete set of final states , i .e.

Re J dt e~~~
’
~ ~~ ~~~~ 

~~~~4 o a ,~.
J L. ML

b b[ ~~~~ ::.a
~ 

(49)

<atJ~
M s

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T)H:bPSC ( T) ~~~~~~~~~~~

I-.

where = 1J~+l - degeneracy of lower level

~
= 

~Vjb~R ~ 
- density matrix over vibrational

0 and rotational states
- density matrix for the photon

field
- density matrix over vibrational

and rotational states of
broadening molecule.

The “a” quantum numbers represent all other quantum numbers necessary
to describe the absgrbing ~o1ecule besides the rotational quantum
numbers qJ and M. SQ and s represent all states and necessary
quantum numbers for the brHadening molecules. To ~~breviate thenotation let t=aQJQMQ and u=a uJuMu and, realizing Ha1p 

is independent
of sQ or su,we have

rLu = Re -
~~

_ 

~~ ~~ Pp~~nq0 IH~~p IU nqO~> 
~~~~~ ~5b5b

• a~J~ rn Q,mu q QaQ I Q. u
auJu

[dT e~~~~(u s~ n~~~I s~ (l)H~~ S
~

(I) Its
~ • 

(50 )
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Reducing the sums for nontrivial matrix elements

rQu = ~~ Re1~~ P~ ~~ Pp <Qflq0~ 
H~bp IUflq~~)~~~P b

La&’~ 
tl

Q
0Q

x f dl ~~~~ ~ sbnqou~S~
l (T)H~~p Sc(l) sbn

q&> ] 

b 

(51)

The su bscr ip ts “u” and “&“ have been dropped from s and s in
the above formula since the Kronecker-~5 requires ~ , H. By inserting
unit operators between th

~b
time development operators and the

interaction Hamiltonian Ha 
~
, the following relation is obtained

~isbnqou lS~~ 
(t)H~~ Sc(t)Rs

bflqcjp;> =

~~~~~(us
bnq

~~IS~~(T)Iu I sb 
%cyuXu

I Sb n~~u~H p I~~s
b
n4~Q)

qau
S fl~~ Q

x4 i sb” n~~~ISc(t)(Qs
bn~ �. (52)

Since S~ is independent of the photon field and is independent
of the broadening molecules s s , fl~,Q 

= ~~~~~ ~nd ~~~ =

Further the adiabatic assumption (36,37] is made requiring u u ’ ,
5b 5b , and &=L ’. Therefore, Equation (52) becomes

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (53)
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I
I
I Substituting this result into Equation (51) we obtain ,

1 QU = P~ ~~ PP I~~nqou Iu?p lQn qo?I
?
ReJ(lr e~~~~

)T

a
%~~J % 

MQMu qQ°Q

- 

• 

X 
~~~ 5b ~

U S I S c
(T)luS N QS fS (I)lQS

b). (54)

Now examine a single matrix element of the time development operator
in terms of each collision Ham ilton ian between the absorber and
all broacleners

/
~5

b 1 5 ( )  JQS~~ = <Qsb I~~ Sc 5c b • •  
~~ 

Sc b I Q s
b >

4 

(55)

Assum ing binary co llisions ,

\ts IS (T ) I t s b) = 
~QS a IS~~~~ILsa) Qs h

IS b Its l
~~~~ ...

~~~~~~~~~~~ 
k 15 k\ ~

(56 )

- - 
5ca 1a’ 

5ca 1b 1, ~~
. . ,  Sc a b  represent quantit i es averaged over

veloc ity and impact parameter , and summed over collisio nal events.
Analogously, It can be stated ,

= \u s l Scaa lus d> ~ s
b 1

ISc a b Ius
b l >~

...<Qs k iS ca b ~~ 
k > . (57)

- 1 k
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The sum over broadening states in Equation (54) can be expanded
to be

p b (us I5 c (1)Iu s
~
\Qs ISc(T)I Ls>

(
~ ~~a ~~ 5a I5 

ia (T us)4s a pS
ca (T) I Ls a) 

N
a)

0

~~ P
s
bk
<Kus IS lbk

(T ) ius >4s FS ca lbk
(T) I Q s >> )

(58)

The symbol < >R ~ 
indicates the average over impact parameter

o’’ o
and velocity and sum over colli sion events. It is writ ten mathe-
mat ical ly , for arbitrary A ,

<A>R v t  = ~ 8n
U
~ I v3dv e 

2/kT) 
f R0dR0~~ A

(59)

where V - volume
1_i - reduced mass of binary system
I - temperature
k - Boltzmann ’s constant.

Also because Na>>l then N 
~
l N a this fact is used in Equation (58).

It is convenient to defin~
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-~~

C ( t ) =~~ p <~ saIS~~~ (T)Iu saXQsaIS (l)ILs a)R t

Ca b (T )=
~~ 

p bk
((us ISca]bk

(T) s Xs IS ca lbk
(T)IQ5 k)R v t  .

S

Then

~~ ~~b ~Js b IS (T ) J u s b>4sb JS (T ) I Q s t)) = CC I)

N N 1 Nk= 
~ 
a 
(T) C ( I) . .  .C (I) . (60)

The transition rate can then be written

rtu = 

~ ~
_i 

~ ~ Pp~<uflq0u iH~~p IQnq0~)J
Mu~

MQ qQ, aQ

x {Re ~J di e 1
~~~ C( T)~

) 
. (61)

For no external perturbat ions except for photon interactions ,
H (t)=O . Then C(r)=l and

Re ~ f di e~~~~ = 
~~~~~~~ 
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The’ t ransi t ion rate takes on the familiar form of Fermi’ s Golden
Ru le.

r2.u = 

P~ ~~ Pp~<Uflq u 1p q a ~I ~
(E
~
-E2.-~w)).

2. 2. M
~
,M2. q2,

(72.

(62)

The sums over a and J2. simply add the effects of all possible
transitions. T?~e term in parenthesis in Equation (62) leads to
the absorption contribution to the line strength for a sing le
transition. To complete the line strength emission processes
must be included. The transition rate for emission is (H

~
(t)=0 )

~~ 

~~ ~~~~~~~~~~~~~~~~ & (E u~
EL

4
~w))

a
~
J
~ 

U M ,M2. ~~~~

q2.,c~2.
(63)

The frequency dependence of the transition rate is contained in
the integral expression and this becomes the line shape for collision-
broadened lines . Thus

jR(W) = Re J di e~~~t C(t) . (64)

C(-r) is interpreted as an autocorrelation function between the
state of the atom at i=0 and at time t. It is symmetric about
i=0, monotonica lly decaying as time increases. Using the symmetric
property of C(-r), Equation (64), can be re-expressed as - ‘
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I
I

(U -

I J~ (w ) = 

~~ 
f di  e~~~

UJt e

= Re ~~ ~e
0 

C(T)} . (65)

- • 

RThus , j (w) and e 0 C(-r )1
are Fourier transform pairs. To generalize

the ~on~ept further , let j (si) be the  Hilbert transform companion
- - of 

~c
’
~°~ 

Define C

l 1~~~
T R I

= e ~ C(-r ) = j
~

(w ) + i j ( w )  - (66)

j1 (w) represents refractive index effects of the collision process.
B
~
cause the interest of this study is centered upon line  shapes

(refractive index changes are small for gases) the superscript
R will be dropped and the line shape function will be denoted
by

1j
~

(w) = Re F e ~~ C (-r ) . (67)

The line strength and line shape equations w i l l  be deve loped
• separatel y in the following sections.

C. The Line Strength

The line strength of a particu lar transition ( f ixed a2.,J ) w i l l
now be considered . For a medium in thermal equil ibrium the rate

- of transitions from partic ular upper to l ower energy states and
- - l ower to upper energy states must be equal , i.e.

~~
)absorbed (

~~~~)emitted 
. (68)

N is the photon occupation number, t ha t  is , the number of photons
w9~h wavenumber q and polarization ~

,. The quantities in Equation
(68) are related to the transition rate by

- 
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~~~ abs 
= na r2.u and (69)

em 
= naru& where (70)

n is the total number of absorbing molecules per volume. Using
Equations (62) and (63) for fixed a ,J the above relations are
written ,

nar2.u 
= n

~2.~~ ~~ ~~ ~~ (unq~~ IH p t 2.nq02.)~ ~
(E
~
-E

2.-~~
)

M
~
,M

2. 
q
2.,02.

:~~

(71 )
and

= 

~au 
;~i! ~~_ ~~ ~~ pp~(unq~gIH p ILnq~~>J

2 

~
(E

~~
E2.+11w)

- M
~
,M2. 

q
2.,02.

where (72)

n an d are the number of absorbing molecules in the lower
upper ~nergy level , respectively. To obtain the standard

form for the line strength , the matrix element in Equation (71)
and Equa t ion  (7 2)  is assumed to be independent of the sum over
initial photon states. This is usually a good approximation but
breaks down for pure rotational transitions and a correction factor
will be introduced to handle this situation. Since

q
2.,02.

Equat ions (71) and (72) become
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1

nartu 
= nat ~~ ~~~~~~~~~~~~~~~ 6(E

~~
Et~

11w) (73)

q u’
and

nartu = nau ~~~~~ ~~~~~ ~~ ~
un qau IH~~p I 2.nq3~~ 

6(E
~
-E t+flw) . (74 )

M ,M 2.

Combining the above equations with Equation (68) results in the
Einstein relation. A brief outline of how this comes about follows.

To simplify the mathematical expressions , Equations (73)
and (74) are compressed to the form

narw 
= nat f- :~: ~~~~~ 

(75)

M ,M2.
and

= nau 
•

~~

_ :~ii: 
r ;q~,cT~ . (76)

U

Substituting in Equation (32) for the interaction Hamiltonians
the primed transition rates can be written

r
~u;q a = ~~~~ ~~ 

(
~~~c)

h/2 

~~~~~~~~~~~~~~~~~~ 
~1q0r~~ )~

x tS(fl(w0-w)) (77)
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and

= 

~ I- 
~~ (2~~c)

hh12 
<n Iat(~)In >4~[~o~

* 
e

b0I
~It)I

x ~~~~~~~ (78)

The above expressions are reduced using

~ qouId o~~I nq0~~ ~ q0~ ~ q~~iNq02.~ ‘

<nq,uIao )In qot> /~~~V1 6Nq~,u~
Nq~,t

+l

e~~~
0i

~ 4r 1 the di pole approximation and

im~ <uIFIQ> =

Thus

and 

= N~02• ~~~ U 
(79)

= (N— +1) 
~
1
V~c 

1
~

OC
a

u ~~~ 
• (80)

The sum over the final photon states is approximated by

~ 
dq d~q~

u au

The pr imed transition rates become
3

and 
~~ 

= N~~2. ~ 
I M I  (81)
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I
8fl~3 2

= (14 4 1) °~ ~~~~ . (82)

The sums over the final photon states effectively result
in an average over the random orientations of the molecules and
are onl y valid for random orientations between the photon field
and dipoles. Substituting Equations (81) and (82) into (75) and
(76) we ob t a in

nartu = nat ~~~ 
A
~2. and (83)

narut 
= 

~au (N_ ~~+l) A~2. 
(84)

3 28-nw 1where = — 

~~ 
is the Einstein A coefficient.

C M
~
,M2.

Using Equation (68) the thermal equilibrium relation is obtained

g
n
at (N~~2. A

~2. ~~~~) 
= nau (N~~~ A 2. 

+ A u2. ) . (85)

L 

The Einstein B coefficients are obtained by defining
2

13 ~~~~~~ ~J L L  V
ut ~, 3 up . .~,2 g L~~~ U M ,MU

u BQu gp. uR . -
‘

and 3hw

2 3

where cu(w0) is the intensity of incident radiat ion. Equation
(85 ) is now written in the familiar form of the Einstein relation

- • (42]
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4

nat U(~~0 ) 8p.u = nau (u (w o ) 8up. + A
~p.

) .  (86 )

Cons ider an incid ent radiation field of frequency 
~~ 

upon
this medium in thermal equilibrium. The radiation field will
upset the balance between absorption and emission , giv ing rise
to i nduce d t r ans i t i ons , 

~tr ’ 
in unit time per unit volume ,

= (n~ u(w0) B2.~ 
- 1
~au 

[u(w0) 8ut~ 
A

~~~~~Ip. (87)

Because spontaneous emission is essentiall y isotropic and induced
em ission and absorption are in the same direction as the incident
radiation , the spontaneous emission contribution in the direction
of incident radiation is small and will be i gnored. Therefore,

ntr = nap . u( w 0) 8tu - r
~au u ( w0) B

~p. • (88)

Substituting for the Einstein B coefficients

~tr 
= - 

n
au) 

~~~~~ 
M~~MQ 

~~ 2 
u(w ) . (89)

Us ing a Maxwell-Boltzmann population distribution , 
~tr 

becomes

n 2 —f~w /kT
n
~ 

= -~~~~ -~ -?.ii~ (1-e ~ ) u(W ~) (90)

Ii ’ 2.

n n
where —a ___________

~Ep .~V~b~Rot
= Electronic partition function

~vlb = Vibrational partition function

~Rot 
= Rotational partition function
= EE L + Evib + ERot : lower energy level
= 9Ep . 9V i1~ 

9Rot
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I
Recalling Lambert’s law

dl
— ki ,

and multipl ying both sides by a differential of frequency yields

- dw = k ldw • (91)

R~ ’ -~ll t:13t the spectral intensity I = cu(w) represents the incident
energy per area and also that the negativ e change in intensity per
length over an incremental band of frequencies is equal to the net
number of transitions induced by the radiation field in unit time
per un it volume ti mes th e energy conta i ne d i n tha t i nc remental
band of frequencies. Thus ,

dn tr (w)4~J = - dw

= k c u ( w )  ~ (92)

Integrating both sides

ntr ~~o 
= c k(w) u(w) dw . (93)

• If k(w) is nonzero over an incremental frequency range where
u(w) is slowly varying (blackbody approximation) or if u(w)represents a monochromatic source (laser approximation) where
W laser J’ w~ then ,

Utr cu(w
~
) 

= J k(w) dw

= sp.~. (94)

4..
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S i s  the li ne strenqth of a particul ar transition as defined by
ti~Hation (6). The above equation is valid for broadband or laser
sources. Substitutin g Equation (90) for ntr , the desired expression
for the lin e strength is obtained ,

-E / kT

= ~a~~—~-— ~~~ 

~~ 

( l -e ~ (95)

From the ideal gas law , the number of absorbing mol ec u les i s

n~~~~~~ .

Using this fact and converting from radian frequency to wavenumbers ,
u, the li ne stren gth becomes

3 -E /kT
P 8 v e , 2 -hcv /kT

= 

~~~; ~~ 
( l -e ° ) .

(96)

The line strenqth at a standard temperature and pressure is
denoted as /

-E / kT
a-i? v e ~ ‘ 2 -hcv / kT

= 

~fl 
—-

~~~~~

- --

~~

--—-

~~

- - - - -  

~~ 
( 1 -e 0 0

) ( 9 7 )
° ~E l ~ V~b~Rot  M~1,M2.

At any temperature and pressure ,
T-T

~o ~o ~o 0 -hcv / kT
- 0 op0 “El4Vib’4Rot e Jje ° )- 

tu 
~~~ ~E1~V ib~i~~ (1-c ° ° )

(98)

For the AFGL listing T =296k and p = 1 atm. Also the basic definition
of the absorption coef~icient is •d~~ferent for the AFGL listing
from that defined in Equati8ç~ (3). To convert between the AFGI..
line strength (denoted as S ) and the line strength defined by
Equation (96), use QU
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I
P

= (1. 7 ~~~~~ ~ l(V ’  (~~~~~
-
~~~) ~ r S~ . (99)

• For mid t o  nea r infrared (v 100(1 cm~~) near- i inc-center calculations
the lin t ’ strength defined by Equation (96) works very well. However

• for par-c rot ation al transitions corrections to the line strength
mis s t he riia~h’.

The f i t - st correct ion for rot ational trans itions ori g i nates
from the molecul e ’s a b i l i t y  to al ign i ts  dipole to the electric
vector of the photon f ie ld.  If the sum over- initial photon states
had h~en kept it the beginning of the development in  t h i s  s e c t i o n
t h e  orrts -t ion fact or to the  line strength would have been included.
T h i s  or,- i’ct i on is has ica l  ly the Van V le c k—We i sskopf line shape
lH .44 l  which includ es a ~~

— factor mult ipl ying the Lorentz line

shape . Thi s corr ectio n on?y app lies to near line center of a
t.ans i ti on 1431 since the impact approx imat . ion was made

The second co r rec t  ion pertain s to the Maxwe l l—Bo ltzman n
popisi at ion di st r I hut- ion where the energy levels are not f ixed.
This accotmts for population changes in the shifted energy levels
and how they will affect the population difference for that
transition. Let AE and AE represent these level shifts of the
lower and upper ene~gy status respectivel y. Then using

Na ~( E p.+AE~ ) / kT
=

and
N N - (E  +AE )/ kT

= ---
~~ ~ 

a a
Q -

gives a co rrect ion factor of

-vhc/kT
e (100)-v hcTkT

(1-e ° )

The val uv of AE p. is in pract. ice unknown . Near 1 inc cent er model ing
att empts by Farmer 14!-t J to predict water vapor rot at ionai band
absorpt ion ignores this term (AE~c k T).
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The resulting correct ion to the standard line strength equation
he c osne s

-hc~/kT
near line center

° (1-e 0

Cor (101)
• SQ,u

~E T -hcv/kT
(l-e 

/~T 
far wing

(l-e ~

The line strength for far-infrared lines (v< 1000 cm~~) becomes

1--I
a

( 1~~~~~~ °)C e 
(102)

5e ~ near flne center
U r-t

~~ 
T 0p~ Q~ lQ~ lb Q~ot e 

O-e °
’ °) -A~~fkT (l~ e~~~~~

k T

L 
tu (’t

~~~~
gE~~v ibpROt ( l e ° ° ) ~1~~~

hcv oik
~ , 

-

far wing.

Figures 8 and 9 show the population difference factors

-hcv /kT
- 1

1k
( l -e )

and

-hcv/kT
f;,(v0,v) - —

~~~~~~
;-Tk-1

~
(l-e ° )
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Figure 8. f1 (v0,T) versus 1.
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I
become unity for v0 1000 wavenumbers. Figure 8 illustrates
the negative temperature dependence of f1 (v ,T) for differentvalues of &~~. Fi gure 9 demonstrates the im~ortance ofin the blue wing (f2>1 , v-v0=Av>O ) and red wing (f 2<l ,Av<o) for
different values of v0.

To summarize the results of this section the line strength
wi l J be presented in four limit s , greater than and less than 1000
cm • near line center and far wing. Notice that some of the
corrections to the line strength are frequency dependent and by
definition belong to the line shape function.

— 

r_T0

T 0 0 0  0 -hcv fkl
0 ~~ 

QEJ QV Ib QROtC (1-e 0
• LU 

~~ ~E1~V ib ~Rot (1-e ° ° ) 0

near line center

I
0 0 0 —hcv /k T

0 
ToPa ~El 0Vj b~R0t e (1-e 0 

v (1-e ) — 1
LU 

~~~ O ~~~~~~~~~~~~~ 0 0  
~ ( l -e ° )

T-T0
0 0 0 £ ~1T -hcv /kT

0 o~a ~E 1~V 1b~Ro t e (i.e 0 -i
Lu 

~~~ ~E1~vl (1-c ° ° ) 
e > cm

far wing
T-T0(~~~ -)

T ~° 
0 -hcv /kT -hcv /kT -~~o o~a ‘4 El ’4V1b ’~Rot e (1-e ° ~ (I.e j  £ 

~~~‘-U 

~ ~(1~Vlb~Rot (1-c ° ° ) (l-e ° ) 
e 

- 

v0 ( C 
-

• \~
(103 )
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0. The Line Shape

The most general classification of line shapes is that of
homogeneous and inhomogeneous broadening. Homogeneous broadening
means that all molecules have the same basic line shape character-
istics. That is if a line shape is observed for a collection

• of molecules the same line shape will be observed for each molecule.
Examples are natural broadening (radiation damping) and collision

• broadening. Inhomogeneously broadened lines represent a collection
of frequency shifted homogeneously broadened lines . Thus each
molecule ’s line shape may be completely different from the total
line shape of a collection of molecules. Examples are Doppler
broadening, non-uniform electric and magnetic fields in Stark
and Zeeman effects, inhomogeneities in a medium and crystalline

• strains arid defects.

1. Homogeneous line shape

The Fourier transform relationship of Equation (67) typifies
homogeneous lin - Thapes. This is easily demonstrated using the
time-bandwidth product of Fourier transform theory.

= 1.

Thus the width of a line is the same for all molecules.

• The line shape and correlation function are div i d e d  into
three regions pertaining to near -line , intermediate , and far-wing.
Separate conditions determined by the collisional dynamics charac-
terize each region. Fi gure 10 illustrates the effects of collisions

• at different ranges between the broadening and absorbing mo l ecule.
The lines l abeled 1 and 2 represent possible collisional paths.
Table 1 lists the characteristics of collisions in each region.
These conditions will be app lied to the correlation function to
extract the form of the correlation function to be applied to
the near line center and far wing regions. Figure 11 shows a
general correlation function and where the different types of
broadening will dominate. The functional form of the line shape
is corresponding ly broken down into three parts.

1
I1W T 

1
I 1~~O T

= Re F (~e ° CFw(~r~j ’ 
+ F ‘~e ~ Ciw (t~j)

1 1 i W 1
+ F ~s~e ~ CNLc (-r

~]
= 

~cFW~~ 
+ 
~~~~~ 

+ 
~cNLC~°~ 

(104)
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Figure 10. The correspondence between impact
parameter and line shape region.
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Table 1
Characteristics of Molecular Collisions

R > R a Very lifile ef(ect on absorbfng molecule

Ra > R > Rb Interruption broadening [46] - near line
center phenomena

1. Brief duration of collision
2. Time between collisions is iong

compared to duration of collisions
3. Binary collisions
4. Long correlat ion t.ime

Rb > R > Rc Intermediate reg ion — d i ff icult to model
1. Many body problem

R
~ 

> R Statistical broadening [461 - far wing
1. Binary collisions 2R2. Duration of collision ~r —3. Short correlation time V

C(-r) CFW (r)

_ _ _ _  

CN~~
(T)

T~ T2

Figure 11. The correl ation function.
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I
J FW(~~ 

describes the far wing line shape . j (~~~
) desc ribes

t~e intermediate wing line shape . j ,~(C
(w) d~~~ribes the near

line center line shape. The subscrifrf~ therefore represent thefrequency regions over which the lin e shape function will apply.
This is i llus trate d i n Figure 1 2. The goal of th i s section is

~~~~~~~~

~cNLc~~ ~CF W (w)

Figure 12. The l ine shape function.

to find the line shape functions for near line center , intermediate
wing, and far wing. The near line center and far wing cases are
tractable but the intermediate wing is not. It w i l l  be determined
by a mixing of the near line center and far wing line shape functions.

a. Interruption broadening

Table 1 l ists the conditions for interruption or impact
broadening. These will be app lied to a general correlation
function , C (-r), which describes the interactions between the
absorbing molecule and some broadener. Since the interaction
time is brief we will reexamine the change in the correlation
function for a small change in time . Begin with Equation (58)

Ca b (T+dT) = 
~~~5b(~~

b 
~ca 1b~ 

T+dT) ~us
b
>(~s

b 
~
Sca1b

( t+dt) 
1~~ >>R0,v,t0

(105)
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Define

S b(T+d~
r) 5c ( T+T4

~
1T)S c (T) ( 106)

( t~ -~-d -r
where Sc(T+T~~

T) = ex~~~ 
~ 

Hc a b (t)dt)

and to - time at which a collision occurs.

There fo re ,

C a b~~~~
T) ~ 0 b~~~~ )~ca b t~~~~

t) Ius~~<tsbIS ca lb
(r ~~ dT) It~~~

)R ,v ,tI ~b s  1 ° ° ( 107)

x(<us~~s~~~b(t) (us b
>~~bIS ca b (T) 

1~~~~ R0.v ,t0

To obtain the separate averages in the above equation it is assumed
the events at T and -r-l- d -r are independent [36] . B e c a u s e  Sca b(T)

is averaged over orientation and does not change v ibrational and
electronic states for near line center phenomena , it is independent
of the sum over the quantum numbers of the broadening molecule.
The general correlation function can be written

Ca1b
( t)  = (Ku sb iS 

l b
(t)
~
us
~~~

s lS ca l b
(T)ILS

~
)R v t  .(l08)

Using this result and Equation (107) we have

Ca1b
(T+dT) = C

~~b( -r)G(-r- .
~
T+dT ) ) R V t  (109 )

where

~(T÷1+dT) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Examine a sing le collision event at time ~ to -r+di or equivalentl y
t0 to t0+dt and the corresponding change in the correlation function
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I
1 d C

b (T )  

= 

~~ T+dT 

dt 
C~~b

(T) 

- (110) L

I C~ b(T) indicates that no sum over collision times is performed.

After evaluating the integral the following differential equation
i s obtaine d

I

d Ca b (t)

• C b(Tj 
= - dt (l_t

~
t+T+dt)R ,v - (111)

a1 0

Let

°a1b 
=

• then
_O

a b t
C 

b (T )  = Ca b~
0
~ 

e 1 Ca b~
0
~ 

= 1. (112)

- 

Extracting the vo l ume term in Equation (59) and writing the average
• over veloc i ty and impact parameter as

< > + —  < >R0,v V R0,v -
•

leads to

N -n~~ t
C b(t) 

= e a1 - (113)

The term flbaa b represents the magn i tude of the collisional per-
1

turbations. For nboa b small the absorbing molecule will remain
correlated to its -r=0 T state longer than for nboa b  large. In

r the frequency domain it is related to the halfwidth at half maximum
as verified by the Fourier transform of the correlation function .

• Let the halfwidth be denoted by
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aa b  %1b~
’%

1b 
nbcJa b +in ba b

where cT and c~ correspond to the real and imaginary parts of
• fl hO h Using Equation (104 ) the near line center lin e shape

b~c~s1~s
r

1 
d a b

~cNLC~~ 
= 

i 2 r ~ where (114)

o~~a1 b~ ~~ a1b~
r is the halfwidth at half max imum and a~ is the line shift.a1b a1b

The next step in the analysis is to solve for 0a b• First ,
exam i ne 1

S~ ( t+r+d~) = e ’
~ (115)

a1b

• where
• t +d-r

= 

~ J dt H (t) ÷ ~ Jdt H~~~~(t) - . (116)

The extension of the limits of integration is valid since the
collision interactions drop off rapidly for increasing intermolecular
distance. ~ can now be writtenaib

a ib  
=
~~~

p
5b

<1
~
Kus Ie hIus

~~
(Ls Ie nks

~ )R0,V 
(117)

where ~ ~ b= 1 has been used. A perturbation expansion on the
b s

time d~ve1opment operation can now be carried out , that is

<~s
b
le

_ l
nIp~s

b
> = l_i4st

~ flI2.st5 - 1(~s
b

j~
2,&sb)+ - . .

• = 1-in 2 - -
~~ ri~ + . .  • (118)
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To second order in 

~~~~~ 0a becomes
lb

aib 
= 

5b
(1 t~1U) + nun?R

o v  
- ~ ~~P5b (~u~~?R0,v 

-

(119)

This is a form similar to that obtained by Anderson [351~ Eta ,
r~, has been evaluated by Mizushima [471 using for the collision
Ham iltonian the intermolecular potentials of the general form

H (t )  = - and R ( t ) = (R 2 + (v t )2)~~
2 andca ib R(t )mJ 0

= 
1 r(mi_ 1)2 2_ mJ 

(120)ri 

~ ~ 
~ L~

] 2 -

Of interest to this study is the temperature dependence
of the halfwidth. This can be easil y computed for the first order

• Anderson theory. One notes that

0a1b
C
~ 

-1~ ~~~~~~ where

~ is the mean thermal velocity. Using nb = -
~~~~~ the temperature

dependence of the halfwidth is

- (12a u
T

This is the standard dependence used in AFGL tame [5] computations.
It is not however what is sometimes observed (48 ,49] . As more
terms in the perturbation expansion are included the temperature
dependence will be modified.

Two basic broadening mechanisms can result in the modulation
of the line center-frequency, energy level shifts and phase shifts
of the eigenstates. These are analogous to frequency modulation
and phase modulation . Anderson ’s theory accounts for both effects
yet needs h i gher order terms. Another popular theory is the phase
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sh i f t  approximation [47 ,50) which considers only phase modulation
hut. to all  orders. To see how the phase shift approximation comes
about , consider once again the perturbation expansion of Equation
(11 8)

l+(~ j K~sb In,~ 5~~) + (i2<ts
b
In
?,Ls~~) + 

~~ ( . . ) • . •

Examine

= 

~‘- b’ 
(Lsb lfl I~ 1 sb3<~1 sbh

lnt ~ sb)
Q,s

+ )
~ 

(Ls b
l nIt Is~~(L

Isb Inlts~~

(122)

For the second term to exist the operator 
~~ 

must initially be
hangin q the eigenstate to some virtual state then back to the

stationary ei genstate. This describes an energy level shift or
frequency modulat ion . The first term in Equation (122) indicates
no change in ei genstate but may produce a phase change , or phase
sh i f t .  To make the phase shift approximation simply ignore the
second term. Then

(Qs hIe~inI~ sh) = e~~~ (123)

where y1
~ 

(Lsb I I ~ sb
> so that

~ b now becomesa 1 

°a1b ~~P b (l-e
~~~~~~~R0,V 

. (124)

Lettin 
~ 11~~— 1~~ we may wr i te
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°a1b 
- 

~~~~~ ~
l
~

C0S
~~R y

or 

2.~~~
J
~~~ r(~~A1 ) 

I 

~~~~ j~- j )cos(~~~~) mj #3

( m l ) f i

?/mJ
_ l 

[
~usbIV jtus~~~4s

b,V jtts~~
2/m

i
:1

[hi ’. m a y he writt en in a more compact form as

m -3
125

- 9b ~~

Si m i lar ly the line shift term becomes

• °a 1 b 
= 

~~~5b~~
m n
~~R0,v

tan (~~~~) ~~~~~~ - (126)

For dipole -dipole interactions the temperature dependence of the
hal fwidth becomes

da 1b . (127)

For di pole-quadrupole interactions

~
‘a 1b (t

~~W~ - (128)

The total  near -l ine-cente r line shape becomes
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I ~(() -r
J CNLC (W) = Re r (je ° CNLC (T)

]or
r -T ~

da a~
t 

~
da b T 

~~a1b
= R e r1

~e 
0 e e ...e k

w hi ch leads to

~cNLC~~ 
= 

~ ( w w
0

+:~~~)
2+(ar

)
2 

1 
(129 )

where 

: :
~
1a 

: 

ib i 

: ;:: : 

~~~~

a1a a 1 1 albk

b. Statistical broadening

The far win g and to a lesser extent the line center regions
of the true line shape are affected by statist ical broadening process
processes. Strong collis ions caused by close encounters dominate
this situation . Because no perturbation expansion can be used ,
the phase shift approximation will be applied. The phase shift
term, r~, (see Equation (116)) can be written as

to
+ I

= dt 
V~ 

m - - (130)

to R( t) ~

The m~jor contribut ion of the phase term comes in the reg
ion

to < -
~~~~~ [51), where

2-rn .
r(m~—l)2 ~

rn. 2 
m
i

_ even

r(~~)
v _ i  1

m. -lyR0 3 (131)

m3
= 3 .
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Again consider a general correlation function

Ca
b
b(T) = [

~~~
P b V~~

us e Ius
~~~

s e nlLs
~~ R t ]

or 

Nb 
nb~~b

p
Sb
(e u L

~~~RO,v,tO 

Nb

C b(T) =[~ + S J
thus -

~~ 
-

Ca b (T) = exp(- 
~b~~~ 5b 

(l-e ~ 
~ R t )  • (132)

The sum over to Is conv~rted ~o an integral which gives its major
contribution between - -~~and ~~ , that is

or 

<1~
e
1 

~~~~~ t <f dt0(1e ~~~~~~~~~,~

- I. <~
-e

~~~~~ 5R t  ~~2 ~~~~~~~~~~~~~~ - (133)

Evaluat ing the real and imaginary parts separately we have

-
I
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~ -- -
_‘ -~~~~~~~ - -

(~~~ 2 l_ cos nU_ n
~~>R0,V =

3/mj 3r ( - jjç )cos(~j~-) m1 - even

A 3/rn. 3/rn -
— ~~~~~~ 3 (V ‘— 

5~
-
~
’ ju ~~~~

which may be written compactly as m3=3

3/rn . (134)\__
~
_ (1_C0S(flu

_T1
~)j~R v  IJ

T

where

Vju = 

~~s~’IV j Ius ’~>
v~ = (c.s

b jv jjts5

r(rn~_ l)2 2_mj
= 

[‘j~(~1)} 2
Similarly for the line shift term

(_-
~~~ 

sin(n
~
_n
~))p ,v 

=

3/rn. 3~ r (— 111_-)sin( 2~—-) mi-even

= ~~~~~~~~~~~~~~
or in a compact form m~ 3

(~~
QSin(nU_n,.~~R V  = . (135)

The general correlation function can now be written I
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- T

N 
- %~~b

P
sb
(Yi +jk j) T 3

C b (T) = e S 
(136)

m./3
Under the far wing approximation ~uJ>>( c . )  ‘~ so that the line shift
term can be ignored. The far wing llne3shape for the general
correlation function becomes

•1 

- 

~CFW~~ 
= Re F 11e ° e~~~J

T J

}

where 
~‘bj 

= nb~~~
p b ~yj -

5

Wr iting the decaying exponential function in a power series , an
asymptotic expansion can be obtained

JCFW (W) = I Re[~~ 
~~~~~~~ r(1+ ~~~~~~~~~. (138)

The temperature dependence of the term nayj is

1 3/rn.

~a~j 
~~~~~~~ (V~( T ) )  ~ - (139)

The far wing frequency dependence for the leading term in the
expansion is

~CFW~”~~ 1+3/rn. • (140)
( z ~w)

The total far w ing line shape becomes

57

—-- -- I
_~‘-.—~~~---- 

_ ~~~~~~~~~~~~ ~~- ~— -L_  ~~~~~~~~~~~~~~~~~~~~~~~~~~~ _~~~~~~~~~~~ _~~~~ _ -~~~~~~~~~~~~ _ • _____



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~

-

~~~~~~~~~

-

~~~

--

~ -t

JCFW(:) = Re F 1{e ~ CFW(r)}

T -~~ t3/m a ~ 
.~3/m1 - x  

3/m2 ~ ,~
3/m

_ 1 r o a b 1 b2 bk• = R e F je e e e ...e

(141)
Which , after performing the Fourier transform , becomes

1 1~ ~~ 
~~ ( A A ~~~~ . .X~ )fl~! + ~~1 ~~

• - ~~k + 1)
1JCFW(W) = 

~~ 
Rej ~~ ...

~~~~~ 
3t-, 3t I -

Ls 0 t1 k + + ... + 1 Jm m 1 rn,
s!t1 !...tk l (i&i ~) ~

(142)

In the very far wing only the leading terms will be necessary.

It is important to mention another statistical theory which
does not use the phase shift (phase modulation) approximation
by Fomin and Tvorogov [411. However a perturbation expansion only
to second order is used. The resulting statistical line shape
contains the phase shift approximation formula multiplied by another
factor. This new term can be interpreted as a level shift (fre-
quency modulation) correction factor to the phase shift approxi-
mation result. Since energy level shifts are an important part
of far wing phenomena, the correction term will also be important.
A simplified expression for the level shift correction term is

6. (m.-l)/m . 2/3
exp(- (

1
2 (tv) ‘~ ‘~

) ) - (143)

where G .cgptu - , ~i is the reduced mass and w - is a parameter which
decreas~s a~

3j increases. Also 6. does va~~ with the vibrationalquantum number.
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2. Inhomogeneous line shapes

a. Dopp ler line shape

The random kinetic motion of molecules causes a Doppler
shift of the homogeneously broadened line shape. Molecules with
different velocities will experience different frequency shifts
so that a new total line shape results , called the inhomogeneous
Doppler profile.

A - The analysis of this effect begins with Doppler ’s equation

c(v -v)
(c-v)v~ ÷ v = (144)

“0

and the Maxwell-Boltzmann distribution

fMB ( E )  = e~~/~
(T 

- (145)

Using the kinetic energy E = -
~ r my2 and Equations (144) and (145)

we have

j 
- 

Mc2 
~~~~~~ 

)2
2kTv

= e (146 )

where M is the mass of the absorbing molecule. This represents
the probability distribution of the shifted frequencies due to
velocity components of the molecules parallel to the incident
photon field. Enforcing the normalizing condition

- r

J jD(~_’
~
)
o)d~

) = 1

~~~

• we have

(vv o)
2L1 t1 2)

- 2
‘1 .~ l/2

~
(
~~“0

) = ~ n 
~ e (147)

• ~~

. do
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2kTl 2 1/2
where = ( ~ ) v0 is the halfw ldth at half Intensity.

Mc

b. Vo igt line shape

The Doppler line shape assumes the shifted homogeneous line
shapes are delta functions , which is not strictly true but a good
approximat ion in many cases such as low total gas pressures.
The broadened natural line shape is always present in any experiment
and in problems of atmospheric importance, collision broadening
is present.

Fi gure 13 illustrates the shifted collision broadened homo-

j~(v -v 0 )

T Y P I C A L
DOPPLER SHIFTS

Figure 13. The Voight line shape .

geneous line shape wei ghted by a Gaussian (Doppler) distribution.
This process can be thought of as a convolution of a homogeneous
line shape through a Dopp ler profile. Thus

- 

~
• i~(~~v0) = 

JIM 
v’;~~)J0(v ’ -v0;%)dv ’ - (148 )
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i
I jH(V

~V ) and aM are the homogeneous line shape and its corresponding
halfwi~th, respectively. The resulting line shape is called the

l Voigt line shape.

The homogeneous line shape that is often used is the Lorentz
profile. Substituting in Lorentz and Dopp ler line shape the Voigt

I 

profile becomes,

I Jv(v-v o) 
= 

~~ 3/2 (in 2) J (~-y)2+a2 dy (149)

- where

= 

V
0 (ln 2)1/2

. 
= 

0 (in 2)1/2

a = (in 2)h1I2 .

- E. The Absorption Coefficient for H20 in N2

• This section combines the results of sections C and 0 to
• - form the absorption coefficient particular to the H~O-N~, absorptionproblem . Initially the line strength and line shap~ wi’I l be

developed separately.

• The discussion of the H,O-N2 line shape must begin with
• - - the nature of the intermo 1ecu~ar potential functions. As mentioned

in Section B of this chapter the intermolecular potentials are
not completely understood. This is especially true concerning

— the nature of strong collisions which form the statistical line
shape [341. Therefore a careful analysis concentrating on the
essent ial features of the interaction is required. The general
form of the intermolecular potential Hamiltonian for H 0-H 0
collisions , Mba1

, and for N2—H20 collisions , Mba , bec&ne,2using

Equat ion (14) through Equation (19),

4.
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H + ~1~ 1g1+~t 1~ 1g2 + ~~i+~i1R 1h1+~i1R 1h2 +

act 1 \R
3( t ) R4( t) R5(t) /Rot

2 + ~ a~e ~~l> (150)
- 

R6(t) 
+ VRe:l 

1 2 2
H - /~i1~2

g \ 2~i1a2 + ~ a1 e ~~2> + vba 1 \R~(t) 
+ 

/ Rot 

- 

R6 (t) Rep2

(151)

The subscri pts 1 and 2 represent H 0 and N2 terms, respectively.
Next the potential functions w ill ~e considered for interruption andstatistica l type collisions.

The short collision times characteristic of interruption
broadening allow the approximation of Equation (17) (i.e.,

.“ V~1) to be made. Based on the modeling success of Benedict
an~ Kaplah [52,531 only the leading terms in the interaction
potentials need be retained. Therefore, for near li ne cen ter
phenomena the interaction Hamiltonians become

2

~ (152)

and 
__________________

[~
bal ~ 

(153)

Collisions contributing to statistica l broadening may or
may not require the wei ghted rotational average , < 

~~~~~~ 
Th i s

can be determined by examining the collision duration t ime ~ndtime of rotation of the molecule. Based on the average thermal
velocities and impact parameters for strong collisions for 1-1~0-H 0 and £42-H 0 collisions order of magnitude estimates for the
cgiiis ion du~ation time can be obtained. The resu%t ~s
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2 for H

20-H20

t —a (154)

j~ l0~~~-l0~~ for N2-H20 -

- Typical period of rotation times_ar N2 ra~ge between ~~~~ to lO~~
sec and for H 0 range between 10 to 10 sec. These numbers

I are based on ~he molecular moments of inertia and a representative
L. range of 3-numbers. Water vapor however can effectivel y rotate
I faster due to its distorti ons. It is w e l l  known t h a t  the r o t a t i o n al

motion of water vapor requires high order perturbation theory
L [4). This necessity is a manife station of the ease wi th which• the water molecule will d stort.

Based on the above arguments the wei ghted rotational average ,
is important for H 0-H 0 collisions and the approximation

of E~B~ t io n  ( 17) can be use~ fo~ N r,~H~O coll isions in the statistical
lim i t . Thus , for far wing phenomeha,the interaction Hamiltonians

L become (retaining onl y leading terms)

H / ~ 
- 

~~~~ ~~~(~
) 

(155)aa 1 \ R
3 (t )  / Rot R ( t )

and

- T ~~Q I
l I~

1b . (156)
-- [ al R (t) 

J

-. Eisenberg and Kauzmann (341 list the statistical average of
-

~~ (~~/R
3(t))f for rotating molecules to be

- /2 \ 4
ç —

, 

~ ) = — (157)

- 
\R (t) / Rot 3kTR (t)

-- under the condition that

2~~
- - << 1.

kTR (t)
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Fi gurt- 14 is a plot of 2~~/R
3(t) versus kT and shows that Equation

1000 —

800 —

L~~J 600 —

‘~Ii400 —

kT = 205 cm~200

0 J j I I I I I I
0 2 4 6 8 10 2 4 6 (8 20 22 24

R(t)

2
Figure 14. Comparison of -~~~~ -— and kT in wavenumbers.

R
The value of u 1 is l.83xlO~~

8 esu cm.

(157) will generally be valid. It will break down for very close
collisions which contribute to the v~ry far wing. Since contri-
butions of far wings out to 1000 cm from line center are of
interest to this study, it is important to examine the statistical
average of the dipole -dipole term for

> 1 .
kTR3(t)

This can be done by recognizing the analogy between Equation (16)
and orientational polarizability calcula tions [541. Thus,
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L( x ) I

\R
3(t) / Rot R (t) 58j

where L(x) the Langevin function and x = 2p~/R3 ( t ) .  Fi gure 15

(.0
/
I

2 u 2
= 

IITR3 ( t)

Fi gure 15. Plot of the Langevin function L(x).

is a plot of L(x). As x increases above 1 the curve becomes non-
linear requirin g hi gher powers in x.

/2 \ 2
I ’-’i \ 2~Because of the complex nature of( 
~ 

f) for > 1
\R(t~~/ Rot R (t)

and its0limited range of importance (3 to 6 A; bond ing occurs
at 2.8 A) Equation (157) will be used. It is recognized that
temperature and frequency dependent correction terms may be required
in the very far wing. Under this approximation , the H20—H20interaction Hamiltonian becomes

4

aa 1 
- + 2~i1ct1 + ~g1 e <r 1> R6(t)
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or i u a more useful form
2 2 2  2

~
h 1 — 

e <r 1 — 2it 1— f ~kT + ‘~l 
+ (4 2 ) ( ‘t jj ~~ (160)

where the term

e2<r>~~
2 - ) -

~
~1

2
p1rep reson tc  a general  polari zab il it y for The q u a n t i t y  ~~~ i s  4

the or ier itat ionai polar li ability and the  r e m a i n i n g  express ion is the
elec tro nic pol ar~zab il i ty .  Figure 16 [~~~~~~ ] demon strat~s the dominanc e

80

70-  /
/ H20

60- /
z

5o /o

20 ~~~~~~~~~~~~~~

/ /~(0 p’- - - - —
C2H2

C ~ _( ( _

0 0.002 0.004 0.006
VT K

Figure 16. PolarIzation of gases versus temperature.

- ‘  u ~rtt at ion.d pol arizab ility over electronic polar izab lil ty since
tP,,- ~~ -r~t ,t iona1 po la ri zabi lity is the only temperature dependent
~ør* ~n Iquation (160). Based on this , the H20-H20 interaction
~~~~~~~~ ‘~~~‘ in ic wr i t t en

66

I

______ - ••---—~~~~~~~~~~~



--~~~~~~~~~~~~ ----- •- •—- •~~~~-~~~~----~~~~~~~~ ~~~~~~~~ --—-- -~~—-- •~~~~~
-- -——

r ~~~~~~~~~~~ - - - - ._- ~~~~~~ • • - • _~~~~~~• 

I
1 

~~H = —  
1 (161)

• • aa1 3kTR6(t)

The near line center and far wing line shapes now follow from
Equations (129) and (142),

= 

~ (v_ vo )2+(ar)2 (162)

and

.6266 A .8491 A
= 

~ 
( + 

1

b~~
5 ) (163)

where

296 .83 296 .17at’ 
= a~ 

~~~~~~~~~~~ 

[ B_ ~~
__ 

~a + Pb] (164) —

:~:~~~
:a 

~b = a b

aa b

- 

~a 
- absorber pressure

- broadner pressure

- 

I - temperature

- 

• X a6 = 

~~~~~ 
~ b ~~ 

(
~

(V 6u~
V 6L)) ’ 

~6 ’ r(- 
~~~ ) 

cos(~ )

Or 
s s

r 1.5 I
I X a6 = Al (v )  (ç) 

~J (165)

- 
1
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4n 1 3/4 3~ 3-nA b4 - 
b 

-4--(~
(V 4u-v4L)) 

~4 r(- 
~~ 

cos(~—)
S

= A2(v ,J) (
~4~

) 
~b1 

- (166 )

Because of the statistical averaging over rotations the H 0-H 0
interaction potential matrix elements for strong collisi o~s a~e H
independent of angle and not a function of the 3 quantum number.
However Al(v) will be different for every vibrational band , Identified
by the general vibrational quantum v represent~ng both upper andlower levels. For N~,-H20 collisions the statistical average was
not performed; thus A2(v ,J) is a function of the vibrational and
rotational quantum numbers involved. Since the potential function
for near line center and far wing phenomena are the same, the
3-dependence of A2(v ,J) can be expressed In terms of the J-dependence
of 

~~~~
• Using Equations (12 5 ) and (134), A2(v ,J) becomes

• ctr 1.125 1
A2( v ,J) = A2(v) (19.919) ( 

._
~~~~ ) 

j 
(167)

where .07 represents a mean value for a~. Al(v) and A2(v) will
be experimentally determined because of the complex nature pf
the terms and uncertainty of the interaction potentials. a wil l
be obtained from the AFGL line listing [51 and a B of 5 [30? will
be used.

• Equations (162) and (163) describe only parts of the total
line shape . As section D indicates the intermediate wing region
is unknown . Thus, the development of a total line shape must
take a semi—empirical course. .The construction of the total line
shape will follow the guidelin es listed below.

1. The total lin e shape is smooth everywhere.
2. The total line shape is normalizable.
3. The near line center and far wing forms mus t dominate

under the appropriate frequency limits.
4. The intermediate wing region is to some extent

a mixing of interruption and statistical
broadening mechanisms .
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The first step is to make Equation (163) a bounded function for
all (v-v ). Varanasi et al [56] have developed a line shape which

- accomp1i~hes this and produces the statistical frequency dependence
in the far wing. It is

- i (v) = ~ (~~~ 
sin ~ v~ a~ 

Av =v- v~ . (168)

Using this result and normalizing the far wing line shape to one

(i.e., 
f 
jcFw (v)dv=l) Equation (163) becomes

• .3198 A .4334 A

~cFW~~ 
= 

~~~ 
[ I~~~~~~~I

1 5  Aa6)
3 + 175~~~~~~~] 

- (169)

To construct the total line shape the concepts developed in the
.1 introduction to Section D will be followed. By choosing band

pass and band stop filters (centered at v ) with slow fall off,
1 m i x i n g  of the in te r rup t ion  and statistical line shapes respectively
-j can be achieved in the intermediate region. The total line shape

is written

i~
(v) = N(JcNLC (V) P(v) + 

~cFW~~~~~~ ’~ 
(170)

where N is the normalization constant determined by

J d V i V = 1

and p(v) is a band pass filter function about V . Since p(v)
• cannot be predicted with the present theory it Must be chosen

empirically. To insure a smooth joining of the interruption and
statistical line shapes the derivative of p (v) at and v=v ± a
is required to be zero. Where “a” is the frequency which repPesents
the cut-off of the window function in the frequency domain. Also
it is desirable for p (v) to be a well known and easily integrated
function. This will be helpful in the determination of N, the

L
69
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normalization constant. Based on these guidelines p(v) has been
chosen to be

-

~~ 

+ COS -
~~ ttv I~~~~

v I<5  cm~
p(v) = (171)

0 I~vI.~5 cm~
where a=5 cm~~. Figure 17 is a plot of p(v). As the figure

~ v (cm~ )

Figure 17. p(v) versus ~~~~

illustrates the band pass filter function, p(v) , is virtually
unity a few halfw idths from line center. This allows the inter-
ruption line shape to dominate near line center as it should.
Similarly the stop band filter function (l-p(v) ) all 1ws the statis-

• tical (far wing) line shape to dominate beyond 5 cm (50 to 100
halfwidths from line center). Thus a total line shape has been
constructed which satisfies the four guidelines outlined earlier .

An important correction to the statistical line shape is
the level shift correction term given by Equation (143). Applying
this term to Equation (169) we obtain ,
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.3198 A

~cFW~~ 
= ~ 

[I~~I
h5

~~~a6)
3 exp ( G a6(v)P~~)

.4334
+ 1 7 5  7I~ 

exP(
~

Gb4 (v) ?
~~)] 

. (172) 
•

The LW dependence in the exponential correction terms are %~ight ly
different f~om the term derived by Fomin L41] (m.=6=>IovI~m.=4=> I~ vI ). Both tv’s are taken here to the ~ne—ha1f power
t~ simplif y the normalization calculations. The reduced mass •

for H 0-H 0 collisions is less than the reduced mass for H20— N2colli~ ion~. Also , from Equation (143)

0)04 > (A)06
and therefore

Ga6 (V) < G~,~(v) . ( 173)

The “G” parameters are functions of the vibrational quantum numbers.
The temperature dependence of the “G” parameters is

11
.67

a6 V — a V —ilr_

(174)
.67

b4 v = b V ‘r

To determine0the line strength for water vapor , the partition
fBnction ratios, S , E and v in Equation (102) must be obtained.

~~~ 
E~ and v0 wiñ%e taken fPoin the AFGL line compilation [5) .
The vast majority of the H20 molecules wil l  be in the electronic

ground state , therefore

= 1 • (175)

The vibrational partition function varies only ~li~ht1y over the
temperature range of the troposphere and can be assumed constant.
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~~ib — 1 . (176)
Vib

The rotational partition function for I~l90 is very important.For an asymmetric top [57] the rotation~l partition function
ratio becomes

0 .,. 1.5
~Rot - 1 0

The total absorption coefficient for H20-N2 m ixtures can
be written

k (v) ~~~k~(\)) = 
~ 

S
~u

(V)J c(V)~ 
(178)

The summation is over all water vapor transitions. The line strength
in Equation (103) contains frequency dependent terms which belong
to the line shape in order to satisfy Equation (6). Therefore
using Equations (103), (162), (170), (172), (175), (176), and
(177) the I-120-N2 absorption coefficient becomes

• [kv = 

~ 
S~~ N(jCNLC (v) p (v) + icFw(v)(1-P(v)~

J 
(179)

where

I
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~~. ~cNLC’ (181)

-~~ 1. 
‘ (~u)2:(J~ 

v0>1OOO ca~

-G /~~~
1 (i  e~~~~~

(T .3198 Aa6 e .4334 A~,4 e

(I—e ° ’ ) t I
15

’~ 6 
+ 

( I
1 7 5

+A~~~
3 

_j 
0

• (182)r -G 6’~~ 
.Gb4v!A 1.3198 A

~6 e a 
~~~~~ 

~b4 e -1+ 

IAv I ’~
75+~-~~ _J 0

The normali zation constant, N, is determined by the equation

N 1 
=f  JCNLC (v) p(v) dv +f icFw(v) (l-p(v) ) dv - (183)

The solution of the above equation as a function of the different
line shape parameters is presented in Appendix A.
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CHAPTER III
EXPERIMENTAL APPARATUS

This chapter describes the experimental equipment used to _ 
-

obtain the data of Chapter IV . All measurements have been taken
on one of two long-path multiple -traversal absorption cells using
a CO laser , a C0~, laser or a Fourier transform inter-ferometeras probes. The ~ombination of laser and Fourier transform spectro—scopy techniques provides a more complete experimental environment.

A. Frequency Probes

1. The CO laser

Lasing action in liquid nitrogen (LN9) cooled CO lasers
has been observed from 5pm to 8pm correspohding to the 1-0 to
36-35 vibrational bands [58J. Due to our interest in the 5pm atmos-
pheric window , the range of operation of The Ohio State University
CO laser was optimized for operation on the l ower vibrational
bands .

The resonant cavity structure follows the design of Charles
Freed [59]. A black granite— Invar structure supports the optics
and plasma tube and provides a stable open loop optical system.
The four , 1 inch diameter Invar rods, which are thermally and
acoustically shielded , define the length spacing between the 2
inch thick black granite end plates. Figures l8a and l8b show
a top and side view respectively of the Invar structure. The
figures illustrate the different stages of insulation , acoustic ,
thermal , and radiation shield. Aluminum clamps are used to secure
the output mirror end plate and Invar cross pieces (used to support
the plasma tube and liquid nitrogen fill system). The grating

• end plate is fastened to the Invar rods by half inch stainless
steel bolts . The output mirror endplate is 9” x 10-12” and the
grating end plate is 9” x 12-1/2” .

The resonant cavity optical system contains a spherical
output mirror of 5 meter radius of curvature and a gold coated
grating mounted externally to the plasma tube. The spacing between
the mirror and grating is 1.63 meters producing an output spot
size of 2.2 mm and a beam waist of 1.87 mm . The grating can be
easily rotated with a micrometer adjustment making the laser line -
selectable. A piezoelectric —driven output mirror mount provides
the necessary adjustments for optimum output power and open l oop
stability .
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The plasma tube design is based on work by Djeu [601 . The
plasma is composed of a No-He-CO-Xe m ixture at a total pressure
of 7 torr. The tube has high voltage electrodes at each end with• the ground electrode at the center of the tube. Fi gure 18c shows

- - one end of the uninsulated plasma tube with an electrode. The
outer 4” diameter pyrex tu•be forms the liquid nitrogen (LN,) Hreservoir. The inner 15 mm diameter pyrex glass tube cont~insthe plasma and high voltage nickel electrodes. The inner tube
has a glass bellows at each end to ease the strain created between
the inner and outer tubes when LN~, is present. The electrodes
are 1” long and approx imately 1” outer diameter and 0.35” inner
diameter with six equal ly spaced 1/16” rods on the front face.
The electrodes not only provide the high electric field needed • -

to generate a plasma , but also serve to resist flow of the CO
molecules in the active LN9 cooled section to the passive outer
section. Thus ground stath CO absorption is reduced to al low
operation of the laser in the l ower (2—1 and 1—0) vibrational
bands. The electrical connection to the nickel electrodes also
serves as a gas line for the N~,-~CO-Xe mixture feeding the plasma.Helium is introduced in the wa~m passive section of the tube and 

-
•

serves as a flush for unexcited CO as well as part of the acti ve
media. Fi gure l8d shows the inlet ports; the top port goes to
the hi gh voltage electrode and the side port is for the helium.
The gases are then evacuated at the center port near the grounded
electrode. Also shown is an end heater which warms the exterior
tubes to prevent moisture condensation on the CaF Brewster windows .

• The inlet lines from the flowmeters to the inlet ~orts on thetube are 1/16” inner diameter; this discourages gas breakdown
-in the inlet lines and makes the plasma more stable.

Liquid nitrogen CO lasers have the danger of ozone explosions 
F

if the discharge is initiated with ozone present. Ozone is produced
by dissociation of CO in the plasma , an d ex pl os ions can be a prob lem

• when the discharge goes out but the high voltage remains on.
Normally, the plasma is generated before LN9 is introduced in
the reservoir. For safe operation a contro’I circuit was constructed
that senses the state of the plasma (on or off) and if the plasma

• de-energizes the high voltage power supply and LN2 fi l l control are
also turned off automatically. Figure 19 disp l ays the circuit
schematic for this system. Since the OSU CO laser does not use
O~, in the active media as other systems do, the O~ formation problemi~ great ly reduced. Thus , with reasonable care safe operation
of the laser can be accomplished.
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I, • 1

Fig. 18a . Top view of CO Laser showing output mi rror and foil
insul ation •

Fig . 18b. Side view of CO Laser showing uncove red inva r rods at
top and completely insulated inva r rods at bottom .
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Fig. 18c . One end of the CO Laser plasma tube showing the electro de
and g lass bel low .
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Fig. 18d . Brewster window wi th inlet ports .
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Table 2
Observed CO Laser Lines

L i n e  I D  v 0 (cm~~) 
_____ —_

Typical Power (mw)

2-1 P(9) 2081.258 2
P(lO) 2077.140 5
P (l1 ) 2072.987 5
P(12) 2068.802 7

3-2 P(7) 2063.225 1
P(8) 2059.209 2
P(9) 2055.159 10
P(lO) 2051.075 20
P(ll ) 2046.958 20
P(l2) 2042.808 22
P(13) 2038.624 25
P(14) 2034.4075 20
P(15) 2030.158 5

4-3 P(7) 2037. 124 5
P(8) 2033.143 10
P(9) 2029.128 10
P(lO) 2025.080 10
P(ll ) 2020.998 40
P(12) 2016.882 25
P (l3) 2012.734 30
P(14) 2008.552 25
P(15) 2004.337 25
P(16) 2000.090 20

5-4 P(7) 2011.093 5
P(8) 2007. 147 15
P(9) 2003.167 15
P(lO) 1999.154 90
P(ll) 1995.107 90
P(12) 1991.026 50
P(l3) 1986.913 40
P(l4) 1982.766 60
P(15) 1978.586 20
P(l6) 1974.374 20

6-5 P(6) 1989.010 1
P(7) 1985.133 6
P(8) 1981.222 30

• P(9) 1977.277 40
P(lO) 1973.299 60
P(ll ) 1969.287 60
P(12) 1965.242 40 

- .

P(13) 1961.163 60
P(14) 1957.051 60
P(15) 1952.907 50
P(l6) 1948.729 50
P(17) 1944.519 30
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Table 2 (Continued )

Line ID v0(cm~~) Typical Power (mw)

• 7-6 P (6) 1963.088 3
P(7) 1959.246 20• P(8) 1955.370 30
P(9) 1951.460 50
P(lO) 1947.517 60
P (ll) 1943.540 50
P12) 1939.529 100
P(13) 1935.486 60
P(14) 1931.409 40
P(15) 1927.299 15

8-7 P(6) 1937.239 10
P(7) 1933.432 25
P(8) 1929.592 10
P(9) 1925.717 25
P(lO) 1921.808 25
P(ll) 1917.866 25
P(12) 1913.891 25
P(13) 1909.883 20
P(l4) 1905.841 20
P(l5) 1901.766 10
P(16) 197.659 1
P(l7) 1893.519 1

9-8 P(6) 1911.467 3
P(7) 1907.695 10
P (8) 1903.889 10
P(9) 1900.049 25
P(lO) 1896.176 30
P(11) 1892.269 30
P(l2) 1888.328 25
P(l3) 1884.355 20
P(14) 1880.348 20
P(15) 1876.309 20
P(l6) 1872.236 15

10-9 P(6) 1885.771 4
P(7) 1882.034 15• P(8) 1878.263 20F P(9) 1870.620 40
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Sin g le line operation has been observed on 8? CO transitions
from the ?-l vibration al band to the 10-9 vibrational band. Research
efforts have emphasized the low vibrati onal bands and no attempt
was made to achieve output beyond the 10-9 band. It should be
possible to extend the range of the present laser by two more

• vibrational hands. Outfitting the laser with different output
m i rrors and grat i ngs woul d exten d the out put range to 8 1im . Table
? l i sts the l i nes observe d to date , alon g with a nominal output
power. The CO laser presentl y operates with good (1%) short term

• stability in frequency and power.

2. The CO2 Laser

T he CO lase r use d in the exper i ments has been prev iously
described [l~ l. Briefl y, the laser is a GTE Sylvania mode l 948
CO2 laser p lasm a tube w i t h ~ modifi ed resonant cavity. The laser
i s also electron i cal l y stabilized by sensing plasma impedance
fluctuations caused by changes in the gain of the system 1611 .
A feedback signal to the PZT cavity length-controller m aintains
opt irnu~ mir~or separation. Lasing action on 23 transitions in
th8 00 ~-1O 0 (lOiim ) vibrational band and 20 transitions in the
00 1 -02 0 (9pm ) v ibrational band has been observed .1 T hi s effect i vel y
covers a frequency region from 930 cm to 1085 cm , ideall y
su i ted for 10pm w indow studies.

3. The Four ier Transform Spectrometer

The monochromatic outputs of the laser sources prevent the
observation of the total spectral response of a molecule. The
addition of a Nicolet 7199 Fourier transform spectrometer expands
the experimental capa~ i li t y of th4 study. The continuous spectral
covifrage from 890 cm to 5000 cm with a resolution of 0.05
cm (0.035 cm for spectra of limited bandwidth) provided by
the instrument allows the close examination of local absorption
line and near band wing features of absorbing molecules. The
frequency res ponse of the LN~, cooled HgCdTe detector determ i nes
the l ower limit of the spectP’al range.

• The hear t of the spectrometer is a Michelson interferometer
w ith a f i xe d m i rror i n one arm and a moving mirr c~r in the other.
The moving mirror intensity modulates a broadband collimated beam
and produces an interferogram , I(~ ), wh i ch can be thought of as a
sum of s i ngle monochromat ic interference patterns ,

B(~ ) cos(2nv~)

n
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i .e.

I(s) = f 8(v) COS(21T V~ ) d~ (184)

where

B(~) 
- amplitude component at frequency , in cm~~
— optical retardation length

L - distance traveled by moving mirror .

To obtain the spectrum 8(a) a Fourier transform of 1(~’) is taken

B(~ )=2 f I ( s )  cos(2~~~)d~ . (185)

Modern computers and the fast Fourier transform (FF1) algorithm
by Cooley and Tukey 1621 have made Four i er transform spectroscopy

• a practi cal tool. However the di gitization of the interferogram
and finite optical retardation lengths limit the resulting spectrum
in resolution and bandw idth. To perform the FF1 and other data

• manipulati ons the system includes a Nicolet 1180 computer. The
computer handles up to one-half million point (complex) transforms.

B . White Absorption Cells

Two White-type absorption cells have been used in the experi-
ments , a 15.24 meter base path cell constructed in the early sixties
and a 10.785 meter base path cell just recently completed. Ex-
perience with the older absorption cell has prompted many improvements
in the 10.785 meter cell. A brief description of these cells
follows.

1. The l!~.24 meter cell

This cell was first d~scr’ibed by Long 163] and more recentlyby Peterson [181 . The cell is a steel pipe , 0.607 m in diameter ,
and 16.15 m long. The walls øf the cell were honed smooth during
construction in order to reduce water vapor adsorption effects.
The mirror s are aluminum-coated pyrex with a measured reflectivity
of 97.1% at 5 pm and radii of curvature of 15.24 meters which
determines the mirror separation . The entrance and exit windows
are currently BaF9 half-degree wedges. A six inch diffusion pump
and 100 cfm mechanical pump are used for cell evacuation .
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The long pat 11 I enq t hs (1— 1 . ~ km ) requ I red for accurate measure—

men t s of t he we ik wa t t~r v apor ahsorp t i on  at CO, and cer ta in low—
v ibra t iona l  CO las~’r frequenc it’ s prompted a ca~eful study of the
15.?4 m ce l l  s t a b i l i t y .  Several prob lems were identified and
are d iscusc ~d be low .

The opt ica l  a l i gnment of the cel l  was sensi t ive to changes
in the internal pressure. The output beam would shift upwards
by 3 mm at a 1 km path length as the cell ’ s pressure was changed
from vacuum to one atmosphere. Nonuniformities of the windows ,
the mirrors , and the detector then resulted in fluctuations in
the output beam ’s si gnal level resulting in a hi gh no i se level
on the data. To solve this problem the background measurement
(usuall y taken with the cell evacuated) was taken with the cell
at the same pressure as the samp le measurements. This procedure
has the additional benefit of ratioin g out absorption effects
of contaminants in the buffer gas if the same gas supp ly is used
throughout the experiment.

V ib ra ti ons of th e c e l l  caused by vacuum pump and bu i l di ng
v ibrations (i.e., compressors switching on and off etc.) also
changed the mirror alignment in the cell. Because typ ical measure-
ments take an entire day it was di f f icu l t  to complete successful ly
a long-path experiment. By vibr ation ally isolating all pumps
and the mixing fans inside the cell the vibration problem was
greatly reduced. To best avoid building noise the experiments
were performed during off hours whenever possible.

Anot her problem which had a major effect on the experiment
was nonuniform reflect ivity of the mirror surfaces. Oi l deposits
and part icula tes collected on the mirrors over several years in
a ran dom fash i on. Thus any chan ge i n t he cel l  al i gnmen t ha d a
dramatic effect on the output signal level. The problem was solved
by recoating the mirror s and by using a 100 mw Argon laser to
ma intain alignment throughout the experiment.

Fi gure 20 illustrates the experimental arrangement for the
CO an d CO7 laser measurements. Ir ises 1 and 2 were used to verify

• the ali gn(flent of the ir lasers against the Argon alignment laser.
A BaF 7 beamsp litter was used to direct part of the laser energy
to a P’eference detector. Mirrors mounted on kinematic mounts
are l abele d KM . The focal lengths of spher ical mirrors are listed
next to the m irrors.

• 2. The 10.785 m cell

The 10.8 meter cell which will now be described was designed
by Professor Edward K. Damon [641. Dr. Robert J. Nordstrom conceived

• the unique optical system which coup les the lasers an d i nterferom eter
to the optical system of the absorption cell.
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The 10. 1~~ in ce l l  f o i  re’~ many des ign improve’ment s over

the 15.24 in t ell. T he in te rna l ce l l  mirrors are mounted external l y
through vacuum bel lows in order to reduce the pres sure dependent
a I ignment pro t) 1t~ii 0 the o l d r  tt I I and to ma in t a i n a consta nt
in I rror ‘~t p i  ra t io n over a wid e t emperatu re range of the cell

• The mirrors are m icroprocessor control  led by stepper motors a l lowing
great ease in chang i nq or correct i nq the  cell all qnment . They
are gold coated w i t h  a r e f l e c t i v i t y  of 98.6% at lO.6~p~, an d have
a radius of curvature of 10 .785 in. The improved opt ica l  des ign
of the 10. 785 in ce l l  features lonqer path lengths , improved spat ia l
stab i 1 i t y ,  and reduced aherrat ion effects 165,661 over the standard
White type des iqn (67 1 . 1 ~qtire 21 i 1 lust rates the spot arrangement
on the l ie 1(1 In irror of the new ct 1 1 . Spot numbe r 5 would typicall y

• be the out put S POt on a Wh it o  type syc tem . Instead it is fed
back into the optic a l system qenera ting two addi t ional  rows of
spots . Path lengths of l.~ km with laser sources and 1 km wi th
a broadband source have been achieved on the new ce l l . The cell
and optical tab les art ri qid l y coupl ed and vibr ation a l y isolated
from the hui l dinq . The new cell is constructed of 304 stainless
stee l with a smooth interi or finis h to reduce adsorption effects
and to allow a wid er variety of gases to be studied (e.g. ozone).
Buffer gases are introduc ed uniformly alonq the cell . Th i s method
has greatl y reduced gas m ix i nq time s in the new cell over the
mixing tim e in the o lder 15.24 in cell . The two cells have similar
vacuum systems except the 1O. 7~ h m c ell has a Key Vacuum Pro duct
coaxial ford inc trap mode l number CFT-300 to reduce oil back-
streaming of the me~hanca) hump. The new cell is also temp8rature
controlled from -60 C to 60 C with a length uniformity of 1 C.
This in fact was the p rin cip a l reason for des i gninq the new cell.

liqure 77 illustrat e s the total experimental system of the
10.785 m ce l l  f a c i l i t y .  The enclo sures labeled source , F u R ,
transfer opt ics , and detectors represent sealed boxes which house

• the ind icated equipment. The labels S and W in the opt ica l path
of the blackbo cl y source represent the source image and the F u R

• beamsp l i t ter image to be imaged on the f ie ld  and focusing mirrors
of the absorption cel l , respect ive l y. The s l id ing mirror in the
detector box can be inserted into the cell output opt ical  path
to test the alignment of the opt ic al  system . The notation used
in F i gure 22 is the same as Figure 70 .

• C. Experimental Considerations

• Wh i te type absorption cells represent an important part
-

• • of the experimental apparatus presently used for the measurement
of weak absorption coefficients. Also , the spectrophone , another
sens i t i ve ex peri men tal tool , requires calibration which is usually
accomp l i she d by W hi te ce l l  da ta. Because of t he i r importance
a deta i le d d iscuss i on of t he na ture  of W hi te cel l  ex per i ments
follows.

1
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Whit e cells measure the transmittance through a m edium as
opposed to a spectrophone which directl y measures the absorption
effect. This can give the spectrophone an experimental advantage
for transmittances above 90% 1681. The transmittance is the ratio
of the radiation inten sity attenuated by a medium to the unattenu-
ated radiation intensity. Thus ,

- 

l s(n)/J R S
B RB

where I - transmitt ance
15 (n) - attenuated intensity level due to the sample

- reference detector signal level during samp le
measu rement

13(0) 
- unattenuated intensity level background)

1 RB — reference detector signal level during
back groun d measurement.

n — number of t raversals.

and ! B scale I (n) and I (n) respectivel y to accoun t for  the
differen~ powe r le~els of t h~ source. The sample intensity , 1 5( n ) ,
can be fu rther ex presse d as

- k n~15 (n) = I
05

Rr (x ,y,p~~0 )K 5 ( t ) e  ~ (187)

where R(x ,y,pH ~ 
- the mirror ref lect iv i ty  as a function

2 of the mirr or surface and water vapor
pressure

- intensity level at input to cell during
sam p le measurement

K 5(t) 
- time dependent intensity f luc tua t ions

cause d by win dows , amp l i f iers , detectors,
mirror drift etc .

r - num ber of ref lect ions i ns ide cel l

~0 
- base path l ength of cell.

To el iminate the time dependent fluctuations a time average over
a number of measurements is taken. Two experimental techniques
can be used to accomplish this averaging process.
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I Since the mirror reflectivity is a function of the position

on the mirr or surface and cell vibrations can cause mirror drift

I which misal i gns the cell and changes the position of the spots
on the field m irror , intensity vari ations in the output beam can
result. Path differencing [69] averages over the mirror surface
by chang ing the path length while keep ing the samp le fixed and

J averages over wind ow , detector , etc . noise by taking many measure-
men ts at each path length. Another approach used at The Ohio
State University maint ains the cell ali gnment throughout an experi-

I ment by using optical lasers to account for the drift of the cell
mirrors. By greatl y reduc in g the mirror drift problem no average
over the mi rro r surface  i s requ i red. Fi gures 20 and 22 show the
ali gnmen t lasers an d iri ses 1 an d 2 w hi ch are use d to ve ri fy ali gn-

I ment of the cell before each measurement sequence. Also the output
spot from the cell is monitored to test the cell mirror alignment
before each measurement sequence. The average over the other

I n oi se sources i s accom p l i shed by averag ing 400 da ta po i nts  w i th
I a 45 m illisecond interval taken on a computer-controlled data

acquisition system for a fixed sample.

The t ime averaged intensity is expressed as

- k nQ.
(1s(~ >t = ~~ R r (x ,y ,PH & <K5(t)>~ e • (188)

The background intensity signal is similarl y wr itten , (k 0)

= T oB Rr (x ,y,pH O =O) <K8(t)>t . (189)

Us ing Equation (186) the time averaged transmittance becomes

~~ ~h(~)>t ‘RB
\T/t = 

K’B~~~t ~ir. R”(x ,y,p~ ~
) 

(K (t)>• = 7’~
—,4.T\ e (9

Rr (x ,y,PH o=°~ 
\“B ” ’Vt

2

1 os RBwhere . 1.

I 
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~~ t lin e .tver ag 1 nq r ’ s~q ’ I  1

T her t ) r

R r ( x y p  ) 
~•H., )

• • • • - - - C
R t ( x ,y ,p F I ) =0)

I.) obt ain the true •ibsorpt ion c o e f f i c i e n t , k , (see Equation ( 4 ) )
the m irror reflectivity niust be the same in vacuum (or  dry gaseous
rnNture ) as it is with water vapor present at any pressure. This
p o i n t  has p roven  o be a rnm j or obs tacle in obta in  i nq the true
.mh ’~orpt ion coeff I c lent. Wit .~r vapor is adso rb ed by the m irrors

a very th i n f i (in (rl mi t run P0~ ) . The th ickness  of the
f i tin w i  II depend on in ir’ ’or temper ature and pros sure of water vapor
in the cell . Therefore the effect on ~irror r e flect i vity also
depends on t emperature and pre~ sure . The redu ct  ion of mirror
r e f l e c t i v i t y  by w a t . r  vapor wil l als o be c r~~~i .e i cy  dependent.
Inte rference e f f ec t s  become moro important ~ c ~~~~~~ wav e leng th  approaches

he t I (in t hi t k m i e ’ ~ s ( I . e. , R decr ea se s as v inc eases . Absorpt ion
.in i refra t I ye i nde’~ e f f e c t s  ex hibit an I rr ’e iu I ~ 

- f requency dependence
S m e  t h e y  l ie  m ’elate .l to  r ’~~5O’ 1,In e p •~ n~~n 1 . Burch et

1i•~ re por ted  in 1~~~•~ tha t  ~a t ”  v iper .r l’.~~rpt im  l i • 1  not cause
inaj )r d i f f i cu l t  ies it  cour t t e m pt r a t u r ’ w i  er~ ~ a to r  vapor
a nd Th ref l ic t  io ns . HO~ t V er , B u n ’ 1 has • ‘~ ‘ce nt  lv  repo rted !72 1
that th e 1 rn reg ion has ‘r l~~ur ,~~

-
~~er va p nr • i d ’: r pt  on problems.

Further the 10. 77~ m ce l l  ~t OSU h i ,  1 l~ to l~ O ,‘
~ f l ec t  iOf l S  and

t yp i ca l l y has mur~ t han 10 t or e ’ w at  or vapor for ionq path  ex per i —

mer its. Th u s~ ~~) t e r  vapor a1 ’~orpt ion c~ fec t s ~ rC important in
part icul mc it 1 cm a n i t o  a lesser ext e nt  it 10 ~~

I’

90

~ I



—

IV ’  r • ~ I ~ANALYSIS OF RESULTS

A cons id e rab le  amount of infrared window water vapor absorption
dat a has be en c o l l ec ted  over the past ten years at The Oh io State
Univ e rsity and elsewhere. Measurem ents of room temperature nitrogen-
broadened water vapor absorpt ion made during this study and col lected
during experimental programs at other laboratories w i l l  be presented.
The tota l  l ine shape expression developed in Chapter II wi l l  then
be used in conjunct ion wi th the AFGL line l i s t ing  [5) to model
the measured data. The results of the modeling demonstrate the
importance of far wing line shape contr ibutions to the water vapor
continuum absorpt ion .

A. Da t3 Base

Table 3 is a compendium of nitrogen-broadened water vapor
window absorption paramerers at room temperature ( 296 K) .  The
general form for the absorption coef f ic ient  which is used to present

• the data [14] is

k ( v )  = (C~ ~N2 
+ C sp

~
) [km~~l , (1 92)

where C is the self -broadening coef f ic ient  for water vQ or , C Nis the ~itrogen broade ning coeff ic ient , 
~N is the pressure of

nitrogen in torr , p is the water vapor pa~t ial pressure in torr ,
R is the ideal gas ~onstant , and I is the temperature in Kelvin.
The equation can be convenientl y rewrit ten to obtain

k(v) = 
~T t)a ~ N2 

+ Bp
~

) (19 3 )

C
where B = is the dimensionless self-broadening coefficient.

N CNTable 3 li sts and B at many different frequencies. One exception
to the formula (Equation (193)) must be made for 1957.050 cm~since the CO laser line at this frequency is within the halfwidth
of a local water absorption line. In this case the formula becomes

C
k (v)  = 

~~~~~ 
Pa (P N 

- 3
~a~

• (194)
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Ta ble ‘
~

‘ litrogen Broadened , Water Vapor
Window Absorption Parameters

u(cm~~) C N/ RTx 10 5 (
~~~

_
? ) B Laser Line

torr ID

337.9 656.7 10.5 a
366.0 165.2 25 . 4 ‘ a
389.0 124.9 26 .9 a
411.0 60 .1 45.0 a H
433.7 68 .7 35.6 a
439.0 68.7 35.0 a

• 448.8 50.2 43.6 a
475.1 67 .4 27 .4 a
482.6 71 .2 •~ 23.6 a
498.0 23.7 55.2 a
531.6 14 .4 70. 8 a
559.2 8.67 • 86.6 a
579.0 23.5 

• 30.7 • a
597.0 11.5 • 56.2 a
611.4 5.24 • 95.9 a
629.0 5.80 84.6 a
934.894 0.36 330.0 • P (3O) ,b
936.804 0.32 343 .6 • P(28) ,b
938.688 0.498 195.7 P(26) ,b
940.548 0.571 

• 

17 1. 5 • P(24)t,b
942.383 0. 759 114.8 P (22) ,b
944 .194 0.257 340. 1 P(20)t ,b
945.980 0.164 549.5 P( 18) ,b
951.192 0.308 264 .6 • P ( l2 )  ,b
952.881 0.33 1 251.2 P ( lO)  ,b
969.140 0.04 1 2133 .4 R ( 1O) * ,b
970.547 1.761 35.1 R( l2 ) ,b
971 .930 1.091 107.3 R(l4)*,b
973.288 0.837 95.2 R (16) * ,b
974.62 2 0.903 I 80.6 R( 18) ,b
977.214 0.768 98.0 R(2 2) ,b
980.913 0.163 467 .3 R(28) ,b

1048.661 0.555 120.9 P(18 ) ~,b1050.44 1 0 .730 86.9 P( 16 )~ ,b
1052.196 0.674 99.0 P(l4) ’t ’ ,b
1053.924 0.588 138.6 P(l 2 ) t ,b
11i73.278 0.401 213.2 R( 12) * ,b
1077.303 0.583 113.2 R(l8) ,b
1079 .852 0. 16 7 414.9 R ( 2 2 ) *,b
1081.087 0.564 131.2 R(24) ,b
1082.296 0.546 105.6 R(26)t,b
1854.933 42.9 7.6 10-9 P(14) ,c
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Tab le ~ cent inuet i)

v ( cm 
1 ) CN/ RTx10 ” (

~
” 

I 
[aser Line

- 

tori” _ Ip • —.

1 OoO . 348 ~6 . / lb. I e 8 P (14 c
l’h)5 .040 38.9 9~ L~ 0 - /  N 14) ,c

73 .4 10 .4 7-tb P( 15) ,c
1’)] 1 .409 17 .? t~. 7 7— 6 P( 14) ,c
1948.729 10 .7 13 .3 • 6 — 5 N 16) ,c

10 .5 • 15.7 6— 5 P (15) ,c
1951 .05() I 44 • 7 • 

3.8 n—5 P ( 14 )  ,c
1970. 1?’) 16.0 13.6 ~— .l P (l’) ,c
1014 .314 4 .88 t .6 5— 4 P ( l 6 )  ,c

• 1 9I8.h06 4 .45 71 .5 5—4 P( 15) ,c
7003. lbS 5.04 • 7.75 5— 4 P(0) ,~~

7004 .337 I 5.:’] 4 .4 4— 3 P ( 1 5 )  ,c
7012. 133 6 .65 

I ~~ 4-3 P(13) ,c
?ft ’h .O79 4.95 5.7 4—3 N 10) ,c
70:0. 178 •~.70 0.75 4—3 P(9) ,c
7038.6 75 1 5 .31 6.5 3— P ( l3 ’I ,C

• . 24/1 .743 • 0 .76 54.3 3—2 P( 11) ,d
7406.720 0.75 • 44.6 3— 2 P( lO )  ,d
7571 .769 0 .233 37 .3 3 — 2 P(~~) ,d
‘546. 313 0.72 1 37 .1 3—7 P(0 )  ,d
~~53. 051 0.716 31.3 • 7 —1 P( 11) ,d

• 2510.577 0.71() 70. 7 3—2 P( 7) ,d
2500.005 0.204 I 70 .7 2—1 P ( 10) ,d
2504 .197 0.19$ 30. 3 3 — .’ P(6 )  ,d
2605 .806 0.191 3:’ . 1 7 - 1 P ( o )  ,d
7617.3 86 0.186 $ 34.5 3-:’ P(5) ,d

• 7631 .066 0.179 38.6 2 -1 P(0 ) ,d
2640.075 • 0 .175 42 .0 3 -: P (4)  ,d
2655.863 0.168 50.7 7-1  P ( / )  ,d
2665.218 0.165 

I 
55.: ’ 1-0 P( 10) ,J

2680.178 0.157 67 .1 7-1 P ( 6 )  ,d
7601.608 0.152 73 .1 r 1 0  P (9 )  ,d
2703.998 0.146 90.9 7 -1 P(5 )  ,d
~717 .53$ 0. 141 107 .5 1-0 P(8 ) ,d
2/27.308 0.137 171 .0 7— 1 P(4) ,d
7747.997 0.13:’ 144 .9 • 1—0 P(7) ,d
7/50.093 O.1?8 I 158 .7 :‘ — l P(3)  ,d
:‘76/ .968 0.173 102.3 1—0 N6) ,d

0.116 250.0 1-0 P(5 )  ,d
2016 .330 0.110 317 .5 1-0 I” (4) ,d
:1830.791 o.io: ’ 400.0 1— 0 P ( 3)  ,d
7062.646 0.099 476.: 1— 0 P~ 2) ,d
3434.9994 13.3 5.00 7-1 (‘(8) ,e
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e ‘ ott t i Iluell

v ( c m I) C N/R I ~~~ kin B I ace r Line
t err 11)

~. ~‘0 ‘ — 1  P( 1) ,e
353 1 .1/ 4 /  I 4 /u . 7 3 .0 1 

• 

1~~~~ N6) ,e
3511.5 002 S•~:.~ t~. ~t) 2 — f  P ( 5 ~ ,e
3644 .14 54 •2 .’0 .1 1 — i )  P ( / )  1~~~

• ~603 .4.’’ b I 151 . .3 4 . i 1—0 P(6) ,e
‘03.1 8 0’ 1-0 P( 4 )  ,t’

e’. ot e~per m e n t a l d a t  a .

a . Gryv nak and Ett i rc h ~
‘

• b . Pet e rso n , th~ na .  , Nordstr om, Damon and 1. ortq :‘0 i
I• onq , Damon , No,’dc t t o m  • Peterson , I homas and Sherm an 1731

d . Watk ins , W h i t e , Oow e , ’ and Sojk a [‘ 11
e . W i t  k ins , Spel l  i t y , W h i t t ’, Se ,ik,’i, flower •‘ t~ j

[ he v i l t ie ’ ;  f r tun 1 l ’ . ’) t o  h, ’~ .0 cr11
_ I  

are t ,i ke ’m I rein Burch
[ 13 Who used a qra t I nq ‘~ pert rome! ~r and a W h i t t ’ — t~~ t’ absorpt ion
c e l l  . The ~a 1 nec fr~ n ‘13 1 .804 i’m t o  1 Oo:’ . ‘~ tt cm represent
the 000 1~ 11) 0 and 00 1 ~O2 00 CO , I ace r 1 inie rneacure rner ,t s ta ke n
at T he Ohio St a te  Un I vers It y 1 ~0I . The act or i ck in t he laser
I l i i i ’  iden f i t  Ic at ion co I umri I rid i cat  ec the mnr oacure mneri t us m g  The
Oh in St ate un I ver\ I ty di ft erent ial spect rophone [70 1 ; the remainder
of The Ohio S t a t e  tin I •

. ~y.ç I ty nieasurements were ~1eterni m e d  us ing the
IS . ‘1 ni Wh r t o  cell (70.1. The romp le t e set of ‘1pec t rtt pho rm e measur e—

men t s ShoW e xc ~‘ lien t aqr eeinen t with the W h It  e ce 1 I dat a (18 1
I ur t her ver if icat ion of the l i s t e d  va l  ties des ignat ed by a dagger

• ( ‘~ ) in the 1 aser l ine i dent i t  ca t  ion column has been achieved
hrouqh a recent I y coinp let  i’d i’etne as uremen t proqr am us I nq the new] y

c omp let oil 10. 705 m c e l l  wh cl i  W O’ ~ ~1ecc i i  1 Ui t ht ’ 1 a~ t chapter.
The dat a from 11)54 .933 cmii t ~ 2018 .6 ’ S  cm are Ct) 1 aser measure—

• m o n t 1  Ii ISO t aken at The Ohio S t a t e  Un i ve r s i t y  123 ,7 1 1 on the
15. 74 in ce ll . The parame’ t or ‘~ ot the 1 as t seven CO li’ or l ines
were obta ined w i t h  the C9 la’ ,t ’r ~le’1ci ’ i he d 1 in Ch a p t e r  111 . The
va I nec f rom 7471 . :43  c~ I o 286 ’ .646 cm are 1W 1 ~~~~ measur ements
performed by the Atmospheric Sr i enct ’’~ I a~orat ory (24 , 75 1 . 
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HF I acer inedstir’~ nefl t c f r om  1134 .1)001 cm to 3/80. 7753 cnn wore
a lso performed by the Atmosphe r ic Sc lences Laboratory 176 1
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The magnitude of absorption at a particular frequency can
be inferred from the magnitude of CM/RI and B. The water vapor
partial pressure dependence of the absorption coefficient can
be determined from the magnitude of B. For B small (~r’5-1O) the
k versus p dependence is nearly linear and for B large the dependence
i s nearly ~arabo1 ic. The table clearly shows the characteristics
of the d ifferent frequency regions. The interpretation and modeling
of this data is the topic of the next section.

To comp lement the monochromatic frequency listing of Table
3, broadband spectral data of pure water vapor have also been
taken using the N icolet FTIR system (see Chapter Iii). The portjons
of th i s ~pectrum in tI’e window regio~s from 850 ci~ to 1282 cm
1800 cm to 2054 cm , and 2500 cm to 2862 cm are presented
in Appendix B. This Fu R spectrum is for a sample of 12 torr
pure water vapor at 296 K and 323.5 meters path length. The local
line structi~re in the windows is clearly indicated. The resolution
is 0.05 cm

B. App lication of the Total Line Shape

Th is section contains three parts. The first examines the
far wing “A” and “6” parameter s and the norm ali z a t i o n  coeff ic i ent
of the total l ine shape developed in Chapter II. The determination
of the “A” and “G” parameters allows the app li ca t ion  of the tota l
line shape formulas to the water vapor continuum problem. This
appl ication becomes the topic of the next two parts.

Part two presents a comparison of experimental and theoretical
absorption coefficients versus frequency and H~,O partial pressure.The agreement is good, from which it ‘is conclu~ed that far wingscan expl ain the observed H20 continuum absorption. The window
regions studied are the 4 ~,tn, 5 ~m, 10 pm , 17 pm and millimeter.
The general success of the model in predicting absorption in all
the H 0 infrared windows is further evidence of the correctness
of th~ total line shape approach. Shortcomings in the model are
also recognized and discussed.

Part three presents the observed and modeled temperature
dependence of the absorption coefficient. The far wing expression
for the total l ine shape features a negative temperature dependence
which is requ ired if agreement with experiment is to be obtained.
However the rate of the negative temperature dependence is less
than observed experimentally. This is explained by recognizing
the inadequacies of the temperature dependence of the intermolecular
potentials.

95

— ~~~~~~~~~~~~~ -~~~- ~~~ —‘  —. —~~~.‘~- — ‘ ~~~~~ —~~~~ — ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~



1. Pat ’ 1i’-i~ters of the total line shape

The “A” and “G” far wing parameters of the total l ine shape
(Equation (182)) will be determined from experimental data. To
avoid any complicating effects (i.e., dimer absorption ) the experi-
mental data are taken from “near-band” regions where far wing
con tributions from the band dominate. Furthermore , th i s
allows the determination of the far wing contribution in the 12-8 pm
and 4 mm window regions. Fi gure 1 shows 15 pm , 5 pm and 3 :im
to be near-band regions for 1120 absorption. The 15 , m and longer
wavelengt h data by Burch {72j are used to obtain the line shape
parameters for the rotational band. The 5 jim CO laser results
are used to determine the parameters for the ‘ , fundamental ban d.
The 3 pm HF laser results are used to obtain the parameters for
the 01 and v3 fundamental bands (see Table 3).

A computer program applying the total line shape equations
and employing the AFGL absorption line listing for water vapor
was used to mode l the experimental data. The parameters were
determined by trial and error until a good representation of the
near band experimental data was obtained. The success of this
techn ique removed the need for more sophisticated fitting routines.
Further, cons ider ing the l imitations of the model , a more accurate
determinat ion of the “A” and “6” parameters would not be meaning ful.
The “A” and “6” parameters for the main H20 bands are listed in
Ta b le 4.

Table 4

The Far Wing Parameters

Al (Rotational) = 2.35 Ga(Rotational) = 0.065

A2(Rotational) = 0.18 Gb(Rotational) 
= 0.115

A1 (v2) = 1.73 Ga(V2) 0.07

A2( v 2) = .153 Gb (v 2) 0.084

A l(v 1,v3) = 1.95 Ga(~
J i~

v3) 
= .045

A2 (v 1,v3) = 0.165 Gb(~
)l,~3

) = .088

Using the equat~oris of Appendix A and the far wing parameters
of Ta b le 4, the normal ization coefficient , N, can be evaluated
for the different water vapor bands. For water vapor-nitrogen
mixtures under general tropospheric conditions of temperature
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and pre . ;ure and for v’~lO0 cin~ the normalization coefficIent
is equal to one within one percent. At less than 100 cm tI~enormal ization coefficient is less than one (i.e., ‘o=l8.6 cm
N~0.95) 1 Since most of the water vapor spectral lines are above
100 cin~ ’, N i s generall y equal to one. The total line shape contains
a normalized near-line-center line shape (Equation (181)). When
mult i plied by the p-function it represents 98% to 96% of the area
under the total line shape , very close to wha t the near -line—center
area wou ld he if no p-function were used. Therefore, the total
l ine shape as constructed for the different bands does not modify
the emphasis of the near lin e center l j ne sha pes commonly use d
(the Lorentz 1 inc shape for v’~10O0 cm ~nd the mo di f ied Van V ’leck-
We i ssko pf [451 line shape for v<l000 cm ). This is an important
point because previo us modeling attempts in the 5 ~sn reg ion [74)
have used super-Lorentz line shapes which enhance the wings of
the local li nes wh i le i gnor i ng the far w i ngs of s trong lines iii
the heart. of the v2 fun damental band. To ma inta i n normal izat i on
the absor p tion at ~i ne center must decrease by a s i gn i f i cant amount
(10-1 5%). This distorts the true total line shape since the Lorentz
l ine shape does mode l near line center phenomena (Chapter II
Section 0). The lin e shape developed in this study avo i ds this
prob lem.

To reduce the long computer t i me of an all line calculat ion
requires two conditi ons to be met. One is a bound (frequency range
in which ab~orption lines are considered about a centra~ frequency)
of 1 500 cm . Lar ger bounds produce no si gnifican t change . Note
that previous worker~ with the Lorentz line shape have used a
bound of only 20 cm which apparentl y was selected to minimize
computer time rather than from any physical principles . Also
our program performs a test on the absorption line intensity to
el iminate the many weak lines which do not have appreciable far
w ing absorption. The test criteri a is

< i x io
_28 

(195)
(~ v)2

where ~ 0 and c~ are rea d di rectl y from the AFGL lis ti ng and ~vi s the ~~equency difference between the absorption line and thE
frequency locat ion for which the absorption coefficient is to
be computed. If Equation (195) is satisfied then the absorption
l ine is ignored.
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~
‘ . Frequency and pressure dependence

The frequency dependence of the s ta t is t ica l  line shape far
wing (Equation (182)) is i l lustrated in Fi gure 23 for the rotational ,
v.~ and (v1,v~)bands of nitrogen broadened 1170. Comparison to
the Lorentz line shape is also made. The figure shows the s ta t is -
t ica l  fa1 wing to be greater than the Lorentz far wing until around
1000 cm ( th is  intersection point decreases wi th pressure) from
line center where the exponential factor in the s ta t i s t i ca l  line
shape causes a drop be low the Lorentz far wing. Thus the tota l
line shape (Equation (179) )  can be technical l y termed sub- Lorentzian.

The results of the app l icat ion of the total line shape determined
for each band are presented in Fi gures 24 thru 10 . R ’c~ 1l th a t
f igures 24 , 25 , 28 and 30 represent the near band data from which
the “A” and “6” parameters were determined. Fi gures 26 , 27 and
29 represent the window reg i ons and show remarkable agreement
w i th  exper imental data . This is a strong indicat ion that far
wings of the water vapor fundamental bands play an important role
in continuum absorption. Discrepancies in the data comparison
can be attributed to experimental error , inaccurate parameters
on the AF GL [5] l isting, and breakdown of the line shape model .
Perhaps the most serious breakdown of the mode l occurs in the
10 ~m w i ndow region , which is dominated by the rotational band.
Co11 i s i~ nal interactions resulting in line distort ions 600 to
800 cm from line center are not small perturbations to the pure
rotat ional motion of the molecule which will typ ically have energy H

H levels from 0 to a few hundred wavenumbers (see Chapter 2, Sect ion 8).
Thus the model of the far wings for the rotational band is not
strictl y valid. However , the results in the 10 ~i region are
surprising ly good and perhaps this is not a serious problem .
Also , the inability to achieve a reasonab l y good f it to the I-IF
data makes the “A” and “G” parame ters for the v1, v3 ban ds quest ion-
ab le.

Ran dom errors in the absorption line shape parameters (line
position , l ine strength , halfw id th, etc.) tend to average out
i n the far w ing con ti nuum reg ion because hundreds of absorption
li nes are contr ib ut i ng simultaneousl y. However local li ne contri-
butions do not have ~hi s property. Appendix B contains spectra
from 850 to 2862 cm of the window regions studied. The local
l ine structure is clearly indicated and a correlation can be found
be tween strong local l ine contributions arid data discrepancies
i n many cases . The prob lem of properly characterizin g nearby
absorption lines relative tc~ some frequency of concern may not ‘

only pertain to the standard line shape parameters (i.e., l ine
strength, halfwidth and line position). Since line positions
are usually obtained from l~w pressure samples of pure water vapormodel ing attempts at a total pressure of one atmosphere may require
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I
the cons iderat ion of pressure sli 1 ft s. Th .i ~ e f f e c t  is descr ibed
~ ~h~1t~~ I t  , ~t ’c t ion 1) ( see Equ at ion ( 1 :‘h ) ) . The prt’s sure or
l ine shi f t  is s imi l a r  to the hal fw i dth  (pressure and t emperature
dependence) ex (ep t small er in magnitude. In fact line shifts
are usua l l y ig nored because i t is a small eff ect . Howeve r even
a smal 1 c hange in l ine posi t  ion of a loca l absorption line can
h ive si gn i f icant  e f fec ts  on the absorption charac t e r i s t i cs  at
i monochromatic frequency. This is especi all y true if the probe
frequency is within two halfw id ths of the line center position.
This condition is quite often satisfied in the near band reg i ons.

Fi gure :~l illustr ates the 4 jv i  window reg ion. The ca lcu la ted
data points are of two types. One set represents the total amount
of absorption , local line and far wing contr ibut i ons.  The other
set represents onl y far wing absorption. Comparison to expe rimental
measurements by Burch 115 1 is made showing reasonable agreement
wi th  the far wing calculat ions .  S ince (lurch made measurements
where local line contr ibut ions were minimal , onl y ta r  wing contri-
but ions are represented. Table 5 compares experim ent al OF laser
measuremen ts by M ills 1771 to ca lculati ons using the to ta l  line
shape of this study. The measurements include local  l ine contri-
butions and the modeling agrees quite wel l  in every c ase . The
OF laser measurements [24 1 l is ted in Table 3 are generall y hi gher
than measurements made by (lurch and M i l l s .  A comparison between
the measurements of (lurch and ASL is made in F iqure 3. As emphasized
in Chapter [II, White cell me asurements in this region are very
d i f f i cu l t  and discrepan cies between experimenters a t e  expected.
However , the measurements by (lurch and M i l l s  and the far wing
ca lcu la t i ons  show good consistency.

Ta b le S

Comparison of OF laser measurements by M i l l s
to the total line shape ca lcu la t ions.

I 296 K 14.3 Tort- = 745. 7 Torr

v Calc ulate d (km~~) M i l l s  (km~~)

• 2546.373 .027 .031
2510.52? .032 .035
2594.197 .031 .057
2631.066 .033 .038
2655.863 .103 .103
2680.178 .067 .075

a’
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The w ater  vapor partial pressure dependence of the absorption
coefficient is characterized by the magnitude of B in Equation
(193). For B small (5-10) the lin ear term w i l l  dominate and for
B la rge (100-200) the quadratic term will dominate. The curves
of the absorption coeffici ent versus water vapor partial pressu re
can vary from linear to paraboli c. Using the far wing formula
of the total lin e shape (Equation (182)) an expression for B can
be obtained

B ~- ) (296 ) exp ( ( G b4
_ G

a6 )~
’
~~

) ([\~,) 1/4 (196 )

Fi gure 3 1 shows a p lot of B versus •~v for the different bands .

300 
. f

— ROTATIONAL

V1, ;,’3100 —

B

to I 1 1 1 1 1 1 1  t i l I l l
10 50 100 500 1000

~~v (cm ~~ )

Fi gure 31. Frequency dependence of the self-broadening
coeff i c ient for the d i f ferent  bands.

Not i ce that the choice of the “A” and “G” parameters has produced
larger B values for the rotational and v 1,v3 bands than the V~,band. This feature is consistent with wt’iat is observed in 1i~uid
water spectra.
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Since l iquids are composed of closely spaced mo lecules

(relative to a gas) the nature of the collisions will always be
in the statistical domain. Thus liquid spectra provide an oppor-
tun ity to examine general features of the statistic al line shape
as well as the physics of close collisions. Fi~ ure 32 is a plot
of a l iquid water spectrum from 800 to 4800 cm . ~t shows the
corresponding fundamental bands of the gas phase , the v2 bendingm ode and v 1, v3 stretch ing modes. Two other vibrationa l bands
also appea,L. The librational band, v2, around 800 cm on the
p lot is caused by the hindered rotatthnal motion of the H70 molecules
34J. The assoc iation band , VA, at 2050 cm is caused b~’ the

h indered translational - rotational motion of the H20 molecules 1341 .
The perturbation of the rotational motion of 1190 is represented
by the average over orientations ( as di~cussed in Chapter
II, Section B. It is clear from the H90 liquid spectrum that
this is an important consideration. Ftirther the band strength
of t he v~,v-~ band is significantly larger than the v~ band asopposed to the gas phase where they are more nearly ~qua1. This
suggests that strong collisions perturb the stretching motion
of 1190 more than the bending motion . This fact explains the different
magn’t tudes of B for the v and v1 ,v bands in the statistical
wing. The rotat ional bang is also ~reatly perturbed by the strongcoll isions and therefore has large B values similar to the v1,v3bands .

i t
Table 3 lists experimental B values at many frequencies.

Not ice that as the frequency increases away from the rotat i~nal
and bands B increases as one would expect. At 337.9 cm B
is 10.5 then increases to 200-300 in the 10 ~jn window. The fluctuation
in B indicate d by Table 3 to small values at unexpected frequencies
can be explained by local line effects. Since near line center
B is 5 this will decrease the effective B that is observed. Not i ce
also that i n the ~ ~aii window region B is l ower on the side closest
to the ~~ band. Th is is consistent wit h the observat i on that
B will be smaller for band than the v1,~~ bands .

As an example the effective value of B determined from l8ast
sq8ares fitting calculated points to Equation (193) for the 00 1—
10 0 P(20) laser line position is 123. This number represents
a wei ghted average of B values from many absorption lines. The
major contr ibuting lines from the rotational band are centered
around 200 cm and therefore from Figure 31 the B value for these
lines is approximately betwe en 170 and 200. The resulting B value
is less than thi s because of contributions from the v~ band (see
Fi gure 31) and local line s which have smaller B va1 ue~.
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The succ e s s of the mode l in predic t ing the proper water

vapor par t ia l  pressure dependence of the absorption coef f ic ient
is demonstrated by F iqures U thru 46. p lo t s  are of nitro gen—
broadened water vapor absorpt ion at K and 760 Tort ’ total  pressure.
The so l id  curve is the theoret i cal p redic t ion  and the boxes are
experimental data points .  The frequency of the absorption is
labeled on each plot. The frequency locdt ion s selected for the
plots have good magnit ude agreement between theory and experiment
en~rhI~ I; in ’ the model s a b i l i t y  to predict the pressure dependence.

The mi l l imeter  and subm il l imete r spectral reg ions in the
troposphere also e x h i b i t  contin uum absorption [7~~ . The total
l ine shape mode l shoul d a lso work in this reg ion. Fi gures 47
thru 49 represent window absorpti on at m i l l i m e t e r  frequencies.
The so l id  curves are theoret ca l ca l cu l a t i ons  and the squares
are experiment al data points taken froimi Ba stin [7~f l. The lack
of experimental data in this reg ion makes it impossible to char-
acterize this reg ion more completely . The mo~el predicts the
absorption magnitude fairl y well at 7.667 cm but shows increasing
relative absorption as the frequency decreases. This general
trend can be caused by improper f~equency dependence of the rotationalband red wing as it goes to 0 cm . A strong candidate for this
problem is the symmetric structure of the statistical line shape
(Equat ion (169) ) .  The asymmetry of d is to r t ion  of a low lying
rotational energy lev el in a v ibrat ion a l  potential wel l  should
produce an asymmetric line shape . The total line shape mode l
used in this stud y does not account for this.

3. Temperature dependence

The temperatur e dependence of co nt inuuni absorption has been
a d i f f i cu l t  prob lem. As po in t ed out in Figure 14 c lose co l l i s ions
which generate the far wings violate the approximation made on
the interaction potent ia l .  Thus it can he expected that the tempera-
ture dependence in the far win g will not he totall y val id.  The
problem is further complicated for the rotational band far win gs
because of the breakdown in the perturbation expansion as discussed
prev i ousl y. A correction to the self-broadening coeff icient of
the rotati onal band l i nes is used in the model. However no modi f i-
cation to the temperature dependent factors in the total line
shape equations governing the v ibrat ional  bands has been used.

- 
Table 5 lists the C fRI and B experimental coefficients

[73] for ~he wa ter va po~ ~bsor pt i on coef fi c i en t at 430 K from
430.0 cm to 629.0 cm . The values of B in this frequency region
are on the average a factor of 5 smaller than the corresponding
B valu es i n Ta b le 3. The tempera ture dependence of B i ndi cate d
in Equation (196) does not account for this. Since this region
is dominated by far wing behavior and it is recognized that the
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Figure 36. Comparison of experimental and theor~tical1120 partial pressure dependence at 940.548 cm .
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I
I

Nitrogen Broadened Water Vapor WindowI Absorption Parameter at 430 K.

I v CN/RT x 1O5 (km ~ 
~ B

I Torr 2 
_____ ______

I 
430.0 103.1 6.9
433.7 190.5 7.0
440.1 111 .6 7.8

I 

448.8 127.6 7.9
465.4 87.4 7.8
475.1 103.1 7. 6

I 

482.6 104.3 6.6
498.0 32.5 10.9
531.6 18.3 12.3
559.2 13.0 13.1

I 

579.0 40.7 7.0
597.0 19.2 10.3

[ 

629.0 8.5 
- 

13 .0

far wing temperature dependence is not accurately represented ,
a correction to Equation (196) was performed. By changing the

[ power of (
~~

.) from 0.5 to 4.5 in Equat ion (196) a substantial
improvement in modeling performance was achieved. That particular

I term comes from the temperature dependence of the interaction
L potential (see Equation (157)). Fi gure 50 illustrates the agreement

between the calculated and experimental data. Figures 51 and
r 52 show the H~,0 partial pressure dependence at 430 K. Excellent H
L agreement with experimental measurements is demonstrated.

The app licat io8 of ~he total line shape to the temperature

L 
dependence at the 00 1-10 0 P(20) laser line is illustrated in
Figure 53. The ordinate is C as defined in Equation (192).
The two l abeled solid lines r~present calculations using the totalr line shape and the Lorentz line shape with all the absorption

L lines Included from the rotational and v2 bands (i.e., no bound).
The Lorentz line shape curve shows a s1i~ht positive temperature
dependence and is considerably l ower than the experimental data.

L 
The total lin e shape calculation does not show the rap id temperature
dependence of the experimental data but the computed C does decrease
with increasing temperature. The experiment 1 data points are

I 
taken from Peterson (OSLJ data) 118) and Arefév and Dianov-Klokov
(Soviet datt) [211. High temperature measurements by Montgomery [221
at 1203 cm exhibit an interesting effect. A negative temperature

I
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F igure 50. Comparison of experimental and theoretical frequency
dependence of t t~e absorptioç coefficient from

400 cm~ to 650 cm ’ at 430 K.
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Figure 51. Comparison of exp erimental and th ,oretical H20

I 
partial pressure dependence at 440.1 cm at 430 K.
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Figure 52. Comparison of experim ent -il and th~oret ical H20
partial pressure dependence at ~3 l .6 cm at 430 K .
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- 
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I I
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1 — K e l v i n

• Fi gure 53. Comparison of experiment al and theorqt ical• - temperature dependence of C~ at 944.1945 cm~~.

dependence of C is observed from 290K to 400K, then a positive
dependence appe~rs above 400K. A minimum occurs around 400K.

- Fi gure 54 shows a comparison between Montgomery ’s data and calculations
using the total line shape formula developed in Chapter II. The- general trends of the temperature dependence are modeled. However
tne magn itude of the temperature dependence is not closely modeled.

• Burch 1 (15] indicates a decrease in C from 296K to 430K
at 2600 cm by a factor of 3. The total ¶ine shape model predicts
a factor of 1 .2 decrease.

Cont inuum modelin g by far wings of Lorentz c~r Xan Vleck-
- Weisshopf line shapes indicate a positive temperature dependence

in C . This fact has been used to discredit far wing models in
gene~a1. The important result of this section is that a properly
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t e r n p e r a t t i r t ~ ii ndonce of ~t 1 > () .0 crn

I oped t o t  a I ne shape does predict a neqa t  I Ve te m perat u re
d( ’p er l ( Ien ( :m ’ in  con t  in nu in  r e q ion s  . Th e s uccess  of d inlet- anul c l u s t e r

hen,’ i i ” I . 
~~/ I ri de~~ i’ I) 1111 t IIu ’ t ( ‘I l lperatUt’e  depeni t t rnc e  ~t 10 1~m

imt ~tmt t o t t ed  in  ( Thapt  ~m - I i~; r , ’ I at  ed t o  t h e  n a tu re  of the i n t e r —
no I e • ii I ar pot  en t• i a I s  in  form i nq and bre ak i nq b 0nds bet  ween mo l e cu l e s .
A~ emnpha ~; i . ’ed i n  Ch a p t e r  i i  t h e s e  saute i n t e n n o i e ( - u j l  a m’ p o t e n t i a l s
I ) t r I n  se m o  I e~ ii I ar (~fl CO ) (j fl  ter s det erni i tie the n a t u r e  of the f a r
.~ I in;’ . . I bus as the I i no’ shape and in t ermo I ecu] ar pot ent i a 1 mo(Ie is
art Improved I he w i l l  a ls o c ham - ic t. er i ie the temperature dependences
nt I. he ahsor p t  ion  coet  f I c  l en t  mio r e a c c u r a t e l y .
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I
I

CH A PTER V
CONCEItS I ONS

At t enuat ion of m t  ra r ed m ’a d i at ion in  th e  troposph ere is
tkwn i nat ed by w a t e r  va pom ’ ahsnm - p  t ion . Mc~s t past  work on the spect ro—
scop y of water vapor has been on the  anal  ys  is  Ot the’ ro tat iona l
a nd v i b r a t i o n a l  hands . A s a m’ecu It a t h or ouqt i  l i s t  m g  ~f lint ’
pos it on’-. • 1 h it’ st  renqt hs ami d ha l  fw i dt h s cx i ‘-. t s today .  Bec ause
of t he weak “ comm t nuum H aLt corp Li Oti in the wat em’ vapor wi n (lowS
cente red at 10 and -1 nit d ons , et fom - t  s to mea sure  and mod el the
cun t  inuumn have not been as suc c es s fu l  a’. e f f o r t s  in the anal y s i s
of the hands . Ye t  a t rec I ce unde rstand ing of con t nuum ahsorpt ion
i s impor t  an t  f o r  l on q p a t h  energy t ran s m i s s  i o n .  For t h i s  reason t
the study of the water vapor wi  ndows has had a lon q and sp~cui at ive
h i  s t o r y .

The purpose u t  t h i s  s t u d y  s to  d e m o n s t r a t e  the imp ort  afl Ct ’
of tj r  w i vu; phenomena in c h a m - a t - t em ’ i : inq FI~ O i o n t  I nuumn ~ihsorpt ion .
A t ot a I I t i me sh ape f o r  w ate r  ~. apo r— ol i t  roq~ n in tem - ac t  i otis val i d
under tropospheri c condi t ions is  dcm’ I ved . The mode l is t ested
u s i n g  a set of exp er imnen ta  I room t emp em ’at ure  H . , O ~on t  i n uu m measure-
ments of high q u a l i t y .  LIs ing th i s data base p~ m aUk ’t e ) ’ s  of the
fa r win g compon ent of t he  t o t  a 1 l i n e  s hape are ~Iet ermn m e d  fro m
near band exp er i mne n~ al da t a .  Gr at  imiii spe ct i -ome t em ’ mneas ur~ n ent  s
f rom 300 to 650 cm ~ us ed to dt’term in t ’ unkn own f a m— w i n g  p a r a m—
e t et ’ s of the p ure r o t a t  ional hand of H .) O . CO and HF 1 aser measure-
ment s taken in the 5 m icron and .1 nil crbn req ions are used to
det erm h fl t ’ the fa r  w nq pa rameters of the v . and v , ‘ .- .  fundamental
hands , respt’ct iv el y. -

the tota l line shape mode l is applied to the mil l  imeter ,
10 pm , and 4 inn absorption windows with encoura q i nq success.
A si g n ifi cant increase in the s e l f  -broadening ahi ii t y of H—~0 over
N., is 1 r ’ ed ic ted  in  the f a r  win g . This a l l ows  the proper m~del ing

• of the absorption coef f  Ic lent Ve ’~’5U5 H~O par t ia l  pressure dependence
in a l l  window re g i otis . A neqat I ye tem~erat ure dependence is pred i c—
ted by the mode l in the continuum. The observed rate of the tempera—
t tire dcc rease 1 s not p r ed i c t ed  by the  model • however the fa i l ings
are relat i’d to approx iniat io r m s made on the m t  em ’act ion potent ials
and per turb a L i o n  exp ans ion of the H am ii toni ans . Although the

total  line shape mode l has l im i ta t ions , it doe s demonstrate the
importance of cons i der i nq t am’ wi nqs of ahcorpt ion lines in continuum
ab s orption .

13~’
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I rim. 1 uded in the stu dy are spectra of H
20 i n the 10 pm ,

S ;.n and 4 ~in window reg ions obta ined w i t~ a Four i er transform
spectrometer . The resolution is 0.05 cm . The spectral plots
ire presen t.t ’d in App ond ix  B.

i t  - - - “ f o r t . ’. I n  impro v e  t h e  t o t a l  l i n e  shape nodel shou ld
t oncent, r,mt,’ on the ‘-.1 m t tct ic a l  I m e  shape p ar t . The phase sh I ft
•mpp ro x tmna t  ion w h i c h  is used does not adequa te ly  desc r ibe  the nature
of the s t a t i s t i c a l  far w i ngs. The level s h i f t  cor r ec t ion  term
is an important factor in the far win g equations. A m om-c general
s o l u t i o n  including phase and level shifts of the stationary states
should be attempted. Also future investi gat ions of the molecular
interactions important in far wing physics must solve the problem
of st ron g i nter act ion energ ies (greater than kT).

The th eoret i cal develo pment i n Cha pte r II pr esents a comp lete
characteri zation of the mol ecular absorption problem . However
approximat ions made during the solution making the problem tractable
have caused shortcomings in the model as previously described.
The important contribution of Chapter I I  is the unified development
of line strength and line shape in a general setting. This has
allowe d the descrip tion of the absorption coefficient from millimeter
to the near infrared.
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A P P EN 0~X A

NORMALIZATION INTEGRALS

4 The solution of the normalization constant (Equation (183))
is presented in this Appendix. This requires the integration
of the total line shape (Equation (170)) and making the area under-
neath the line shape equal to one. The realizat ion of this require-
ment resulted in the evaluation of many difficult integrals.

• Whenever possib le an exact solution was obtained. However in
many cases numerical and series expansion approaches were used.

To simplif y the computation of the normalizatio n constant
for every absorption line the tot~1 line shape forqiula has been
written for two cases ‘u0<l000 cm and v0>l000 cm (see Equations
(181) and ~j82)). Also the simp ler expression for the case
v >1000 cm reduced the computer time of the program used for
c~1culating the absorption coefficient.

A summary of the resulting expressions is presented in the
following equations.

— l

N 
~cNLC~~~~~~~ 

+ 1 iCFW (v )( P (v ) )
~~~ 

. (197)

For v0>l000 cni
1

j jcNLC~~~p(v)dv ~ exp(- ~ a~) + Tan (198)
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J JcFW p(v)dv =

(0.0342 - 0.0537 Ga6 + 0.0455 G~6 - (0.0039 - 0.004 G a6

+ 0.0022 Ga6)ka6)A 6 + (0.0388 - 0.0575 Gb4 + 0.047 Gb4

- (0.0089 - ~ 075 Gb4 + 0.0038 G
~4

)xb4)A t~4 
+

(0.1821 e a + 0.5627 Ga6 + 0.4072 Ga69~
fl(Ga6)

- 0.9104 G~6 + 0.509 G
~6

)A a6 + ([0 .1 10 0  - 0.4920 Gb4
- G /~- 2.2004 G~4] e b4 

+ 1.3041 G
~~

5 )A b4 . (199 )

For v0<1000 cm~

I 3cNL C P dV = exp (- ~r) + Tan (
~~~)

+ 
( ( b ) l) (l.59OO~O.g436c~ ) (200)

where b = 0.004861 ( ?4-~)
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I

3 cFw ( l
~ P(u) )

~~ = 
~ T-:xp (-v0~y

2exp(-G 6~”~fl- ~~ + ~~~~~~~ ~~~~~~~~ -

- ~(5-v0)G~6 + ~(5~~ - 

~0~~~ G~5 + ~~~

2,— 37 \
_ _ _ _ _  6 V0Ga6\ .4334Ab4 /- —

~~~~~~

-— G~6 + 

~T6o /) 
+ 1~ exp(- r~y ~~0.3988

- 1 .7833Gb4_7.9752G~4)exp(
.Gb v~~ + I

- 

( . 7 5 ) ( v 0 ) 35 - 
2.6667 Gb4 5.3333(v )~

/4G~4)ex p ( G ~~~~~

0.3l98A
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~texp(v0b)-T) (2exP(~

bc~)[L ex p (be~)
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- ~~~ exp (bd~

)+2b (d a
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a +
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~~(d~-e~) + 

~~~ (d~~e~) +
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G4 ~~)+b[~ (~~~5+ 
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fl(
~~~~

2ca(d - e )J)
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/ exp(be~) exp (bd~)- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~ 
- 

(~~5~~~~) .75

p-0 k 0  p=O k~0

- ~~(~~~~ b ) 
- + 2Gb4{(vO)

5
~~~~~~~ Ek ( J ~~~1(~~~)0 p=O k=0

- (S).25~~~~ \.~~~(l) k+l(e
h)])J)

+ O. 10 18A 6(0.3363 -0 0386A G (0 5?74 0 0393\ )
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- O.0645xb4
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- 7.9752G~4)exp( -/~
Gb4)+4.7265G~~

5

+ 
~ixp(v0b)-T) 

(3.5449v’
~b4 

- 8.9443eXp( /
~
Gb4)

- s.9l65Gb44il.9628G~4
_b(l.32g3 

~~~ 
_2.99o7+4.77656

b4))] 
(201)

where

b = O.0O485l(-?~~)

Ga6 6b4Ca = 
~~~ C~~

_
~~

da V’
~~~~

Ca , db = P’
~~~

Cb

ea = I/
~

••C
a , eb = P’~

-c b

p

(bcb) (4) (2p+l)! (2p_l)H (8c
bb)= 

p~ (4p+3)H ‘ 
8p = ___________

- _______- 

Id

I = 1.7724(erf(v0~
25 

~~~~
) - erf( ( 5)~

25
~~~ ) )~~~~
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APPENDIX B
H ,O SPECTR A IN THE W IN[XJ W REGION S

Ajfpt ’ndix B pre~ents H20 srctra in the 1 window reqion~ from
— 1 to l7~l;~ cni~ , 11300 cm to 2054 cm and ?500 crn to

‘
~~~~~~, - cm . The pl ots represent a 1? to,-r water vapor sample at

K taken on a Ni co le t 1 7l99 Fourier transform spectrometer with
a v-~solut ion of 0.05 cm . The ordi~ ate of the fo l lowi ng plots
is the 1 ahsorption coeff icient in km and the absciss~i is frequency
in cm . The measurement was made on the 10.785 m ce l l  wi th a
p a t h  lenqth of 323.6 in.
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