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Within the framework of the line wing theory, the line shape parameters related to the
intermolecular interaction potential are obtained from a comparison between the calculated and
measured absorption coefficients. At the same time, the relations for the characteristics considered as
parameters in the line wing theory can be obtained from the general expression for the absorption
coefficient in terms of the Moller operators taking into account the line mixing effect. These relations
have a simple form in the case of no line mixing and can be easily estimated. Their comparison with
the values obtained from approximation of the experimental data on the absorption coefficient, which
implicitly include the line mixing, is indicative of its inessential role in the case of the 4.3 um CO,

band considered in this paper.
Introduction

The absorption coefficient in the transmission
microwindows and wings of the CO, absorption band
at 4.3 pm has been thoroughly studied experimentally
at different temperatures in different buffer gases
(see, e.g., Refs. 1—4). The temperature and frequency
dependences of the absorption coefficient found
experimentally are interpreted theoretically as being
caused by the absorption in the far wings of spectral
lines. However, in spite of the general agreement,
different theoretical approaches give preference to
one or another physical mechanisms of absorption in
line wings. Two explanations can be separated out
from those available in the literature. In some papers,
(see, e.g., Refs. 2—6) the mixing of quantum states is
given the main role in the formation of the
absorption in line wings. Other approaches, in
particular, the quasistatic’” and asymptotic'™!
theories of the line wings assume that the
intermolecular interaction is decisive in the formation
of the line shape at large frequency shifts with only
insignificant role of line mixing.

The detailed analysis of arguments in favor of
the concept on the major role of mixing of quantum
states for the line periphery was carried out in
Ref. 12, and it suggested their theoretical weakness.
Sequential calculation of the absorption coefficients
taking into account the line mixing effect, for
example, for the CO, band at 4.3 um could be the
final evidence of the limited role of the line mixing
in the far wings at normal pressure, but it is not
accomplished yet because of its awkwardness. Taking
the line mixing effect into account for a couple of
water vapor absorption lines near 0.8 um (see
Ref. 13) showed that its contribution to atmospheric
absorption between the mixed lines did not exceed
3%. The calculations of the absorption coefficient
made in Refs. 7—11 neglecting the line mixing agree
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well with the experimental data, but include the
parameters of intermolecular interaction potential as
fitting parameters.

Recently, we have obtained a general equation
for the absorption coefficient in the line wing
through the Méller operators with regard for the line
mixing. The closed equations including the Méller
operators follow from the general equations for those
characteristics, which are declared as parameters D,
and C, in the asymptotic theory of line wings. The
equations for D, and C, in the case of no line mixing
have a rather simple form and can Dbe readily
estimated. Comparison of these parameters with the
values obtained from approximation of the
experimental values of the absorption coefficient,
which should implicitly account for the effect of line
mixing, if any, is indicative of only insignificant role
of the line mixing in the experimental situations
considered.

1. Equation for the absorption
coefficient

The coefficient of absorption of radiation at the
frequency @ by a molecule A in the binary
approximation and at the classical motion of the
centers of gravity is traditionally written in the
following form (accurate to a constant factor):

K(®) =Re Tr,PQ =) Py, Re Q. €h)

nn'

The equation for Q involves the following

characteristics:
H = H((x) + Hy(y) + H3(¢) +Ux,y;q)

is the complete quantum Hamiltonian of the problem;
H(x) is the Hamiltonian of an active molecule A;
Hy(y) is the Hamiltonian of a buffer molecule B;
Hy(q) is the Hamiltonian of motion of the centers of
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gravity; U(x, y, ) is the potential of interaction of
the active molecule A with B. In Eq. (1) P is the
dipole moment of the active (interacting with the
field) molecule A; Tr, is the spur operation with
respect to the intramolecular variables x of the
molecule A; |m) are the eigenfunctions of the
Hamiltonian H(x) of the active molecule A;
Dy = (m|..|m'y are matrix elements with the
eigenfunctions of H(x); S(¢) is the evolution
operator, which is a solution of the Schrédinger
equation for the molecule A interacting with the
buffer molecule B (¢ is time).

For Q,, the kinetic equation is presented in
Section 3.

The equation equivalent to Eq. (1) for the
absorption  coefficient in  the  superoperator
representation has the following form:

k(@) =LImTrP—L P, -0, (2
n (w+ig) -L
where

LW = %[H,W], 3)

N

L is the superoperator corresponding to the

1

Hamiltonian H;, —M—

(w+ie) -L
called resolvent operator; W in Eq.(3) is an
arbitrary operator.

at € - 0 is the so-

2. State mixing in the resolvent
method

In the approximation of factorization of the
density matrix

p pWR=ph® exp(-V(q)/kT), (4)

where pl, p® are the density matrices corresponding

to Hy, H, and V is the potential describing the
motion of the centers of gravity of the molecules, the
equation for the absorption coefficient (2) can be
written as (see, for example, Ref. 14)

k(6) = —LIm TP — |1+ —L 0P, (5)
n w-1L w-L1

In Eq.(5) M is the superoperator including the
interaction of the molecules in this representation:

<]\,\4>=2Mba,aa';b'u',da' Rot" (6)

aa’

The subscripts @ and b enumerate eigenstates of the
Hamiltonian H,, while the subscripts o, o enumerate
the eigenstates of H, + H3.

The absorption coefficient (5) can be also
written as
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K((.O) = _1 IIIITI]P% dnp (7)
n w-Li—(M¢)

The operator M. is connected with M as
follows:

1 A

(M) = (M), ®)
1+ (MY(w-L)™!

If the operator w—-Li—(M.) turns out diagonal

in the chosen representation @, b, and Z;,(w) are its
eigenvalues, then

K(w) = Zpg) |Pﬂb |2 cﬂ(’)(w)’ (9)

ab

where

1 b

Glb(w) =— ; \2 < . 12 (10)
( n (Zab) + (Zab)

0p(w) is the line profile; S, = p;,i) |Puf? is the line
strength, and Eq. (9) is the absorption coefficient in
the approximation of isolated lines.

Let now the operator w— L{—{(M, be
nondiagonal in the representation @, b, and N is the
diagonalizing matrix. Then

1

K(w) = LT NN — L NN @R (D)
n w-Li—(M.,)

After transition to matrix elements, the equation for
the absorption coefficient acquires the form

1

K(w) = Zp(lebﬂ,b’c’ Zon Niiye (p(')P)W. (12)

After regrouping of the terms, this equation can
be reduced to the form (9), but the line strength
proves to be a combination of elements with different
a, b, just which is called line or state mixing.

3. State mixing in the method of
kinetic equation

In the case of large shifted frequencies
Awlm’ = ‘(*)_ (‘An" >3y (13)

(yis the halfwidth) within the asymptotic theory of
line wings, we obtain the kinetic equation for Q
(see, for example, Ref. 15):

l(w - (*‘)m') le' +Pml’ é}) = ( W~ Gy )2 (§ Qj ’ (14)

nn'

where Y is the relaxation superoperator. Sequential
solution of this equation for the binary problem on
the interaction between the active and buffer
molecules with the classical motion of the centers of
gravity allows the absorption coefficient to be
written as
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05,015 ! .
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vq dijZj'V'O‘ ‘ Pjvj'v' ‘ V(rmin)
dt t(zgzz"vu
£y t | Pivival” (70,0050 G| V) .
Vo dwfv]"\’ﬂ ‘ Pjvj’v’ ‘ V(rmin)
dt Lﬁ:}’vzu
1 ‘Pf\/lj'vz ‘2
+ X
\% dw]"’l]"\)ﬂ ‘ Pjv;"v’
dt ,(F’)

<]VG‘U 111111 Q ‘]V1G><]Vﬂp U mm)]va>
Vz( mm) ’

st

where Q,, Q% are the Méller operators connecting

the initial and final states in the process of the
molecular interaction!®; n, n' are the eigenstates of
H,(x) + Hy(y) +UCx,ylr(¢)D that is the Hamiltonian
of the binary problem at the classical motion of the
centers of gravity (n - jv); a, o are eigenstates of
Ho(y) that is the Hamiltonian of the buffer molecule;
r(t) is the vector connecting the centers of gravity.

After the approximations including
approximation of the trajectory of the molecules by a
straight line in the vicinity of a stationary point and
approximation of the repulsive branch of the
quantum potential of the intermolecular interaction
in a limited range of distances by a function inversely
proportional to the distance, we introduce the
designation D for a certain combination of the matrix
elements:

2
D= 32i A ymy NZ sz) ‘ ]Vj\l { ]v]va‘z/a .

(o}
am+m 4= Z‘ Jwv

+Z‘Cjwj’va‘5/ﬂ‘ ]\;1]\,‘ <jVG‘UQ+‘jV1G> +

\%
,>+

[P |

V| P (B

| Py |

S Conpoal | (valUS | o) (v @ [650] v
VIZV;,‘ AZTA%! ‘P]v;v VZ
(16)

In Egs. (15) and (16), V is the -classical
potential describing the motion of the center of
gravity of the interacting molecules;

>],
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mvg _ mv'"
2 2

vy, V' are the initial velocity of the center of gravity
and the velocity at the point r,;, that is the point of
maximum closeness of the molecules on the classical
trajectory; N,, is the number of molecules in a unit
volume. The rest part corresponding to the quantum
problem of interaction of the two molecules includes
the matrix elements of the Mdller and dipole moment
operators. They may be nondiagonal that corresponds
to the presence of quantum states mixing.
In the absence of mixing

Doyt = 3272 Ja)\fmymy, (my +my)™

In the theory of line wings, the quantum part of
the equation for the absorption coefficient denoted by
D.,, can Dbe found from a comparison of the
calculated and measured absorption coefficients. The
comparison of the parameters D  estimated
theoretically and obtained experimentally allows one
to assess the role of mixing for particular molecules
in certain spectral ranges.

= V(rmiu )7

N, C¥. (17)

4. Equation for the absorption
coefficient in the theory of line wings

Further in the calculations the parameter D is
assumed to be a constant D.,,,, and it is sought along
with the constants determining the quantum
potential of the intermolecular interaction from a
comparison of the experimental and calculated values
of the absorption coefficients:

w1 _e—h(.o/ke
Z emp as 9 W, W 1- g_hmﬂ""i'ke
s, -V(r)/ ke
1 1 e
x 1+3/a ¥, (18)
w - gl = r?
where
Cmn
mp @ _
T T 1a’ Dcmp(ts - Dcmp(tysr (19)
@ - af

Ys is the line halfwidth. In the calculations, the
profile of an isolated line is a piecewise-continuous
function, each part of which corresponds to some
value of a:

fLor Ewgy Aw< A(*?uinh

Ky 01 , Kior (W) > K, (W)

Ka (0 ,  Kior E(JL); < K:: 5(‘;} AWyin 1 < AW < AWy 2,
K((,o) = K,,1 W),  Kg (W) > Ky, () . |

Ka W), Ky < Ky, AWyino <AW<AGYL3,

Kg. 2 (1))7 K a W) > K s W) '

Ke, éw)’ Kgy (W) < Kyy (W) AW > A6y 3

(20)

The profile for the lines of the CO, band at
4.3 um in the case of self-broadening is shown in
Fig. 1. The estimate Dy., and its comparison with
Dy as allow us to judge on the degree of mixing. In
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Fig. 2 for the wing of the 4.3 pum band the values of
the parameters D, are depicted for the following
mixtures CO,—CO, (Cemp 5 = 6.5906,
Denps = 01847,  Cenps = 6.722, Depps = 0.011222,
Cemp 16 = 50368, Demp 16 = 000551) and COQ—NZ
(CcmpS = 54848y DcmpS = 025y Ccmp 14 = 48582a
Dcmp 14 = 00062y Ccmp 10 = 58922a Dcmp 10 = 00011)

0 200 40 60 80 100 Ac, om™
Fig. 1. The combined profile for the CO, band at 4.3 pm
under self-broadening.

In estimating D, 4, it should be kept in mind
that 7, in Eq. (19) is measured in A. Then Dy, is
believed the same for all lines, and, because D45 is
connected with the halfwidth vy, [see Eq. (19)],
Depas has the corresponding limits of variability.
For CO,—CO; we have y, 00.12—0.06 and for CO,—
N, vy, 00.1—0.06 in the 4.3 pm band at normal
temperature.

01F
pee CO»COy, a=35

2 _ =
10 3 C02 COQ’ a 8 D(',al(' = D«'mp

[ COyNy, =14 \
10 3

'COszz, a=1
10 4 3 COQ*NQ, a=>5

CO,—COy, a =16

1l 1 o1l 1 o1l 1 Lol
101 10°? 10°? Demp
Fig. 2. Comparison of D.i, Eq. (19), estimated in the
absence of mixing and D.n, obtained experimentally for the

wing of the CO, band at 4.3 pum.

107

The parameters D shown in Fig. 2 prove to be
close to the diagonal Deyjc = Dewp, Which is indicative
of an insignificant role of mixing in forming the line
wings in the case under consideration. The constants
corresponding to the near wing [Ds(CO, — CO,),
Ds(CO, — N,)] are somewhat farther from the
diagonal Dcyec = Demp, Wwhich, in principle, may
indicate that the role of mixing increases when closer
to the line center. This also follows from the
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theoretical reasoning, since mixing is the effect that
manifests itself at close-to-resonance frequencies.

Conclusions

The approximate consideration of the classical
problem of motion of the centers of gravity allows
separation of the function including the classical
parameters as a factor in the general equation for the
absorption coefficient. The rest part corresponding to
the quantum problem of the interaction of two
molecules includes the matrix elements of the Mdller
and dipole moment operators. They may be
nondiagonal that corresponds to the presence of
mixing of quantum states. In the absence of mixing,
this part can be readily estimated.

In the theory of line wings, the quantum part of
the equation for the absorption coefficient is assumed
a parameter D,,,, which is determined from a
comparison of the calculated and measured absorption
coefficient values. The comparison of the estimated
D, and the experimentally obtained D, parameters
allows us to assess the role of mixing for particular
molecules in certain spectral ranges. In the case of
the CO, band at 4.3 pm, the estimated and measured
parameters D turn out to be close, which is indicative
of only insignificant role of the state mixing.
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