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ABSTRACT

i%

The VV deactivation rate of Nékby HZO is calculated using a hard core

repul sive potential. The process is found to be dominated by near resonant VR
processes with large changes in rotational motion, and the rate is critically

dependent on the classical path chosen.

In part 2, a non-perturbative model of uéo is used to calculate the
effects of centrifugal distortion on absorbtion line intensities. The errors
are less than lu percent for weak as well as strong lines. The effects of
collision broadening by Né and Oé are presented using Anderson theory together

with aipole transitions supplied by the multi-mode model.
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A. N, =H0 DEACTIVATION RATE

I, INTRODUCTION

Water vapor plays an important role in the response of the atmosphere

to infrared radation, due to its intense system of absorption bands. Water

also proves to be an efticient absorber of vibrational, rotational, and trans-
lational energy, and tends to dominate equilibriation processes such as that
resulting trom the propagation of laser radiation through the atmosphere.
Consequently it is important to understand the kinetics as well as the spectro-

SCopy ot water vapor.

*
In particular, the deactivation rate ot vibrationally excited Ny by

(1) In this process, a laser

H,0 is ot critical importance to kinetic cooling.
pulse causes a transient cooling ot the atmosphere, leading to thermal lensing
rather than thermal blooming ot the beam. The CO2 laser pulse induces transi-
tions in atmospheric COZ from the (luu) to (Uul) states. The CUZ(UUI) level 1
1s roughly in resonance with Nz(l). and consequently most of the COZ(UUI)

energy 1s resonantly absorbed by NZ molecules. Atmospheric N, serves as an

energy sink and the depleted COz(luu) levels are filled by translational ener-

gy, leading to a decrease in temperature or cooling. Eventually, the Nz(l)
levels deactivate, returning energy to translation, and heating overcomes

cooling.




The degree and duration ot the cooling process are determined by the
deactivation rate of Nz(l), which 1is daminated by the NZ'“ZU deactivation

rafé. Thus it is important to understand the collision dynamics of HZO and N,.

we note that experimental water vapor deactivation rates are anomal-
ously large, even when there are no vibrational resonances. In general, meas-
ured values are several orders ot magnitude more rapid than those predicted by
standard theories of V¥V exchange. Since these theories work well for most
other molecules, it would be interesting to know why they fail for water va-

por. we have calculated the collision rate for the process

NJU + K0 N 1.1)

2 2

Uur predicted rate is 1in good agreement with recently measured values. In

0 -1 atm'l.(Z)

particular, at 3U~ whitson and McNeal found K = .3 x 1u° sec

while we predict K = 1 x 10° sec™! atm™!.
11. COLLISIONAL MECHANISM

Due to its asymmetry and large rotational energies, the roto-vibra-
tional structure of water vapor is very complex, and in fact there are transi-
tions between VR levels which are resonant with most other molecular infrared
transitions. Conventional theories either neglect rotational changes, or
assume that they satisty dipole selection rules. It is a result of these

assumptions that qu deactivation rates are under-estimated by several orders
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of magnitude. There is evidence that in collisons, large changes of rotation-

al motion occur, and therefore should be taken into acceunt.m'M

For our model of the N,-H,U collision we have chosen an interactiorn
potential dominatea by a large repulsive core term. Other possible choices
are long ranged electramagnetic forces, and short ranged attractive chemical
potentials. Direct calculation shows that long ranged forces cannot account
tor the large rates, in spite ot the longer interaction time.* Chemical
rorces are not expected to be relevant to the NZ-HZU deactivation. A compari-
son ot 020 and HZU deactivation rates supports the above choice. For colli-

sions with CO, the ratio of 020 and HZU deactivation rates has been measured
-
as(' )

0.0 - €O :
e Ix1l¢” (2.1)
M0 - CO

Yecause the long ranged interactions are highly resonant, they predict a much
smaller value for the above ratio. On the other hand, chemical interactions
would imply a ratio of the two rates to be close to 1, since "20 and 020 are
chemically identical. Theretore we are led to the short ranged repulsive
interactions tor the deactivation of CO by HZO' Since N2 is similar in struc-
ture to C0O, we likewise choose repulsive interactions for the N,-H,0 deacti-

vation.

*A calculation was made using the dipole-quadrupole interaction. The result-
ing rate was tour orders of magnitude less than experiment.

T TR




The inter-molecular interaction potential 1is assumed to be a sum of

atom-atam potentials of the form

v (r3) # VN"(rQ) + Vw(rs) + VNO(r )

= th(rl) + VNH(rZ) + th 6

where the V, are atom-atom Morse potentials

Vir) = 0 (e""/2.2¢°"/20)

Morse potential forms were used because they were more convenient in determin-

ing the classical path.(°) The parameters 0 and a were determined by fitting

the Morse potential to a Lennarg-Jones potential, weighted over the repulsive
region of interaction. The r in (2.¢) are interatomic distances, and are re-
expressed in terms of the separation of the molecular centers of mass R, vibra-

tional, ang rotational coordinates.

To specity the orientations, we choose the intermolecular axis as the
polar axis. Then the HZU orientation is given by two angles (ez.oz). and the
N, orientation by one angle (91). The use ot these angles rather than coordi-
nates based on a space-fixed frame leads to a helicity representation tor the
angular momentum. This representation is convenient when coupling between

(7) which is generally a

rotational and orbital angular momentum 1s neglected,
good approximation. The transformation of the Hamiltonian from a space fixed
representation to the helicity representation introduces terms which couple

orbital and rotational angular momentum, giving rise to a large number ot
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coupled equations. The coupling terms as well as the orbital term are propor-
: tional to R’Z. Assuming a range for these interactions to be on the order of

luA°. the ettective time scales for orbital and rotational motions are

: -14
RoT * 6Z/d x lU S

For most ofr the states important to N,-fi,U Vv exchange, J > 6, and r,,r >
TURE® resulting in small orbital~-rotational coupling. Thus we neglect the
coupling terms. This approximation leads to an unperturbed Hamiltonian which
is diagonal in the space of states which consists ot the relative, vibration-

al, orbital, and rotational motions.

In the helicity representation, the potential (z.2) is ot the form

1 % 02) (2.5)

we retain only the parts important to relative motion and Nz(l) . nzo(ulu)

exchange:

v =V, * VY (¢.06)




-R
vu = DNM ie 3 cosh (-:5 cos '1) cosh (% cos ¢, sin 02) ed

L cos 6

R

Za

P 35 cos azz i

L X
cosh (-Q-cos 01) cosh (bcos ozsin oz) e

N, h0 '% "kzu g ’
Oy 1 © T (ﬁ- cos 01) (%a cos ¢, sin °z) (2.8a)

) L X L cos e?.
sinh ('2'5 cos °1) sinh (; cos ¢, sin 02) e

X

L X L
- mo (= cos °1) (73 cos °2) sinh (Zi cos °1)

|

. : {- cos 8,
cosh (3- cos &, sir °2) °
Here
3 L = N, bond length = 1.1u AY (2.8b)
X = g sin oU/Z
y = -i d cos 8 /2
m v

OH bond length = .47 AY

[=Y
L

v H,0 bending angle = 103.9°

@
L




&) = Ny orientation angle

°2' 4y = "20 orientation angles
o xae

D“H 03°K

24 A°

In (2.6) we have neglected N-0 interactions entirely. This is valid
to ten percent accuracy because the heavy oxygen atom stays close to the cen-
ter ot mass ana samples much less ot the potential surtace than the lighter H
atoms. Also, the attractive part ot the transition potential v1 has been ne-

glectea since the VR exchange is largyely due to the repulsive interaction term.

The VU part ot (¢<.b) determines the relative motion ot the molecules.

We make the classical path approximation, which is valid when the energy

getect at 1s small relative to the kinetic energy Ek. In our case there are
contributing VR exchanges with at anywhere from U to 50U cm'l. However, since
the transition probability given by (¢.9) falls off exponentially as a func-
tion of st with effective width on the order of zW cm'l. the transitions with
large energy exchange have small weight. Consequently the classical path
approximation should qive a tair picture ot the collision process. Then the

interaction potential is given as a function ot time by VI(R(t)). with R(t)

determined classically by vu‘ The transition probability is then:

P -%Aﬁt ¢
| <Giviit> e dt (2.9)

i
Pit n

11
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with the matrix element <i|v1|f> is detined as:

_ : .Hzo « N, N, H,U
AV = <y o |V1(R(t))| ¢g © vafr:

(2.10)

94 %

The wave functions in (Z.1u) are for the HZO roto-vibrational motion, and the
N, vibration respectively. Note that both the vibrational and rotational dyna-
mics are treated quantum mechanically for nzu. and the matrix elements were

evaluated using our model.(u)

For Nz only the vibrational motion was deter-
mined quantum mechanically and was taken to be a harmonic oscillator. “2
rotation has been neglected in the above, because its Nz rotational energies
are small in comparison with all other relevant energies. OUrbital motion is
taken into account by the centrifugal term in the potential which determines

R(t).

We note that (2.9) is valid in the limit that the matrix element
(¢.1u) is small, or single quantum exchange is valid. DOirect calculation

verities that this is a very good approximation in the present case.

Although the matrix elements (Z.1U) determine the relative probabili-
ty ot a specific transition, the magnitude of the rate will depend critically
on the classical path, R(t). This is determined Dy \Iu together with the cen-
tritugal term l(l+1)/R2. An ambiguity arises since vu is dependent on molecul-
ar orientations through the angles 8,, ¢,, and &,. Generally, one simply aver-

ages the relative potential

12
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Y, Ry 0y ey 0)) = alesl)/RE (2.11)
resulting in a potential depenaent only on R ot the torm
AVyli> - t(ael) RE (2.12)

[t the molecules were rotating rapidly, they would see such an angle averaged

potential. However, for uz-nzu hard core collisions the relative time scales

ive.:

‘Cut > 2110.14 S (2013)

H,U

. -14
tRUT s 0/IXIV S
N
‘mzn » 6400/0x10714 s

We theretore see that the molecules are not rapidly rotating during the colli-

sion and that the path determined by (2.12) is inappropriate.

Since the molecules rotate slowly, we use a steric factor averaging
technique to aetermine R(t). In this approach (92°.02°) refer to a particular
initial orientation of "20 which remains constant during the collision. After

the transition probability is evaluated, the result is averagea over all possi-

13
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ble values of (ezo,o2 . A similar procedure is followed tor the N, molecule.
It is interesting to note that the steric tactor method of angle averaging
gives rise to transition probabilities larger by an order of magnitude than
that obtained by potential averaging. When transition propabilities are calcu-
lated as tunctions of orientation, the angles which lead to deep interpenetra-
tion ot the molecules tend to dominate the average. Conversely, when the
potential 1is angle averaged betore the calculation, the larger potentials

associated with lesser penetration dominate the average. As indicated, the

ditterence in the resulting rates can be an order of magnitude or more.

The fact that the method of angle averaging usea can attect the rate
by an order of magnitude or more indicates that the reaction rates are criti-

cally dependent on the classical path chosen.

The last step in the calculation is to average over all initial
states. Relative momentum is Boltzman averaged, and orbital motion is aver-
agea by treating t as a continuous variable ana integrating.(é) The initial
vibrational and rotational states are also averaged using a Boltzman distribu-

t‘on .
I11. CUmPUTATIUNAL RESULTS

The results tor several aitterent temperatures are compared with
experiment in Table I. Uur values are roughly 3 times that of the most recent-

ly measured values in column 2, and show the same temperature rise. Our re-




SR

sults agree to within a tactor ot 2 with column 3, but do not show the rapia
rise in temperature indicated in column 4. In every case except for column 4
near room temperature, the predicted rates agree to within an order of magni-
tude of experiment. we fina much larger rates at lower temperatures than
those given in reterence (l1). In Table Il, we give some calculated values at

atmospheric temperatures.

15




TASLE 1. COMPARISON OF CALCULATED AND EXPERIMENTAL RATES ]

l
T Kealc Kex pA Kex p8 ] Kex pc ' ’
(sec”tatm™1) (sec™latm™1) (sec™latm 1) { (sec”latm) ‘ ]
O x 10° x 10 x 100 { X 106 . 1|
|
JW 1.0 .3U ' o‘b ' Oub
50U 1.9 .35 .85 f .43 |
W 2.8 .54 | 1.2 | 110
90U 3.7 .83 1.5 .07 |
i | :
Ky = whitson ang McNeal experiment (2) :
= |
(9) 7 <27.07 3
Ky = empirical formula 2.557 x lv'e °"°
=
(10) 2.67&!109 e -bY. YT

K * empirical tormula

16




TABLE 2. CALCULATEU RATES AT ATMUSPHERIC TEmMMERATURES

KcaLc KeaLe
1

atn™}) (sec™d 171
6

K (sec”

xlu

BUZ
bb2

y74

170U
117v
128UV

17
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Iv. UISCUSSIUN

The preaictions ot kinetic cooling in reterence (1) used “z’”z” deac-
tivation rates similar to column & in Table 1. We predict a rate lU to 15
times larger than column 4 at room temperature. With such a large rate, the
N,=n U deactivation tends to be the dominant process for the relaxation of
vibrationally excited NZ in the atmosphere. For example, the three processes

incluaged in reterence (1) as eftective in the relaxation ot NZ' in the atmos-

phere are:

NZ - cuz(uuu) > NZ + Cuz(uul)

+

NZ + CUZ(UZU)

M, *hH,Uu+ N, *+ 1,0

The time scales for the three processes were chosen respectively as:

= 1.4 x 16°¢ s

t

CUZ

7 2 3.¢ X 10-2 S
P

'HZU s 1.2 X IU.‘ 3

ib




These are roughly equivalent in importance in the deactivation of NZ" HOW =~

ever, It we use our value for the rate (4.2c), the time scale tor the latter

process becomes

f oy * 8eU X 10°% sec (4.3)
Z

Tnus, the H,u cgeactivation is an order ot magnitude more errective than the

4
other two processes considered in reference (1). Tnis dominance simplifies
the analysis consideraply. It turns out that both the maximum temperature
decrease and the auration of the kinetic cooling become inversely proportional
to the uz-nzu geactivation rate alone. Thus the predictions ot these para-
meters in (1) shqyld be decreased by a tfactor ot lu-lb5.

These parameters have been measured in an observation or the kinetic
cooling ettect Dy Sicaw). we tound that in order to explain his measure-
ments, the rate ot Nz-ﬂzu geactivation at atmospheric temperatures haa to be
1¢ times greater than that used in reference (1), in agreement with our calcu-

lation.
V. COUNCLUSION
The calculation ot collision rates involving change ot vibrational

quantum numbers generally assumes reasonant VV exchange, with an angle avera-

ged potential determining the classical path. we have found that the large




"z’HZU deactivation rate i1s due to rotational as well as vibrational exhange.
The possibility ot large rotational changes induced by hara core collisions
leads to a very large number of resonant exchange reactions, tenaing to in-
crease the reaction rate over that of pure vibrational exchange. In aadition,
the result was found to be critically dependent on the classical path chosen.
Specifically, steric tactor angle averaging gives results larger by an order
ot magnitude than potential averaging, and was necessary in predicting cor-
rectly the order of magnitude ot the transition probability. The resulting
rate is rtound to be large enough to dominate the deactivation of vibrationally

excited N2 in the atmosphere. C(onsequently both the duration and degree of

kinetic cooling is inversely proportional to the Nz-hzu deactivation rate.

Uur rate shows a temperature dependence which agrees very well with
that ot references (2) and (lU). however, for T > BUU our rise agrees with
that in reterence (ll). we give the following approximation to the NZ-HZU

deac<ivation rate as a tunction Qf temperature:

1
0 I AETERe
K = 2,65 x 10 ¢ cm © atm (tor T < 75u) (5.1}

1

-

3
K = z.678 x 107 e'°9'9T am! atm'l (for T > 750)




8. HZO BAND MUUELS
e Introduction

To ceal with problems involving atmospheric absorbtion or emission of
radiation, band models describing the absorbtivity of individual molecules are
needed. In particular, for cases involving transmission of high energy laser
beams, models are required for a wide range of temperatures and pressures.

Line by line models satisfy these requirements.

The parameters which determine a line by line model can be either
measured experimentally, or calculated from first principles. We use a combi-
nation ot the two approaches. The band model parameters are determined from
the Multimode Mooelw'lz)ror water vapor, which in turn is based on experi=-
mental quantities. This semi-empirical approach is expected to be valuable
tor several reasons. In the tirst place, pure ab-initio calculations are
inaccurate in predicting line positions and strengths. By using a model con-
sisting of experimental input into a structure with a theoretical basis, we
can combine the accuracy of experiments with the simplicity of a theoretical
model. A model based on experiment is expected to be valid only in the range
of temperature and pressure at which the experiments were performea. Finally,

a semi-empirical model can serve as a guide for building more accurate models.

In order to create a line by line band model, three major components

are needed:

21




L. Line positions
Zs Line strengths

3 Line widths

The line positions are determined directly from the Multimode Model

(8,12) As is well known, the detailed molecular structure of

for Water Vapor.
HZO presents unusual difficulties as water displays extreme centrifugal distor-
tion, vibrational anharmonicity, as well as Fermi resonances and other types
of mode-mode interactions. These features dominate the molecular characteris-
tics of HSO' not only qualitatively but quantitatively, and are reflected in
the roto-vibrational energy levels and wave functions. Consequently they will
significantly affect the transition dipole moments, level positions, and line

intensities. The multimode model takes thesg features into account and thus

should form the basis for a useful band model.

The line intensities are found by evaluating matrix elements of the
dipole operator between wave functions generated by the multimode model. The

wave functions are of the form:
J
XM T 2 C;'(' > |JKM4> (1-1)
m, K

Here C;:' is determined by diagonalizing the quantum mechanical Hamil-
tonion between the basis states |m> and [JKM>, where |m> is a product of three
Morse oscillator basis functions representing the stretch, bend, and asymme-

tric stretch modes, and |[JKM> is a symmetric rotor wave function.
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Finally, the line widths at atmospheric pressures are assumed to be
dominated by collision broadening. Thus one needs to know how HZO interacts
with other molecules. We note that collisional interactions also cause a
small shift to occur in the line positions. Both the broadening and the
shifts can be obtained from Anderson's(u) theory of collision broadening

which will be discussed below.

i Theory
[IA. Dipole Uperator

The dipole operator is a function of rotational and vibrational coor-
dinates. We expand in a Taylor series about the three vibrational coordinates

91» 92 Q3 35 follows:

+

: 2
¥ * ugoo * ¥100%1 * w010 92 *vpo1 93 *up00 9 * e

. i J X
z %i3k91 92 93

LK

(2-1)

Here the u;, all depend on rotational coordinates in the usual manner. Note
that the 100* 010, *001 terms determine single quantum transitions in the
stretch mode, bending mode, and asymmetric stretch modes, respectively. Due
to anharmonicity and mixing of modes this separation is not clear, in that
there will be small contributions to bending mode transitions from all TR

with (IJK)#(010). This mixing complicates the determination of ¥1JK from

23




experimental quantities, because 000 is not exactly the measured electric
dipole moment and ugrg 1S not exactly the bending mode transition dipole

moment.

The upgK were fit to experimental gquantities in two different ways.
Both methods involve truncating the series (2-1) to limit the number of para-
meters. The first method involves calculating a number of individual line
strengths, comparing with experimental line shifts, and varying the 1K in
order to minimize the difference between the two. The second method assumes
that VR coupling has a small effect on the integrated band intensities. Ne-
glecting VR coupling, one can diagonalize the rotational and vibrational parts

of the Hamiltonian separately. Taking only the vibrational wave functions

[V> = z 0:‘ [m> (2-2)
m

one arrives at the inteqgrated band intensity by using a matrix element of
(2-1) evaluated between purely vibrational states (2-2). In terms of the

resulting matrix element, the integrated band intensity is just

SS = 34 v|u| (2-3)

where v is the frequency at band origin and u is the dipole moment matrix
element. The fitting procedure is now to use (2-3) to calculate band
strengths, compare with experiment, and vary the parameters 1K to minimize

the error.




The first method is used in the code LINE, and the second in BAND.

The parameters derived from line fitting give intensities which are very

!
accurate in the region of the spectrum in which the lines were measured, but
less accurate elsewhere. The band fitting method, though slightly less
: accurate due to the neglect of VR coupling, gives results which are consistent
over the entire spectrum.
118, Matrix Elements .
1
Once the dipole operator is determined, one needs to evaluate the
. matrix element between VR wave functions such as (1-1). For simplicity we
consider the matrix element of a single term in (2-1),
& ;e S
w* = wpgx 9 93 93 (2-4)
. denote by Dmn the vibrational matrix element 3
Qijk = m q1 qj aal W >
mn | 9 92 93]
F '
and Ei.i the rotational matrix element
3
’J e -
' Egy = < KMy (sgor) | J KM
&
v
g0
{
' 25
4 Al
. oo ”
b H L ~




The matrix element of ,° between VR wave functions is then

ek 2T *v?J3%t” 1K J7J vt
SO 0| We o Cak®  Omn Ek°K Cnk ¥ 10K (2-7)

m,n, K,K*

The matrices D and E are known from the theories of Morse

(14) (15) .nd the matrices C

oscillators and symmetric top rotor functions,
arise from the Multimode Model. One multiplies the matrices to yield each
alement, and then sums over all I[JK to give the total transition moment

between v J t™> and |vJr>.
F1C- Intensities

The line strengths are given by the relation

.Thgl 8|3Nov|u|zp . Z

S = (l-e ) ——gp=—— oM atm (2-8)

where N 2.692 x 1017 (T¢rp/T)

|yl = dipole moment matrix element in esu
1

line frequency in cm”

P = gccupation of lower state

’E-vd t/KT

« 9 (+l)e
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11ID.  Anderson Theory(!3)

The impact approximation is made. This assumes that most collisions

are binary, i.e.,

7 << 1/x (2-9)

coll
where Z is the collision frequency and ool is the duration of one collision.

For NZ-HZO. at atmospheric temperature and pressure,

Z~Nd° l L. 102 sec™? (2-10)
M rggns é I 2L, 1012 gec”!

1
One can see from the above for d = 3 A°, N « 2.7 x 10‘9. M = 10.96 amu, the

impact approximation is valid.

Secondly, the classical path approximation is made, where it is
assumed that the relative motion .an be described classically. This is valid
when the energy exchange or energy defect is much smaller than the kinetic
energy. For the long ranged interactions which dominate collisional line

broadening,

af << 100 Cﬂl.l




e

E, > 200 em™}
*

and the classical path approximation can be used.

Thus the relative separation is assumed to be well described by a
classical path, R(t). One generally assumes an addition that R(t) is essenti-

ally the straight line

R(t) = b2 + votl (2-12)

wnere b is the impact parameter and v the relative velocity. The interaction

potential is then implicitly time dependent, v = v(R(+)).

Details on how the line broadening and line shivts result from the
interaction can be found in numerous works. The line broadening arises from
the virtual transitions which occur during the collision, and the shifts are

due to changes in phase. The S matrix is given by

-A (“'b|v) i
S=e o o"1721%10 (2-13)

where A depends on b and v through the classical path (2-12), and is also a
function of the energy defect w. The real part of A determines the virtual
transition probability, while the imaginary part determines the phase shift.

r is given by
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-iw_t
ra(b,v) = z Ir S Vot e ™ dif? (2-14)

m -

Yy * <n|Vim>

One readily sees from (2-14) that r is just the sum of the Born approximation
probabilities for all the possible transitions out of the state n, induced by
the collision interaction V. Since A(w) is a sum of holomorphic functions of
w, whose real part is 1/2r, the imaginery part of A is given essentially by

the Hilbert transform of r(w):

- )
) _}'_ Z‘ ¥ S ;‘m_("_v dw (2-15)
m

where

Finally, one must average over all impact parameters, all relative
velocities, and the populations of initial states. Assuming that re<<l, i.e.,
the transition probabilities per collision are small, the line width and the

line shifts for the state n of H20 perturbed by NZ are given respectively by

T
ar, = N\ bad \ vav F(v) r " C(b,v) PW,)
Js
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J.J
bdb S vdv F(v) o 1 2 P(J,) (2-17)

0

-
o
m
]
- o
=z
OV,

where:
9192
'n is eq. (2-14) for the case N,(J,) + HZO(n) - HZO(") + NZ(JZ)
192
o is eq. (2-15) for the case NZ(JI) + HZO(") - HZO(n) + NZ(JZ)
N is number density of NZ
F(v) is Maxwell-Boltzman distribution for relative velocities

P(Jz) is probability for finding N2 in rotation state J2

Note that the initial states of Nz and relative motion are averaged

over, while the final states are summed over.

Oividing through by the factor ¢ for (2-17) and hc for (2-18), and

using the relation

273.16

where No is Lochschmitts number (+» 2.69 x 1019). we get the results in cm'l
atm'l.




I11. Calculations and Results

]

II1IA. Dipole Moment Operator
.1 The dipole moment operator is assumed to be of the form

3 i J k =
bt L gk 92 % (3-1)
ijk
|

where q; are the vibrational coordinates defined with respect to Figure 1: |

L] H 1

FIGURE 1. M,V molecular geometry
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when vibrations occur, the lengths " and r and the angle fluctuate

: about certain average values. Denoting the change from rest positions as ris
5r2, i3, the vibrational coordinates used here are as follows:
sry + 8r,
ql = T— (3'23)
gry = 81y
o Solmes . um i
An approximate form for (3-1) can be obtained by assuming that the dipole
mament arises from a charge imbalance of -2q on the oxygen atom, and +q on
each hydrogen atom. Then the b and a components of the dipole moment for the
rest position can be easily derived:
uy ® 0
uy = 2rq cos (8/2) (3-3)
x
Now by is Just the measured electric dipole moment of the HZO molecule, gt
: Thus q can be determined since the molecular geometry is known. Using (3-2)
and the definition of the dipole moment, it is now possible to obtain the
relation (3-1) to first order in the q;'s:
.
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u, = tan % o 93 (3-4a)

2 M+ 2msin® (8/2)

up ug ug § - % tan % o 92 (3-4b)

Note that u. 1s antisymmetric under special inversion, while b is symmetric.

a
This conclusion is true for all orders of q. Therefore, the rotational

selection rules for 4, and uy are different.
Using experimental values for Mo and 8, (3-4b) becomes

Ub - 1.:5 + 1-86(]1 - 1-19q2 (3-5)

Note that the signs of the Y5 ik terms vary. If the molecule was a rigid ro-

tor, with no mixing of modes due to centrifugal distortion, the signs of the

2

would be irrelevant, since each ]"?jk' would be measured separately. In

"1k
reality, there is strong interference in many cases, so that the signs are
important. For fundamental modes of vibration, if centrifugal distortion is

present and the sign of is positive, the R branch is strengthened and the

ijk
P branch is weakened. The reverse is true for ¥k negative. In the case of

hot bands the distortion effects are more complicated.

Equation (3-5) rperesents a rough approximation to the dipole opera-
tor. As stated in Section II, we have determined the ¥k either by fitting

to individual line strengths, or to integrated band intensities.
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r
In particular, we consider as an example of our model the interaction
' ot the modes (uw), (0lu), (ozu), (lou), (11lu), (120), and (UOLl). The experi-
mental band strengths are given below in Table 3:
TABLE 3. BAND STRENGTHS FOR H,0 (1)
Band Transition :
(ryrory) | (r{ror3) Dipole Moment i
((VVV) RR{VIVIVD) 1.8546 %
(ulv) (va2v) .171
* L (W) (010) .121
| (010) (lou) .0167
| (Uou) (02u) .0u7
(ulv) (110) U149
L (o) (1ou) .0149 |
/ C (o) (o1l U708
- (Loo) (ou1) L0708
| (010) (120) .0ud !
(000) (110) 0028 :
. (000) (120) .00112

The exact form of the dipole moment operator considered was

H
]
:
.
¥
§
i




]
N + Qy * ¥a1992 * Hap1G7 * Hy109190 * W Q5 + Uy qz (3-€)
? 000 © Y1001 01072 00143 1107172 02072 120712
This gave 7 parameters for 12 pieces of data, and the results of the fitting
. procedures for this simple case are given in Table 4.
TABLE 4. EMPIRICAL DIPOLE MOMENT OPERATOR
(Debyes)
UyOO .457962
uOIO | -.781140
wo | --4973%6
4120 -.789012
"0 ' ,014259
001 l 1.4277
1 Note that %100 and ugyp 29ree in order f magnitude with (3-5), and the signs
are the same. Thus one can understand the deviation of the H20 absorbtion
spectrum from a rigid rotor spectrum qualitatively in terms of the simple
L geametric model of H,0 shown in Figure 1.
"
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[{IB. Intensities

The intensity for a particular transition is given by the following

relation:
her = ) |
" - Y’T- 8'3 rIU 2 cm atm
where No = Lochschmidt's number
=
r = |ine frequency in cm °
2
luj® = dipole mament
TSTP = 273.16°K
p = Boltzman distribution function for lower state
« o (Q+1)e VKT !
We also give the dipole moment matrix element,
2 (5
S = |u|® (2J+]1) (3-8)

tulz in units of (debyes)2

Given S one can calculate the line intensity for any temperature using (3-7).

S is determined by multiplying through the matrices C+. D, C, and E

as in (2-7). C represents the VR wave function, D the matrix of the q's, and
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£ is the matrix ot the rotational coordinates. We note that since HZO belongs
to the point symmetry group CZv' the matrix E factorizes into 4 blocks. If
this is taken into account, the multiplication process can be speeded up by a

tactor of (4)2 = 16.

In Tables 5, 6, and 7, we list the matrix elements S in (3-8) for

various transitions in the (Ulu) band ot water vapor. The results are com-

(17)

pared with experimental measurements of individual line strengths, results

due to Benedict,(lb) and the “rigid rotor” line strengths. The latter are
calculatea by neglecting the rotational mixing ot modes due t0 centritugal
gistortion. The “F factor” 1s obtained by dividing the real, centrifugally dis-
tortea values by the rigid rotor values. The F factors, which are related to
the centrifugal distortion, are small near the band centers, and grow larger
very rapialy as the distance from the band center increases. The original
F-factor calculation assumea mixing only between the fundamental and ground
state, while in our model mixing occurs between all the modes. For regions of
the spectrum given in Table 5, the differences are not significant, but in the
extreme wings of the spectrum there are order of magnitude differences. Line

-1 in the (Ulu) band, are given in Table

7. Note that the F tactors there are as small as 10'3. Only a multimode

strengths for the region of 2200 cm

model can accurately predict the intensities in these extreme regions.
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TABLE 5. STRENG: WS FOR STRONG LINES

| o Sy | ,
* J J [ Sexp Scalc SB Srigid
Tower | Tupper | Vexp (210 | 1w | x1w0h] x10h
. — e
% : ‘
| 2, o | 1485.28 599 8§73 101 1019
| '3, e, 1459.27 | 508 a1 | 517 411
| | : ;
| % | 2, ldod.93 | 215 01 | 267 | 158
| o 3, | 141206 | 389 370 443 335
P | ¢ | 7% | 1e73.52 | 808 730 | 846 | 845 ,
| 3 | 2 | 1487.35 |  3s2 320 391 285
! v B f {
| 6, | 6 ! 148985 506 481 611 ! 320
| 5. 4y | 14v6.26 600 567 668 66Y
| |
l 2 1, i 1505.6U 319 269 358 256

Comparison of calculated dipole matrix elements with experimental and rigid

rotor valuves: (ulU) band, 147V cm'l (mostly P branch).

. (17)
Se,(p experimental value
Scalc = present results
SB = previous results(la)
Srigid = rigid rotor value

3 All values in (debyes)z




TABLE 5 (concluded)

R ‘ 8, ‘ 1954.99 l 161 ! 114 ! 133 | 455
3, ! 4, !' 1956.27 | .16 ; 13 | 20 | 1.06
1 ‘ 6o 1wl | el : 7.3 | 569 | 18k
6, | T | 1%6.27 o 1 | 216 e
‘¢, | 5 | 1976.19 i .95 .65 lLue | 5.36
A IL 5 l 1988, 41 } 220 14y 212 l 700

Comparison of calculated dipole matrix elements with experimental and rigid

rotor values: (Ulu) band, 1900 cm'1 (mostly R branch).

- (17)
Sexp experimental value
Scalc = present calculated value
SB = previous results(lb)
Srigia = matrix element for rigid rotor

A1l values in (debyes)2
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TABLE 6.

STRENGTHS FOR MEDIUM LINES

J J S‘exp Scalc S8 Srigid
Mower Tupper | Yexp (x 1074 (x 1074 (x 1074 (x 1074
| |
5_3 5, 1852. 4u 1.3 1.12 § 1.95 7.79
| |
64 o, 1856. 26 4.48 2.96 | 5.50 | 21.6
A 9.0 1858. 55 511 5 | e |
5. 6, 1866. 37 119 g4z | M3 |
4 5 166Y. 34 198 166 | 241 | 564
| 9. lu_g 1870.83 | 006 426 722 f 825
i ¥ 1676.61 2.14 1.43 B e T
| 5.4 o, 1884.57 21.1 16.3 26.1 | 53.6
o 6 1889. 56 224 161 | 262 | 47
| |
5 6, 1895.17 | 2 154 | 28 544
| |
“_, &, 1904, 35 6.53 4.44 6.94 | 20.3
1 {
R 7 1907.96 238 158 | 248
l
o, 1.2 1909. 95 83.2 6L.9 | 6l.8
7, 8_, 1922.33 226 163 | 287
6 7 1923.16 177 137 i 184
8_ 8_, 1926.70 .79 61
8_, 9., 1933.19 234 178 | 3w
9.3 10_y 1941.63 323 wr | o
6 7.3 1945, 34 12.8 9.23 13.0
5., 6, 1946.35 7.46 5.02 8.20
6. 5, 1951.15 .18 1
49




TABLE 7. STRENGTHS FOR WEAK LINES

J J Scalc SB Srigid
Tlower 7hpper Y.exp (x 10'7) (x 10'7) (x 10'7)
7 1, | 2307.03 34.9 219 9u30
| {
8_. | % | 2314.88 1.63 139 | 688U
-3 | |‘ |
i |
0. | B 2324.71 | 4.60 LN e
| i | | i
Ly L0 2333.25 3.90 35 1450
fteoes e |
| 7, 8 2333.37 .U | 5.5 307
X bg 2334.54 05 .09 9.9
| 9, v, 2348.64 .52 | 223 1w
| o, T 2352.20 | 2.41 | 6.6 395
! |
| § 7 2353.23 | 2.48 6.6 395
| s, 8 2357.03 .36 01 134
o 7a | 2362.51 .42 .82 74
1 % 8¢ 2378.52 9.38 24 law
{ ’ ‘
1 8¢ 2375.07 | 8.67 | 24 14wy
4 x 1 |
! | | |
sy | % | 2.4 .76 6.9 | 388
2 l By | 239697 J 1.77 33| 2l

Comparison ot calculated dipole moments with calculated and rigid rotor

values: (VIU) bana, 2350 cm'l (R branch). (No experimental results available.)

S

= present calcula alue
Sgalc = previous resu1:§"8’
S = rigid rotor yalue
AT19341 ves in (debyes)!
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[IIC. Line Broadening and Shifts

We assume that broadening is dominated by collision processes. In
particular, we calculate the broadening and shifts of HZO due to collisions
with N2 and 02. the major atmospheric components. Anderson theory discussed
above is used. All that remains is to choose the form of the interaction

between the molecules which mediates the broadening process.

In the case of N2 collisional deactivation by HZO' we found that long
ranged electromagnetic interactions were very ineffective deactivation agents.
The long ranged interactions are highly resonant, leading to little energy
transfer for the case At » 760cm'1. Only through the mechanism of hard core

repul sive forces can significant VV exchange occur.

To determine the amount of line broadening in Anderson's theory, the
transition probabilities to all possible neighboring states are summed.
Conseguently the nearest neighbor transitions will dominate. To deal with
pure rotational transitions with relatively small energy exchange, long ranged
interactions are sufficient. In general, hard core collisions lead to large
energy, vibrational exchanges, while long range interactions cause small
energy rotational exchanges. The collisional broadening and shifts of

spectral lines are dominated by the long ranged electromagnetic interaction.
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The lowest order electromagnetic interaction between HZO and N2 or 02
is dipole-quadrupole. For this case, it is well known that the response func-

tion r(w) resulting from the integral

r(w) = & S. e”™ y(t) at)? (3-9)

1S a sum of products of Kelvin functions.

Consequently, the collisional 1line broadening can be readily deter-
mined using (2-14) and (2-16). For dipole-quadrupole interaction, (2-14) for

the level |vwJr> of HZO' J2 of Nz becomes

ert'Jl(b,v) .:Gvgwgg Z |<er|u|v»J‘,o,|2 |<J1|Q|J2>|2 cz(JIZJZ;OO)
vidie .Jz (3-10)

where

3
Gwe) = D L@t 31T (o) Kk Brwel)

u=-3
t = b/v
<JllQlJ2> = quadrupole moment for Nz or 02
C(JIZJZ;OO) = Clebsh Gordon coefficient

w

energy defect - Ev‘j‘f’* EJZ — EVJY- EJl




For the case of vibrational deactivation we neglected the N2 rotation
' entirely, because the vibrational exchange was orders of magnitude greater
than the NZ rotational energy change. For line broadening all the possible
transitions are summed over, and the smallest energy exchanges dominate. The
smallest energy exchanges occur in purely rotational transitions, and thus the
N, rotational energies can no longer be neglected. Since quadrupole selection
rules are obeyed, the sum in (3-10) over J2 ranges over a maximum of five
values for each JZ' so this additional complication is not serious. When the
initial states J1 of the broadener are averaged over as in (2-16), the sum is
truncated for those J1 such that the thermal population is less than 10'9 of

the ground state. This occurs for J1 < 100 for most temperatures.

To calculate the response function (2-15) for the collisional line

shifts, the Hilbert transform of (3-11) must be evaluated. Instead of working

directly with (3-11) for this purpose, we used the least squares fit

2 4 .2759x3 + .1764x" + .1395x7)

(3-12)

G(x) = e"2X (L1777 + .3519x + .3877x

. Denote Ik the Hilbert transform of |w|k C-lelr;
¢ K -2|w|t
1 Wl e
t Ik('o) = z-: p '0 = dw (3-13)
» Then I, can be expressed in terms of exponential integrals:

aa
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1 2w°r -2wor

10 B vl [+e E1(2w°t) + e Ei(Zwor)]
Wyt Wyt -2w°r

I = + [-e Ey(2wyt) + e E; (2w, )]
Wt (wor)2 Zwoz -Zwot

12 2 - ?;— + —7—'— [+e El(zwof) + e Ei(zwot)]
Wt (w r)3 Zwor -2wor

13 z - 1'— + T [-e EI(ZNOY) + e Ei(Zwor)]

3 4

Wt (w_t) (w_t) 2W _t -2W_t
0 *) 0 0

[4 L - b - [+e El(Zwor) + 8 Ei(Zwot)]
Mor o (wgr)d (w0)® 2w 2wt

I5 b - TREte 5 2 (-e El(zwot) it Ei(zwot)]

[n the limit of large LA

xk,?_I_. E L':_Z_j,u (3-15)
W t
0

(2w_¢)<S
5=0 -

Thus the line shift response function drops off only as 1/w, while the line
broadening response function falls off exponentially. However, the line shift
response function is an odd function of Wy leading to a cancellation between
temms of positive and negative energy defects, Therefore, even though o(w)

has a much wider range than r(w), the level shifts and widths resulting from

a5




(2-16) are roughly the same size since r(w) is an even function and o(w) is an
odd function of w. The velocity averaged s and r as functions of x = wb/M/2KT
are pictured in Figure 2. Note that though r is larger for small w, it de-

creases exponentially while ¢ is decreasing only as 1/w.

Finally, we must average over v and b. The integral over v was done
numerically. Since TF(b) = = for b « 0, the assumption that T is small 1is
invalidated in that region. We used an averaging process due to Sharma and
Srau(lg) to eliminate the necessity of numerically integrating over b using
the full exponential form for (2-16). We assume that r(b,v) is given by the

following:
6
r(b) = r(b) «~ 1/b b>d

2
r(b) = r(0) + 25 [r(d) - r(0)]  bed
d
d = Lennard-Jones o (3-16)

To obtain the relation for (o), we recalculate (3-9) for head-on collisions

only. A similar result is obtained, with (3-12) replaced by

6.(x) = 92(x) £ e */2 (.1100 + .0392x - .0295x° + .0064x> - .0006x°)
° 3 (3-17)
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The Hilbert transform can be evaluated as before. Averaging (3-16) over b, we

obtain
S r(b) bdb = & r(o,v) + 3 r(d,v) (3-17)

The averaging integral over v was done numerically, leaving a line
broadening response function and a line shift response function depending only
on energy defect w. Finally, the averaging over the M2 initial state was done

assuning a Boltzman distribution:

-BJ, (J,+]
PI)) = (20,41) e Lot ol / Z (20+1) e BJ(J+1) (3-18)
J

For HZO' we used the dipole moment operator given by 3.6. The quadru-

pole maments and rotational constants for N2 and O2 are given below.
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Nz and 0Z Molecular Parameters:

Q 8

(x 10724 esu) (em™!)
N?. P .01
OZ 1.0 1.45

In Tables 8 ana Y we give the resulting level halt widths ana shitts
aue to ~2 and 02 at T=juu,. Note that to obtain the line halt width, the two
level halt widths are added. Conversely, to obtain the line shift, we
subtract tne lower level line shift fram the upper level line shift. Conse-
quently, the shitts are generally an order of magnitude less than the widths.
In fact, the shifts are so small for atmospheric pressures (~ .Ul cm'l), that
they are less than the accuracy of our model. In Table 1U we compare the
halt widths with other theories and experiments. The results are in general
very qood, with differences attributable mainly to the approximate impact
parameter averaging process used. To see this, we need only note that the
widths depend sensitively on the cutott impact parameter as d'4. A numerical
impact parameter averaging may be used with the exponential torm of the
probability, but this leads to a factor ot ten increase in computation time.
It additional accuracy is needed, this modification can easily be done, and

the resulting calculation will consume approximately 1 minute of CDC 76uu time.
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TABLE &.

CALCULATED WIDTHS AND SHIFTS OF H

20 ROTATIONAL

LEVELS DUE TO COLLISIONS WITH N,,“IN M /T
Rotational | Width | Shift '{ Rotational wiath | Shify
Leve) | Level
& a MHZ/T | MHz/T 9 « MHZ/T | MHz/T

1" 1h2

Vo .25 .2V 504 1.39 | 1.35
lo .81 .55 5,3 2.14 | 1.66
14y .69 .51 | 534 1.10 | 1.15
b 72 51 || Sy 1.41 | 1.27
2,0 1.27 .91 j | Sz i .58 | .87
21, | 1.u6 .81 ' 51 | .61 .88
2y, | 1.20 .88 | 5, ' A8 | .6l
g21 ; .78 .68 | 1 e el
24 | .81 .70 | 606 | 1.43 | 1.7
3u3 | 155 | 118 | 616 oL LS
313 { 1.43 l.ue | b5 | 1.8v | 1.70
3, | Lse | 1.23 | | 62 | 1.28 | 1.48
350 | 1.07 | .93 | | %2 2.47 | 1.89
3, | L2 e | | L2 L3
3y | .54 L 6.5 L 2.00 | 1.62
3a | .55 g1 ) I 643 | .86 | .oy |
45 1.73 | 1.4 Il 64 | 99| 113
4, les | L2 b, L .36 8l |
4y Lo | 1.4y | 1l 8 L 81
45 1.32 1.15 ﬁ | 661 I .58
i 1.68 | 1.6 I 660 B .58
4y .82 .93 || - 1.07 | 1.61
44 .91 .96 || ) I LS | lev
44 | L e | tes 1.4z | l.es
40 | 31 .66 §; 726 | 1.06 | 1.54
Sus | L9 | L4 'i 06 2.52 | 2.04
S5 161 | 1.ea | o 1.28 | 1.50
514 l 1.98 | l.64 “_7 754 2.5 | 1.97




TABLE 8.

(concluded)

Rotational
Level
J

Mky

Shift

MHZ/T

Rotational
Level

J
KXKZ

1.31
1.43
1.02 |
1.03 ||
.76

.76
.56 ||
.56




TABLE 9. CALCULATED WIDTHS AND SHIFTS OF ROTATIONAL LEVELS OF
HyO DUE TO COLLISIONS WITH O,, IN MH,/T

Rotational Width Shift Rota‘ional Width Shift
Level Level
JKIKZ | MHz/T MHz/T JKIKZ MHz/T MHz/T
Vo [ o1 .13 504 7T T

| 15 g 6l 3| 5,3 1.55 | 1.

I oY | 49 1 .35 533 .63 74

g R 532 .94 .83

| 20 | 93| .62 | Sa2 31 .88
21, 76 .54 51 | .33 | .5
2y .85 .59'| 51 .Ub ; .38
25 .48 .44"; S, | .uB l .38
2,, .51 46 b6 .69 1.0 |
303 1.0y 9 IS .65 | 1.00 |
35 .96 L 615 S Llonan
32 .13 .82 | S .66 .95 |
3, 07 .61 | by | 1.74 | 1.25
3 .82 .67 1| 634 |6y .88
34 .29 .44 ig 643 L3 L.o7
330 <3 .44 :’ 643 ‘ .45 0
40e 1.11 ST E{ 047 | .56 .73 ;
U 1. .86 | f 6c, {7 S1
4, e .99 - by | .18 .51
4 79 .76 | 61 .05 | .36

4y, L2 | 660 | .08 .36

| 45 48| .59 | 747 R B 0

| 4y .57 62 | ; 717 |4 Lo

| 4y A6 L4l | 736 | 77 | .08
44 e .41 E 106 | 49 97
505 ; .95 .983 104 1.69 | 1.35 |
515 88| .95 ] 3 67 | .96 |
514 1,33 1l.08 734 1.75 l 1.31 l
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'
TABLE Y. (conc)uded)
. : ,
( Rotational  |width Shift Rotational Width Shift
Level Level
! e s Muz/T | MHz/T = MHZ/T | MHz/T
| 172 | W AR Yl
|
. ‘l 7“ ! .5‘ -85 ,: | 871 .Ub o‘4 :
74" f 085 -93) EI 881 002 .u
ls3 | .27 .05 ; 85y U2 .34 |
: 762 «30 .87 | l,i 919 i 32 | .93 |
84 .24 .95 | 99 oL Lz
. 8 g .23 97 | 93 | .44 | l.02
5 46| 102 9., | 1.96 | l.60
17 : ‘ i, 30 ‘
8,; 2| % Il 946 CLST L4
836 .56 | 1.01 | 1| 964 | .58 .97
846 1.97 | 1.49 1 9pa | B M
‘ (| ; i
B4a .21 1.16. i 94 1 .54
] d“ .3‘ 078 ! ll‘ 972 .11 .S‘ i
8 s .42 .81 | ¥ %y 08| a2
82 .16 .59l j 99, .02 .33
. B ; .06 .44 9 .02 ) |
i 72 | L | "
’
Y
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TABLE lu, COLLISION BROADENED LINE WIDTHS

t H20 BROADENED 8Y 02 AND NZ' COMPARISON WITH OTHER THEQRIES AND EXPERIMENT n
Y, Broadened (MHz/T) , Broadened (MHz/T)
' f Line ,Theory(ZU) Present Experiment Theory(?'U) Present Experiment
- T
] : sl || 287 | L 4.14 1.58
: ‘uz"u | 2.085 1.78 i 4,09 2.47
155 Y 2 . ] ‘
' | 255735 l 2.66 1.47 2.7 || 4 2.24 | 3.8
| ?
‘, 521‘41‘ i £o°9 | lt& i 4.16 2.84 !
) , 3307424 2.69 | 1.09 3 4.14 | 1.87
y ' o &% ] = | | ; 2 '
4,,°5, .73 |} .8 I 4.2V | 3.29 |
| q . i a
440-5“ 2.74 79 | : 4.23 3 1.41 ‘
441'532 5 .03 1.10 | | 4.05 : }.71
i
. : | :
| %y %3 2.09 | .54 4.14 1.03
Lsﬂ-o“ 2.70 .65 4.16 1.16
. _
L) i
# I11D. gand Model

The line-by-l1ine band model is based on a list ot line freauencies,

. strengths, and widths. First, a table of collisional widths and shitts for
the specitic temperature ana composition is formed. Then, all the possible VR
transitions are getermined, the intensities of each line calculated, the

¥
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widths determined by adding the widths of the upper and lower level, and the

shitts by subtracting the two level shifts.

In Appendix 1 we give a list of the water vapor lines and strengths
tor the HWF and UF regions of the spectrum Z8UU to 48UU cm'l. The half widths
ana line shifts for each line for a specitic concentration of N, and 0, can be
determined trom tables /7 ana Y. Since these tables are determined ftor the
ground state, the calculation should be repeated for each band, since the
asymmetry varies with the degree of vibrational excitation. However, to @
first order ot approximation the results for the ground state can be used for

any band.

The calculation of the widths and shifts tor each band can easily be
adopted into the program which calculates the lines ana strengths to give all
the parameters of a band model tor each temperature, pressure, and composi=
tion. The exact form of such a band modeling program obviously would depend

on its purpose.

Description ot Computer Codes
1. Introduction

The present codes consist of a set of 12 modules whose interrelations

are indicatea in Figures 3 and 4 for rate calculations and band modeling. In
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MODEL

ROTATE

RTDAT QFUN

IFUN | RATE

Fiaure 3

Code structure for rate caleculations




]
5
: MODEL
L
' ROTATE
BAND LINE QFUN
. 25
' [FUNS [ WIDTH
|
’ TABLE
. ’
5 Figure 4
é Code structure for band modeling
"
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general, data is transferred from module to module by storing it on disc. A

' brief description of each module follows:

1 Description of Codes

(a) Model

: This program has been documented elsewhere. (12)

Its purpose is to j
calculate the non-diagonal rotation matrices A, B8, and C. [t does so by vary-
h ing the vibrational potentials to fit observed band origons. Output quanti-
ties are the band origins and the rotation matrices. [f needed, the Morse
oscillator matrix elements, the vibrationa)l wave functions, and the rotation

®* matrices are stored on disc for later use. The vibrational wave functions are

the coefficients of an expansion in a set of Morse oscillator functions.

. (b) STAND

STAND consists of two utility programs, HDIAG and STEPIT. HDIAG
diagonalizes symetric matrices and calculates the necessary transformation ma-
trices. STEPIT is the fitting routine. The parameters to be varied are
stored in the array Z(I), and the sum of the squares of differences to be

minimized is calculated by the main program routine SMSQER. MODEL, BAND, and

LINE must be loaded with the utility programs in STAND.




¢
?

(c) ROTATE

This program calculates the roto-vibrational energy levels using the
rotational matrices stored on disc by MODEL. [f needed, the energy level as
well as the roto-vibrational wave functions in the form of coefficients of an
expansion in vibrational wave functions and symmetric top wave functions are
stored on disc. These coefficients take up large amounts of storage space,
but storage is convenient since this data is used by three other programs for

different purposes.

The wave functions resulting from MODEL are used in WANG where the
matrix elements of the rotational piece of the Hamiltonian in the basis of
Wang states are calculited. The resulting matrix is diagonalized to yield the
roto-vibrational energies and transformation matrices. The sz symmetry 1S
taken fully into account. The roto-vibrational wave functions are then repre-
sented by the columns of the transformation matrices U, and are just the co-
efficients of an expansion in a basis space consisting of a product of vibra-

tional wave functions and Wang symmetric top wave functions.
(¢) IFN

This program calculates the fourier transform response function of
any muyltipole-multipole electromagnetic interaction in the classical path

approximation. As is well known, the result is given in terms of a sum of

products of Kelvin functions. In addition, the response function for a head
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on collision, with impact perameter b = 0, is calculated. The results can be

used for V, VR, or RR rates.
(e) QFN

This routine takes the ordered energy levels placed on disc by ROTATE
and evaluates the statistical Q function given below as a function of tempera-

ture:

P
Q= ji‘r 9 (20+1)e Je/KT (2-1)

(f) RTDAT

This program evaluates the matrix elements of an arbitrary potential
V(R,8,s) between VR states whose energy difference lies in a particular spec-
tral region and places the results on disc. The potential is expressed as a
series of spherical hamonics, and the result is found using the known matrix
elements of speherical harmonics between symmetric top wave functions. The

fu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>