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FOREWORD

This report is the final technical report on
work carried out under Contract DAHCO4-70-C-0022,
which was administered by the U.S. Army Research Office,
Durham. Tie findings in this report are not to be
construed as ar official Department of the Army position

unless so designated by other authorize® documents.



Abstract

The Carbon Monoxide laser is one of the most promising
systems currently available for the efficient generation of
infrared radiation in the wavelength region from 5 to 8 ym.

A detailed model of the kinetic processes which govern the
perfcrmance of this laser has been programmed for the IBM

360/67 computer. The temporal development of vibrational
populations has been computed, and shown to converge to a steady
state solution generated elsewhere from algebraic computation.
A careful investigation of scattering data shows an apparent
discrepancy in the potential used to describe the interaction
of the CO molecule with Argon atoms. An experimental facility
has been developed for observation of spontaneous emission

from various molecular transitions in the CO laser.
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I. Introduction and Summary

A contract was awarded to Wayne State University for "A
Study of Energy Transfer Processes in Molecular Lasers", with
an effective starting date of 26 January, 1970. The effort
under this contract is twofold. A computational effort is
directed at modeling energy transfer processes important to
molecular laser action using detailed computer codes, some of
which were already in operation at Wayne State University.

The experimental part of the effort, which is relatively small
due to funding limitations, is directed at experimental
verification of the computational and theoretical assumptions
implicit in the calculational model. The principal investigator
for this research is Dr. Alexander J. Glass, Professor of
Electrical Engineering. Other faculty associates are Drs.
Richard Marriott and Edward Fisher, Professors of Chemical
Engineering. All three are members of the Research Institute

for Engineering Sciences at Wayne State University.

I. 1 Description of the Model

Among the most important of the molecular laser systems
currently in use is the CO laser. This laser operates between
successive vibrational levels of the CO molecule, which is
excited in an electrical discharge, either pulsed or CW, in
the presence of He, N2, and other additive gases, most usually
O2 and Xe. By varying the conditions of excitation, the gas
mixture, and the dispersive properties of the laser cavity,
various (Av = 1) vibrational transitions can be stimulated,
giving the CO laser a wavelength diversity far greater than
other molecular lasers. As examples of the variation in
output which can be achieved in the CO laser, the range of
operating wavelengths which have been observed at room
temperature, with CW oscillation, by Bhaumik and co-workers(l)
as shown in Table I - 1. Similarly, in Table I - 2, we show

the range of transitions observed with pulsed excitation,



at 77°K, by Graham et al{?) 1t is the main purpose of the
research outlined in this report, to develop a model for the
CO laser system which is of sufficient flexibility to provide
a sound analytic basis for determining the optimum operating
conditions for the CO laser, for either pulsed or CW operation,

at any wavelength in the range of operation.

Stimulated emission in any laser system is the result
of the creation of an inverted population(3), a condition in
which the population of a given excited gquantum state exceeds
that of a quantum state of lower energy (barring degeneracies).
In order to achieve inversion in the CO system, several
different energy transfer processes must play a role. To begin
with, excitation of the CO molecules by impact with energetic
electrons in the discharge must take place. As is shown in
Chapter III of this report, there are no selective excitation
processes taking place in the CO laser, at least not to any
great degree, so that from excitation rates only, we would
not expect to find an inversion of population. It is not until
we consider the effect of vibrational energy transfer (V - V)

that the inversion mechanism becomes clear. In an anharmonic
system like CO, providing that the average kinetic energy of

the molecules is kept well below the vibrational level separatioﬁ,
a significant deviation from a Boltzmann distribution of i
vibrational populations can be created, with an accumulation of
population in the higher lying states(4). Detailed calculations
of this effect are exhibited in Chapter III of this report. e
In order to assure that the gas temperature remains low, helfum
1is added to the discharge, to provide good heat conduc;idn to

the walls. Thus the model must include electron excitafion of ;
vibrational states, V - V and V - T processes among the moieculaf
species present in the laser, and the effect of reutral atom '
collisions with the molecules. Each of these processes is

characterized by a cross section, which depends on the relative.



velocity of the collision partners. These cross sections

must be integrated over the appropriate velocity distributions
to obtain the rate coefficients for the raspective processes,

It is assumed in this research that the kinetic energy
distributions of the atomic and molecular constituents of

the gas are characterized by a single gas temperature, and

are described by a Maxwell-Boltzmann distribution of velocities.
The vibrational levels are treated explicitly, by a set of
coupled rate equations for the vibrational populations, the
master equation. The electronic velocity distributions are
assumed to be Maxwellian, at a temperature different from

the gas temperature. It has been shown(S) that in a weakly
ionized, molecular plasma, the electron velocity distribution
deviates from Maxwellian form, but, as is discussed in

Chapter III, this deviation has little effect on thevibrational

excitation rate coefficients.

Radiation processes must also be considered in the
model. Only spontaneous emission has been treated to date,
so the 1odel only applies to laser performance below and up to
the threshold of oscillation. This is sufficient for comparison
with observation, however, since the principal diagnostic
measurement is spontaneous emission from the various levels

in the discharge (sidelight emission).

I. 2 Summary of the Report and Results

Chapter II of the report considers the vibrational
excitation of carbon monoxide by collisions with inert gas
atoms, in particular, argon and helium. In both cases,
experimental data on vibrational relaxation of CO in the
presence of the atomic gas are available, for comparison to
the calculated values. A detailed description is given of
the close coupling calculation. It is necessary in this
calculation to represent the atom-molecule interaction by
some potential function of the separation coordinate. At

first, the Lennard-Jones (6 - 12) potential(e) was employed.



The computed relaxation times were smaller, by significant
factors, than experimental data, both for He-CO, Ne-CO and
Ar-CO. 1In order to determine the cause of this discrepancy,
the calculations were repeated using an empirical, "soft-core"
potential(7), obtained from scaitering data. Using the
modified potentials, satisfactory agreement with experiment
was obtained for CO-He mixtures, but for CC-Ar mixtures, the
calculated relaxation times exceeded the experimental values
by a factor of 50. This unexpected disagreement may be due
to the presence of quenching impurities, such as HZO’ or H,,
in the experiment, but it is felt that this is unlikely. The

exact cause of the discrepancy remains unresolved at present.

In Chapter III, a detailed summary is given of the
computational approach employed in the solution of the master
equation. Up to 30 vibrational levels of both N2 and CO, or
indeed any pair of diatomic gases, can be explicitly included,
along with electrons and inert atoms. A preliminary test of
the code was performed by considering the reaction of vibrationally
excited H2 and D2 to form HD in the absence of electrons.

Detailed comparisons are given for the Raman excitation of the

vibrational levels of H, in the presence of D as carried out

by Bauer et al.(s). Gogd agreement with expeiiment is obtained.
It is also pointed out that a more definitive reaction in order
to test the proposed HD mechanism would proceed from the
excitation of D, in the presence of Hy,. To date, the latter

experiment has not been carried out.

The dependence of the vibrational excitation rates on
electron temperature is then discussed. It is found that the
excitation rates are insensitive tc the shape of the high energy
tail of the electron distribution Te 2 10000°K for vibrational
excitation. Accordingly, a Maxwellian distribution can be used
to describe the electron distribution in the model. Finally,
the transient response of the CO-N2 laser mixture to an initially
established electron temperature is computed, and is shown to

(2)

converge in time to the steady-state results of Rich c



In Chapter 1V, a brief discription is given of the
experimental facility. There are three appendices to the
report, a discussion of the calculation of V - V rate
coefficients, a summary of the modeling calculations, which
was presented at the Conference on Laser Physics at Sun Valley,
Idaho, on March 1 - 3, 1971, by Drs. Fisher and Kummler, and
a discussion of the vibrational excitation of CO by collision
with He, a paper to be given at VII International Conference
on the Physics of Electronic and Atomic Collisions, by

Dr. Marriott.



Spectral OQutput of CO Laser at 20°C(,m)

TABLE I -1

A Observed % Theoretical -1 Vibrational Relative

(Air) (Air) v cm Band Transition Intensity

5.3155 5.3152 1880.897 8 - 7 P(20) 80 :
5.3275 5.3273 1876.629 p(21) 9

. 5.3397 5.3395 1872.329 P(22) 10

. 5,3871 5.3876 1855.615 9 - 8 P(20) 100

I 5.3993 5.3999 1851, 382 P(21) 16

: 1842.821 10 - 9 P(17)

! 5,4487 5.4494 1834.577 P(19) 52
5.5131 5.5127 1813.514 11 - 10 p(18) 17
5.5256 5.5252 1089.416 P(19) 1.8
5.5901 5.5901 1788.398 12 - 11 p(18) 2.2
5.6027 5.6028 1784.334 P(19) 0.9
5.6559 5.6567 1767.359 13 - 12 P(17) 0.3
5.6688 5.6695 1763.363 p(18) 0.5
5.6819 5.6825 1759.334 P(19) S
5.6991 5.6996 1754.060 14 - 13 P (14) 0.3 |




TABLE I - 2. Partial Summary of Observations

at 77°K for 0.3 Torr CO Plus 5 Torr Helium.

Observed ]
Transitions Strongest Line Data
(a) Laser Laser
Vav! P(J) J )% vac Current ;Output Pulse
(microns) (Amp) (watts) (msec)
4 -3 |l 5 -8 7 4.90882 0.198 1.2 .
54 5 -8 7 4.97283 0.193 0.68 .
6 -5 5 -8 7 5.03735 0.193 0.40 .
7-6 i 5 -8 8 5.11437 0.335 0.47 )
8 =7 !5 -8 7 5.17189 0.285 0.12 .
9.8 6 6 5.23190 0.213 0.005 0.
10 -9 b7 7 5.31342 0.713 0.007 5.

(a)

exceeded 1 mw.

Includes only those transitions for which laser power
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II. A THEORETICAL STUDY OF THE VIBRATIONAL EXCITATION
OF CARBON MONOXIDE BY INERT GAS COLLISIONS

1. Introduction

Inelastic processes involving the vibrational excitation
of molecules by collision with inert gases are of particular
relevance to the study of gas laser phenomena. Much of the
necessary data is not available. Direct experimental measure-
ments of the corresponding low energy collision cross sections
have not been made. and the non Boltzmann nature of the system
may well render invalid any extrapolation based on laboratory
observation of vibrati onal relaxation processes. It is of
importance, therefore, to establish the gquantitative reliability
of the theoretical procedures for calculating the rate processes

required.

In previous publications (Marriott(l)’(zx Gianturco and
Marriott (3)) a method for the close coupling calculation of
cross sections for the vibrational excitation of molecules by
collision with atomic particles has been developed and applied

to a variety of collision processes.

In this report the method is applied to the vibrational
excitation of CO by collision with Ar and He. There are no
anomalous features in the interactions between the particles
in either case, consequently the results obtained would be
expected to be as reliable as those obtained in the original
study of CO - CO collisions (Gianturco and Marriott(3)).
Experimental data is available on the vibrational relaxation
of the mixtures (Hooker(4),Mi11ikan(5)) for comparison with

the calculations.

II -1



As summarized in section 2, the close coupling calculation
is based upon the assumption of a spherically symmetric semi-
empirical scattering potential. However, it is found that use
of the eppropriate Lennard-Jones potential as was done in the
original calculations, leads to vibrational relaxation times
that are too short, hence by inference to cross sections for
the excitation of the first vibrational level of CO that are
too large. The details of these calculations, including the
result for a similar CO-Ne calculation, are presented in sections
3, 4 and 5. Sections 6 and 7 present a recalculation of the
cross sections for excitation by Ar and He based upon the more
realistic short range potentials measured by Amdur et al. &
and Jordanr et al.(7)for cotlision energies up to 2.5 eV,

This leads to satisfactory agreement with experimental relax-
ation times for the case of CO-He mixtures. However, for the
CO-Ar system it is found that the calculated relaxation times

are now greater than experiment by about a factor of 50.

This surprising disagreement, occuring in what would have
been expected to be a routine calculation, is investigated in
detail in section 8. The theoretical results are confirmed.

At the same time it is estimated that the degree of contamination
of Ar by H, or H,0 which could account for an experimental

error of this size, though small would still be two orders of
magnitude larger than is normal. The disagreement remains

unresolved.

IT - 2



2. Collision theory

In summary, the analysis of the collision process neglects
the effects of the rotational states of the target and the
internal structure of the impacting particle. It assumes the
molecular wave function to be separable into electronic,
rotational and vibrational components and the scattering potential
to be similarly separable in terms of the molecular normal

coordinates and to ke spherically symmetric.

To this approximation the coupled radial scattering

equations take the form using atomic units throughout,

2 [«7]

d 2 _ LD ze Vot (e (1)
[__..2 + k2 2——]Fn(r, = 2M) F_(x)v_ (r)

dr r m=0

where the wave number of the scattered particle of reduced
mass M is given by

k2 = 2M(E - B+ k3/2m) (2)
n P n P

En being the energy of the nth molecular vibrational state and

the initial state being arbitrarily assigned the subscript p.

The scattering equations (1) are solved numerically with
the retention of all coupling between any specified set of

molecular states subject to the boundary conditions

L
Fn(O) =0 (3)

) b, SR, _ N )
Fn(r)~1 (22T1)[5pnkp 51n(kpr in/2) + exp(lknr 1zn/2)fpn]

II - 3



The corresponding inelastic partial cross sections for
the collision induced transitions are then given by
) n £ )2
= dr . (2240) |2 |7

Qpn kp pn 4)

and the total cross sections obtained by graphical integration

over all significant values of {.

The transition matrix elements for a diatomic molecule

are shown to be approximated by

) 2
= v y!{ 14
where numerical values for the Vim factors are estimated in the

usual way from the classical distance of closest approach of

2
the colliding particles (Marriott ( )).

Empirical functions are employed to represent the scattering
potential component, V(r), and the normalising constant V0 is
taken to be (Véo)—l. This ensures that the scattering potential
for the ground state molecule is given by the observed empirical

function.

This close coupling analysis of the collision proces:s has

been programmed in Fortran for the IBM 360 series computer.

ITI - 4



3. The Lennard-Jones intermolecular potential

Previous calculations for collision systems involving CO
have successfully employed the semi-empirical Lennard-Jones
functions to represent the scattering potential between the
CO and the impacting particle (Gianturco and Marriott (3))-

To this approximation the potential is given by a function
of the form

v(r) = 4z [(—%)12 - (%)6]

where the necessary parameters can be estimated using the
combination rules for non polar mixtures discussed by Hirschfelder
(8)
et al.
1.

2
€rygx = (ecoex) ¢t Op¢x = %(UCO+ ‘:;,)

Hirschfelder et al. give for the component parameters:

o) -8

€ = 88 K =

co/k %0 3.706 x 10 cm

o o,, ) -8

eAr/L = 116 K Opr = 3.465 % 10 cm
o -

ego/k = 27.5%K Cpe = 2-85¢ x 10”%cn
o -

eﬂo/k = 10.27K Olia = 2.5%6 x 10 8cm

k being the Boltzmann constant, and these lead in turn to the

values for the mixtures:

IT - 5



-3 k C '

CO + Ar : £ = 320 » 10 Ta.u., o0 = 6.79 Aao) o
CO + Ne : € = .156 % 10 Sa.u., o = 6.22 (ag)
| ! .-
S A ;
CO + He : € = .950 x 10 *a.u., o = 5.93 (ao)

’ .
A typical matrix of transition elements obtained for the
CO + Ar system at several collision ghergies and '‘an impact

i 1
parameter of zero are shown in table 1. ., : P !

gt s,

.



Table 1. Matrix elements for head-on collision of Ar with CO

assuming a Lennard-Jones interaction.

Collision

Energy (ev)? 0.6 1.0 1.5 2.9 2.5
Voo  1-0000  1.0000  1.c000  1.0000  1.0000
Vi, 0.0777  0.0801  C.0820  0.083¢  0.0846
v,, 1.0060 1.0064  1.0067  1.0070  1.0072
V,, 0.0043  0.0045  0.0048  0.0049  0.0051

L. v 0.1102 0.1137 0.1164 0.1184 0.1200
Transition 21 :

elements*
Véz 1.0121 1.0129 1.0135 1.0140 1.0143
V30 0.0002 0.0002 0.0002 0.0002 0.0002
V31 0.0074 0.0079 0.0083 0.0085 0.0088
V32 0.1345 0.1396 0.1430 0.1455 0.1475
V33 1.0182 1.0193 1.0203 1.0210 1.0215

+Relative to ground state

*Voo nomalized to 1.0

I1 - 7



4, Vibrational excitation cross sections (LJ)

Using the Lennard-Jones potential described in the previous
section the remaining parameters required as data for the
computer code are the reduced oscillator mass (0.126 x 105 atomic
units), the vibrator energy level separation for CO (0.266 eV)

and the collision reduced masses:

CO + Ar; .3024 x 105 a.u., CO + Ne; .2149 x 105 a.u.,

CO + He; .6433 x 107 a.u.

The calculated partial sections for the excitation of the
first vibrational state by Ar are shown in figure 1 where
coupling between the first four states has been retained and
in figure 2 where coupling has been restricted to the first
two states. The total cross sections, obtained by graphical
integration of these figures are presented as functions of

collision energy in table 2,

An indication of the numerical accuracy attained was given
by the fact that detailed balance held in all cases to at least
3 significant figures. 1Inclusion of more than four vibrational
states was not found to have any further significant effect on

the QOl cross section.

The results for the Ne and He calculations were quite
similar in form to those for Ar and the details are not

included here,.

Cross sections for the excitation of CO from the ground to

the first vibrational level in the three collision systems are
shown in table 3. In these calculations coupling has been
retained between the first 3 or 4 vibrational state of CO.

II - 8



9

0 40. 80 120 I60 200 240
PARTIAL WAVE, ¢

Figure 1. Calculated partial cross sections for the
excitation of the first vibrational level of CO by.
collision with Ar for a Lennard-Jones interaction at ‘
sevéral collision energies and including coupling
between the first four vibrational states.

A, collision energy 0.8 eV; B, collision energy 1.0 eV;

C, collision energy 1.5 eV.

ITI - 9
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Figure 2. Calculated partial cross sections for‘the
excitation of the firét vibrational level of CO by
coilision with Ar for a Lennard-Jones intéraction at
several collision energies and including coupling
between the first two molecular vibrational states

A, collision energy 0.6 eV; B, collision enerqgy 1.0 eV;
C, collision energy ‘1.5 eV; D, collision energy 2.0 eV;

E, collision energy 2.5 eV,
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Table 2. Tctal cross sections for vibrational excitation of
CO by Ar impact assuming a Lennard-Jdones interaction

potential.

Collision Two coupled states Four coupled states
energy (eV) Qol(nag) QOI(ﬂag)

0.266 0.00 0.00

0.6 0.207 7" -——

0.8 _— 0.987°

1.0 0.357% 0.1673

1.5 0.2072 0.5772

2.0 0.1472 —

2.5 0.427% ——-

Table 3. Total cross sections (LJ) for the vibrational excitation
of CO from the ground to the first excited level by
collision with Ar, Ne and He.

Collision energy (eV) 0.6 0.8 1.0 1.5 2.0
Helium Qg (mal) 67l gl s .97 .19%L
Neon Qg (mal) 247 5573 3972 g7l 30
Argon  Q, (ma’) - .987° .1673  .5772 -

* superscript denotes the power of 10 by which the number must
be multiplied.

II - 11



5. Vibrational relaxation of CO in the inert gases

No direct measurements of vibrational excitation cross
sections for heavy particle collisions have yet been made.
Comparison of theory with experiment can only be obtained in
an indirect way by using the cross sections to determine the
relaxation time for CO in the corresponding gas. These relax-
ation times may then be compared with the experimental results
of Hooker and Millikan(4) and Millikan ~°.

The connection between the relaxation time, T, for a
simple harmonic vibrator and the corresponding process reaction
rate coei%scient, Ynm* has been discussed by Herzfeld and
Litovitz 5

If it is assumed that vibrational transitions can occur
only to neighicoring states, then it can be shown that, for a

diatomic gas in translational equilibrium
1/ = Yio0 ~ Vo1 (6)

where in general for a gas mixture of C components of fractional

molecular concentrations y.

L i (7)

where

i M /2 1
Ynm = 4nN (5;33?) In {Onm(v)QXP (- Miv"/ZkT)vadv

N being the number density of the gas, I the statistical
weight of the m vibrational state, Mi the reduced mass for the
molecular vibrator and the i'th mixture component and the
Qim(v) the cross section for the n-m transition induced by

collision at velocity v with the i'th mixture component. For

ITI - 12



the reverse reaction, detailed balancing gives immediately

Y '-‘: T) = -1 <
'mnInE*P rm/k‘) vnmgnexp( En/}\T)'

The relative magnitudes of the transition elements in
table 1 indicate that, as was the case for pure CO, the assump-
tion that only single quantum Jjump transitions can occur
should be valid to a good approximation for CO in Ar. A

similar conclusion is reached for the other inert gases.

The relaxation time for CO in Ar obtained on this basis
by the numerical integration of equation (7) using the excit-
ation cross sections in table 3 and taking N to be the particle
density for 1 atmosphere pressure at T°K, is shown as a
function of temperature in figure 3. Substitution of the
parametric values for the CO-Ar system reduces equation (7) to

the convenient form

9 '_1
Yo = 2'322 x 10 / Q. (E)exp (-E/KT) (5/KT) d(E/kT) sec  atm.

(8)

. . . 2
W is in units of wma’.
here Qnm i g

The experimental results of Hooker and Millikan are also
shown in figure 3. It is immediately apparent that the theor-
etical relaxation time is consistently smaller than the observed
value by a factor of four. This in turn implies that the calc-
ulated cross sections for the excitation of the first wibrational
level of CO by collision with Ar are too large by the same

factor.
For the relaxation of CO in He the required rate coefficient,

in the same notation, is given by

: 1, =5 ~E/K' -
Yo, = 4010 M () jo,m_ (E) (E/kT) e B/%XTq (13 /1) sec™! atm.
(9)
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sc?ttering potential with coupling between the first

four vibrational states.
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The theoretical relaxation times for CO in He obtained
in this way are shown in figure 4 in comparison with the
experimental values. It is again apparent that theory is

consistently less than experiment, now by a factor of fifty.

A similar result is obtained for CO in Ne which is
intermediate between those for Ar and He. The theoretical
relaxation time for the Ne mixture is Zound to be low by a

factor of sewven.

In view of the excellent agreement between theory and
experiment for the case of pure CO (Gianturco and Marriott (3))

these discrepancies appear to be significant.

It is of importance, therefore, to establish where the
approximations that proved satisfactory in the treatment of
CO-CO collisions fail for the similarly weakly interacting
inert gas systems. Evidently the part of the present
calculation that involves greater approximation than was the
case for pure CO is the specification of the scattering

potential itself.

Taken together the results indicate that the repulsive
core of the Lennard-Jones potential, which dominates the
vibrational excitation process, seriously overestimates
the strength of the short range interaction between CO and

the inert gases.
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6. The soft core intermolecular potential
(6)

Jordan et al. (7)of a number of gas molecule potentials

The scattering studies by Amdur et al. and

indicate that the repulsive part of the interaction between
CO and the inert gases behaves as r~’ rather than r_lz.

This represents a much softer interaction than the Lennard-
Jones core, which behaves as r_lz, and thus it follows that
use of the Lennard-Jones potential will yield cross sections

that are too large.

For the CO-Ar interaction the soft core potential is

given in the form

6.99

V(r) = 47529/r (10)

for particle separation in the range

3.8 < r(ao) < 5.

Since no experimental information is available for ,
separations greater than this it is assumed in the following
calculations that the Lennard-Jones potential discussed in
Section 3 can be used to represent both the long rénge inter- :
action outside the potential minimum and also'the loéation

of the potential zero.

Subject to these restrictions a polynomial flt was
constructed which smoothly joined the short range soft core

to the long range Lennard-Jones function. - : )

The specific analytic expression used was

V(r) = .0422(s5 - T) + .0684(5 - £)2 + .0422(5 = £)°>

+ .00692(~ - )Y (ev) , : (11)

where : ' !
5 < r(ao) < 7.5 o ,
and ~ is the appropriate Lennard-Jones parameter,

!
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, For separations'r(aé) > 7.5 the Lennard-Jones function

described in Section 2 was used

Figure 5 shows schematlcally the complete functlon
Clearly this' potent1a1 cannot be validly employed fnr collision
energles greater thah 4.2 eV. However, this is con51derably
higher than the energies of interest here.

- The matrix of transition elements obtained on the basis
of this potent:.a1 ‘at seVeral collision' energies and zero impact
parameter are shown in table 4,

ComparxSon of table 4 with table 1 shows immediately that
for the soft core potential,:r as for the Lennard-Jones, ‘transitions
from the ground to the, first excited vibrational level would be
expected to domlnate the vibrational relaxatlon process, ,In

addltlon correspondlng Vlo

matrix elements are now,smaller py
a factor of about 2. , '

1 ! !

For the CO-He systém the interaction has not'bcen measured
d1rectly. However, data is given on the N2- He system, and it

is shown that the co and N 1nteravtlons are very 51mrlar

2
1 !
On thlS ba51s we estlmate the repu1s1ve interaction for
CoO- He to be 232/r (a. u. ) for separatlons 3.« r(a ) <4.3.

i

For the long rangelpart the Lennard-Jones potentlal is assumed:
still valid and the two functions are smoothly joined over a
small region by the commone tangent: ' ! '

' V(r) = .04739 - . 009158r for 4.53 < r(a.) < 4.84.

1

Use of this soft core (SC)'potential again reduces the
strength of the coupllng between V1brat10nal states by about
"a factor of 2 as was the case for the CO-Ar soft core potent1al
This reductlon in magnltude of the cdupling terms would be
expected tp lead in turn-to:a reduction in magnltude of the

r

cross sections. ' ’ .
! ) i - \ !
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Table 4. Transition elements for head on collision of

Ar with CO and the soft core interaction.

Collision o
Energy (eV) 0.6
VOO 1.0000
Vi0 ..0421
Vll 1.0018
Transition Vg .0013
elements*
V21 .0596
Voo 1.0035
V30 .0000
Vi1 .0022
Vi, .0730
Vi3 1.0053

1.0

1.0000

.0460

1.0021

.0015

.0651

1.0042

.0000

.0026

.0798

1.0064

+ Relative to ground state

2 .
VOO normalized to 1.0

IT - 20

1.5

1.0000

.0493

1.0024

.0017

.0698

1.0049

.0000

.0030

.0856

1.0073

2.0

1.0000

.0517

1.0027

.0019

.0732

1.0057

.0001

.0033

.0897

1.0080

2.5

1.0000

.0535

1.0029

.0020

.0758

1.0057

.0001

.0035

.0930

1.0086



7. Excitation cross sections (SC) for CO collision with Ar and He

The partial cross sections for CO-Ar collisions calculated
on the basis of the corresponding soft core potential described
in the previous section and the remaining collision parameters
listed in section 3 are shown in figures 6 and 7. The total
cross sections obtainhed by graphical integration of the curves
for the case of two and three coupled vibrational states are
shown in table 5 together with the corresponding Lennard-Jones
cross sections for excitation from the ground to the first

vibrational level for comparison.

As expected the (SC) cross sections are smaller than their
corresponding counterparts by about a factor of 2 at low energies.
However, this difference increases with energy, being about an
order of magnitude at 1 eV and rising to a factor of 50 at 2.5 eV.

The divergence between the (SC) and (LJ) cross sections
increases with collision energy as a consequence of the rapid
increase of the difference between the potential functions as
the classical distance of closest approach decreases.

The results of the CO-He calculation were quite similar
in form to those for Ar although larger by orders of magnitude,
and are not presented in detail here. The total cross sections
obtained for the CO-He system are shown in table 6, once again
with the corresponding Lennard-Jones results for comparison.
The numerical convergence of these He cross sections was confirmed
by retaining coupling between up to six vibrational states.
Overall numerical accuracy was indicated as previously by the
fact that detailed balance was satisfied throughout to 3

significant figures.
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Figure 6. Partial'cross sections for the excitation of
CO from the grbund'tb the first vibrational level by

Ar impact, calculaéed at several collision energies -
assuﬁing a soff core scattering potential and with
coupling retained between the first two vibrational
states. A, 0.6 eV; B, 1.0 eV; C, 1.5 eV; D, 210 evV;
'E, 2.5 eV,
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Figure 7. Calculated partial cross sections for tﬁe

excitation of the firgf vibrational level of CO by collision
with Ar for a softlcore potential at a'éollision energy of

1.5 eV,

A, coupiing retained between the first two vibrational levels;
B, coupling retained between the first three vibrational levels;

!C, coupling retained between the first four vibrational levels,
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Table 5

Total cross sections for the excitation of CO to the
first vibrational level by Ar impact

No. of states coupled 2 2 3 4
Potential LJ sC sC scC
11 ) 2
Collision energy . : .
e Excitation cross section QOl(nao )
* %
0.266 0.00 0.00 0.00 0.00
0.600 0.2007  0.1377 - e
1.000 0.357%  0.217° - ——
1.500 0.2072  0.35% 0.54"5 0.4375
2.000 0.1471  o0.2573 - o
2.500 0.4271  0.807% ---- ——-
Table 6

Cross sections for the vibrational excitation of CO by He

Potential LJ sC sC sc
Collision energy* Excitation cross sections (wag)
&Y Q1 Qo1 Q2 Q5
0.266 0.0** 0.00 e o
0.600 1.672  1.0073 0.77% 6.727°
1.000 2.471 1,282 2.607® 4.4073
1.500 9.771  1.137* 1.e6™% 2.8272
2.000 1.9 4.0671  1.8973 g.6872
2.500 2.6 g.727%t  8.5873 1.6a7!
* Collision energy relative to the ground state.

*k Superscript indicates power of 10 by which number
must be multiplied.
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8. Discussion

The decrease in the Q01 cross section shown in tables
5 and 6 resulting from the use of the soft core potential in
place of the Lennard-Jdones function leads in turn to correspond-
ingly marked increases in the calculated vibrational relaxation

times for CO in the inert gases.

Figure 8 shows the theoretical relaxation time for CO
in He obtained by repeating the calculation discussed in section
5 on the basis of the QOl(SC) cross sections given in table 6,

(5)

in comparison with the experimental results given by Millikan 5

It can be seen that the agreement with experiment is now
much improved. The theoretical results lie within a factor of
three of experiment, except at temperatures below 300°K where
there is a sharp decrease in the temperature dependence of the

calculated relaxation time.

In view of the additional approximations that were required
to establish the soft core potential for the CO-He system this
result is fully satisfactory and would seem to justify the
treatment of CO-inert gas interactions proposed in this report.

However, a similar result is not obtained for the CO-Ar
mixture. Figure 9 shows the relaxation times obtained by repeating
the calcuiation discussed in section 5 on the basis of the two
state CO-Ar QOl(SC) cross sections given in table 5, in comparison
with the experimental result. It can be seen that the theoretical
relaxation time is now about a factor of 50 greater than experiment,

whereas the previous (LJ) values were about a factor of 4 less.

It is also apparent from table 5 that coupling in additional
vibrational states to the calculation does not improve the agree-
ment. Unlike the Lennard-Jones potential, or the CO-He calculation,
where coupling in higher states in general leads to an increase
in the excitation cross sections, for the soft core potential a
decrease is produced at 1.5 eV which yields even smaller vibrational
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relaxation times. Figure 7 and table 5 show the result of
coupling three or four states. Coupling four states produces
a further small reduction in the cross sections, but these
results are little different from those for the three state

calculation.

This disagreement with experiment is about an order of
magnitude wor:e than the poorest results obtained from the
previous applications of the computer code. Evidently the
discrepancy is significant and is all the more surprising since
the CO-Ar interaction has no peculiar features but should be well
represented by the spherically symmetric approximation used here.

As can be seen the <ross sections for the excitation of CO
by Ar are very small and the possibility that the poor agreement
with experiment is a consequence of the numerical rather than
the physical treatment of the problem, possibly caused by the
weak coupling between the scattering equations, has been investigated.
The arbitrary parameters defining such characteristics as the
relative scaling between the coupled functions, the position of
the starting point for the step integration procedure and step
size in the solution of the scattering equations have been varied
over wide ranges without altering the results more than a few

percent,

The small cross sections are associated with very extensive
cancellation occurring throughout the calculation. 1In fact
double precision on the IBM 360 is insufficient for cross sections
this small for other than nearest neighbor transitions to be
reliably calculated. To determine whether this loss of precision
was introducing serious errors into the QOl calculation the code
was run in double precision on a CDC 6600 for a collision energy
of 1.5 eV. Although the multiple jump cross sections were now
accurately obtained it was found that QOl again was virtually

unaltered.

Finally, an essentially similar study of N,-Ar mixtures

was carried out by Kindt and Marriott(lo), again on the
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(7)

basis of a potential measured by Jordan et al. . This
calculation simply confirmed the CO-Ar results. The N2 cross
sections were somewhat larger and numerically better defined
than the corresponding values for CO but the relaxation times
were nevertheless within a factor of two of those for CO,as

should be the case.

It can only be concluded that the numerical results are
quit~ definite and stable for the form assumed for the soft
core scattering potential and that the reason for disagreement

with experiment must be looked for elsewhere.

Because of the low efficiency of Ar in vibrationally
de-exciting CO the experimental uieasurements will be very
sensitive to trace contamination by molecules such as H20 or
H

2 , . . N )
relaxation data for CO in H, given by Millikan the degree
of contamination that would be required to account for the dis-

which are very effective de-exciters of CO. Using the

agreement between theory and experiment can be estimated. Where

f is the fractional contamination by H, the relaxation time Tmix

for CO in the mixture will be given by the expression

-1 -1 -1
Tmix = 1 = B 7eoar ¥ f'fco-Hz.
At 2000°K, for example, the computed Too-Ar = 1.2 x lo-zsecs
the measured relaxation time in Ar, r . =~ = 3.5 x 10" %secs
and the measured TCO-Hz = 7 X 10-7secs.

It follows that the degree of contamination by H, that would

account for the results obtained is f ~ .002, or 2000 ppm,

which is two orders of magnitude larger than the minimum purity
level of "high purity grade Ar" supplied by the Matheson Company.
Thus the lack of agreement also cannot be attributed to experimental

conditions in any simple way.

At this stage the question remains unresolved. More work

needs to be done if cross sections for heavy body collisions are
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to be calculated with any confidence for regimes where no

experimental work has been performed.

In particular the possibility that collisions involving
particles as heavy as Ar are far more sensitive to the form of
the acattering potential than is the case for lighter atoms

such as He requires investigation.
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Figure 8. Vibrational relaxation tlme for CO in He at one
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Theory (LJ); calculated in this paper using a Lennard- -Jones
nuotential with coupling between up to the first 4 vibrational,
states. Theory (SC); calculated in this papér using a soft
core potential with coupling between up to 6 vibratioral

states.
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III. Binary Gas Code and Molecular Laser Modeling

In modeling the transient and steady state operation of
molecular laser systems, an understanding of vibrational re-
laxation processes in addition to the effect of electrons and
inert diluents must be obtained. This Section of the report
will describe thne details of the model code development and its
application to gas relaxation systems.

The first part of this Section describes the relaxation of
a binary system of diatomic molecules due to both vibration-
translation and vibration-vibration processes. As an appli-
cation of this part of the laser model code, calculations are
presented on the system H2 + D2 @ 2HD, Following this, the
electron-vibration rate coefficients are generated together
with spontaneous emission coefficients for levels up to v = 29
in CO (both fundamental and overtone). These latter coefficients
are needed to compare the laser model calculations directly
to side-light measurements on laser systems. Lastly, the
transient response of the N,-CO-He-e system is shown as a
preliminary calculation on an actual molecular discharge laser
system. In this calculation, 30 levels of both N2 and CO are

included in the code.

IITI.1 Vibrational Relaxation of a Binary Gas Mixture

It is well known that molecular species are characterized
by widely disparate vibrational relaxation times in pure gas
systems.1 The large variation may be illustrated by the di-
atomic molecules 12, C12, 02, and N2 which have relaxation
times at 1000°K of 5 x 10~°, 5 x 107/, 7 x 10™°, and 10~} atm-sec.,
respectively.2 These differences increase at lower temperatures
while at high temperatures all gases approach relax with unit

collision efficienty.
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In treating the vibrational relaxation of gas mixtures in
circumstances where the values for the pure gases are widely
separated, it is no longer a straight forward problem to
correctly designate the relaxation time. The problem is,
however, of wide spread applicability since rarely is one
interested in knowing the behavior of pure systems (i.e.,
those systems composed on only one species). This is particu-
larly true of molecular laser systems where many species, both
atomic and molecular may be present. The application of vi-
brational relaxation theories to mixtures is also fundamental
to many experimental techniques for determining vibrational
temperatures through tracer methods and in determining the

effect of impurities on relaxation behavior.

In general, there are two important processes by which
vibrational energy is transferred in mixtures. One is the
process or processes by which vibrational energy is degraded
into other forms of energy such as translation and rotational
energies. The second process is vibration-vibration exchange
which tends to couple the vibrational energy of the various
gases in a mixture. It is the interrelationship of these

two processes which determines the relaxation of a gas mixture.

In earlier work,4 we presented an analysis and discussion
on the relative relaxation behavior of harmonic and anharmonic
oscillators due to vibration-vibration exchange processes.

The results of that study can be summarized for the case of
anharmonic oscillators as follows: (1) The steady state vi-
brational distribution due to vibration exchange processes is
non-Boltzmann, in which the upper levels are overpopulated,

(2) the time to reach a steady state distribution is an in-
creasing function of vibrational level,11 (3) total vibrational
energy is not conserved on the steady state time scale, and

(4) under conditions of high vibrational "temperatures" and

low kinetic temperature, population inversion in the upper
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vibrational levels is predicted. These conclusions are markedly

different from harmonic behavior.7'8

I111.2 Dynamic Behavior of Gas Mixtures

In this section we extend the previous analysis4 to the
dynamic behavior of relaxing mixtures of diatomic gases, and
herein discuss the various relaxation processes involved and

their respective relaxation times based on anharmonic models.

For a pure gas it has been previously established4'9

that a two time scale separation in the relaxation of initially
non-equilibrium distributions is a valid assumption for the
lower levels of diatomics such as N, or CO at low translational
temperatures. A short time scale is associated with vibration
exchange processes and a longer time scale describes the re-
laxation to equilibrium through vibration-translation degra-
dation processes. In mixtures of gases we have a similar
situation.4 Rapid vibration exchange processes in each

species will redistribute vibrational energy into a steady
state distribution which will slowly decay to equilibrium,

In addition to these processes, however, the relaxing distri-
butions will be affected by vibrational coupling between the
species through vibration exchange reactions.

We have previously shown the strong dependence of vibra-

10 (i.e., the energy

tional exchange rates on energy defect
transferred into or out of relative translational energy during
an exchange) and consequently, the coupling between two species
in a mixture is expected to be strongly dependent on the re-
spective vibrational spacing. For mixtures such as N, and CO
where the vibrational spacing of the gases is similar (i.e.,

E; = 188 em ! for the Yoy = Yoy levels and Eg= 14 em ! for the
v67 - v01 levels of N2 and CO, respectively), the exchange

rates within each species will not display an energy defect
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while rates between species will be characterized by a rather
large defect (i.e., 100 cm_l), thus, in the harmonic model, a
slight time separation in the pure gas vibrational exchange

processes and the coupling between species is expected.

For a mixture of gases such as N2 and NO, the energy
defect between species is considerably larger than that ex-
hibited in either of the pure gases and consequently, three
distinct time scales should be evident. The first time scale
will feature rapid vibratiénal rearrangement in each molecule
leading to a steady state distribution as pi‘eviously4 predicted.
A second and longer time scale will describe the coupling of the
two vibrational distributions to form a second steady state
distribution which will then proceed toward equilibrium through

vibration-translation processes on a third time scale.

As the energy defect between two species in a mixture is
increased by suitably changing one of the species, eventually
a merging of the time scales for mixture coupling and vibra-
tion-translation processes for one of the species will occur.
This situation is evident for N2 and 0, mixtures at low tem-
peratures (i.e., < 3000°K) as demonstrated by the measurements
of Millikan and White.3

In order to illustrate these various time scales for the
case of mixture relaxation, the master equation for the time
evolution of a binary mixture has been formulated and numer-

ically integrated.
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The Master Equation

The master equation for a binary mixture may be written:4'7
dn r 1
. E . ) E 2 (P__ nm-P nn

+ Z(ernsN - QrsnrN) +E E E (Q SRn N -Q RS, N
s 3

in which n, is the population of the i-th vibrational level;
n is the total number density of species A; N, and N, the cor-
responding densities of species B; P, is the rate constant for

the process:
n,+n—n, +n (2)

in which vibrational energy corresponding to Er - ES, the
difference between the energies of the r-th and s-th states
in species A, is transferred to or from translational energy:

P 150 is the rate constant for the process:

sSr

n_ + n,—n, + N e (3)

in which vibrational energy is exchanged within species A,
the slight energy defect being compensated by translational
energy; and er and erSR are the analogous rate constants
for the vibration-translation and vibration-vibration energy
transfer processes involving the cross terms between species

A and B:

n, +N —n_+N , (4)

and
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n, + Ng —n_+ N, . (5)

In our earlier work,4 we concluded that in the pure gas
case, only single gquantum processes need be considered. How-
ever, for mixtures of gases with greatly differing vibrational
spacing there is a possibility that resonant vibration-vibra-
tion exchange might involve a double quantum transition in
one of the species. 1In general, for the lower vibrational
levels, these processes will be slow in comparison to single
quantum processes dve to the form of the rate expressions10
and we will restrict ourselves in this report to systems
wherein only single quantum processes are important. Evi-
dently this is not a major limitation since most of the

diatomic systems of interest fall within this classification.

This restriction, coupled with the use of the detailed

balance conditions,

“(E 4 1 = Ep)/KT
P = PI‘ +1, r e ’

-0 e Ers1 - Er)/kT,
Qr,r+l— r+1,r

, (6)
ml _ Im - (Eg+E;-E - E_)/KT, Q‘

rs sT

and

RS SR «(E4g4+ F
Q =Q e

rs ST

s - Er - FR)/kT,

where FI represents the vibrationel energy of the I-th level
of species B above the zeroth level, permits the master equa-

tion to be written as:
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r - + i i ; =
+T PS 1,s n n _ (Er+1 Es-l Er Es)/kT n
8 r+l,r| r+l1 s-1 rs |
o - + -E T -
T PS’S+1 non -e (Er Es s+1 I:r-l)/kT n n
s r,r-1 s s+l r-1

+Q n _N -e-(Erﬂ-Er)/an N| Q n N -e-(Er-Er-l)/kT N
r+l,r| r+l r,r-1| r° Mp1?

- + - - X
R-LR[ o T®eRaT FRI/KT X
R r+l,r r+1 R-1 nr R

B - +F_ - -
B> R,R+1 (Er FR FR+1 Er-l)/kT

- +
R Qr,r-l Lnr NR © Mr-1 NR+1] ¢r ? )

where ¢r is a production or destruction source of n.. In later
sections of this report, this term will include the excitation
of vibrational levels by hot electrons and the spontaneous emis-
sion associated with infrared active molecules, e.g. CO.

Equation (7) formally describes the rate of change of n,
with time in the absence of dissociation. The effect of disso-
ciation on vibrational distributions is currently under study.
Three distinct types of terms are present. The most familiar
are those for the transfer of vibrational to translational

energy and the reverse (i.e., P nsn) . These processes will

s,s-1
be designated as VT. The vibration-vibration exchange terms in
a single species (i.e., Pi:_i'inm_l n,_,) will be designated by

UV, » OF VVg_

A-A while the exchange terms between species

BI
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R-1,R N will be noted as VV_ _

(i.e., Qr+1,rnr+l R-l) A-B°

The set of equations (7) with the rate constants outlined
in the next Section have been numerically integrated by the
Runge-Kutta-Merson technique.14 This numerical technigue has
been used extensively for the integration of large sets of
coupled non-linear ordinary differential equations such as are
found in modelling coupled chemical reactions. A particular
feature of the code as taken from the work of Keneshea14 is
the use of a version of the steady state (S-S) approximation
for those equations which satisfy an appropriate criterion.

In a coupled set of rate equations such as occur for vibrational

relaxation, the equation can be written

dn

d—t_r - ZFr -ZRr R (8)
where the ZFr and ZRr terms may be complicated functions
of all the other concentrations and rate coefficients. Under
conditions where the magnitudes of both ZFr and the term

E:I%:‘nr are large but their difference very small, the

time progress in the normal Runge-Kutta integration is very
slow, i.e. the set of equations become "stiff." In the Keneshea
version of the code as used here, each equation is checked to
determine if it satisfies the S-S criterion, meaning the mag-
nitude of Uuez:Fr term is large but the derivative is small.
When this criterion is passed the equation is iterated over

the At time step using an algebraic algorithm as shown below.
For conditions under which ZFr and ZRr are both large,
rather than use the canonical S-S assumption

dn

r
@ =0 4

which leads to
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T
TR
the more realistic assumption is made that the ZFr and

E:Rr terms are effectively constant over the At step leading 1.
to a first order ordinary differential equation. The solution is

F , F
nr(t+ At) = <nr(t) - %Rr>e-ZR bt ZRr . (11)
r r

This solution is used for all equations satisfying the steady

(10)

state criterion and is iterated over a At step together with
the other equations which continue to be integrated by the
Runge-Kutta-Merson technique. When an equation ceases to
satisfy S-S5, it is automatically returned to the R-K-M sub-

routine for integration.

By the use of this S-S algorithm, the time step in the
integration can be kept large while not sacrificing either
stability or accuracy in the coupled set of equations.

The vibration-vibration rate coefficients used in the
code are adapted from a model presented by Rapp and Englander-
1
Golden(‘2). ?he derivation of the rate coefficient is given

in Appendix I while the actual expression used is

pfP _ 1.508-12u7/6L10/302Ed4/3T5/6U2 U2

sm rn-sm
(12)
-{exp —1.32(LEd)2/3 % 1/3
where
w = reduced mass in molar units
]
L = exponential potential parameter (A)
o
s = hard sphere diameter (A)
T = kinetic temperature (°K)
Ed = energy defect between vibratiornal quanta being

exchanged (cm™-)

IIT~ 9
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and

Urn = matrix element for the r - n vibrational transition

The matrix elements used are modified Hérmonic Oscillator

matrix elements(l3)

in which the actual energy spacing between
vibrational units is used instead of the éonstant spacing
assumed in the H-D model. Very close agre?ment has been fqgund
for these matrix elements by compariéon to Morse oscillator,

results as shown in Table I.

Vibration-translation rate coefficignts have been taken

from measured relaxation times using a harmonic oscillator

(1)

model . The expression used is

52 R
_ RT -hew/kT\-1{ “rn '
Prn = pT (l-—e ) 2 ' _ .(13)

Uo1

where pt is the measured relaxation time. Scaling With vi- ¢
brational level is given by the squaré of the vibrational

matrix elements. ’ :

ITI.3 Application of the Binary Code to the H2“+Dﬂ Reaction
r4

As a test for the model code and to'interpret the results

of recent experiments on the reaction ] .
1

> 2 :
H2 + D2 & 2HD . (14)
the vibrational relaxation code has been applied to this
system. Previous studies(ls) have noted the following fac;s

regarding this reaction(l6):

(a) in the phenomenological rate expression, the ex-
ponent of the concentrations of H, and D2 are not
the same,

(b) the rate appears quadratic in time,

(c) wvibrational energy in either H, or D2 appears
necessary to initiate the reaction.

III - 10
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’ ; - ‘Table I
‘ o BOUND-BOUND MATRIX ELEMENTS

' i
, FOR N_: ' : '

1 2
. Element Harmonic ro ! : Morse
0-1 I . .o08058' .’ b .08062
1-2 . : -11505 , , .11366,
2-3 .14227 ‘ .13876
3-4 ' .16589 S ) .15973
4-5 .18729 , . ' .17800
5-6 ©,.20721 | .19441
6-7 .22607 o ,20927
7-8 . .24413 | | o .22305
8-9 ' .26160 ' ’ , .23580
9-10 - : .27862 .24771
10-11 | , : .29529 , S + 25900
11-12 .31169 .  .26959
12-13 - , .32790 ‘ .27970
13-14 ' - .34397 ’ C '.28927
14-15 ; ' .35996 ! ‘ .29854
15-16 ' : . .37589 . ' .30716
16-17 - .. .39182 . | - .31575
17-18 . - .40777 . | .32363
18-19 | | .42376 .33154
. 19-20 | | .43984 , ! '.33889
20-21 © . .45603 .34597
21-22 - - .47234¢ | ' .35298
22-23 ! . . .48881 | | .35964
23-24 ’ | .50545 ' ' .36623
24-25 ' ' .52229 ’ .37228
25-26 ~.53935 | . | 1.37855
¢ 26-27 L ' .55665 f .38445
27-28 , | .57422, . +39014
28-29 f ' | .59208 : .39541
29-30 . .61023 | .40099
30-31 . © .62872 ;| .40592
. 31-32 o - .64756 | . .41108 .
32-33 , 66680 ' , .41618

33-34 _. ' .68642 . .42109
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Theoretical studies have not been successful in under-
standing the small activation energy, i.e. 42 kcal/mole,
which is considerably less than the dissociation energy of
either H, or D2,(17)
system cannot be fully treated.

although studies of this 4 center

The particular experiments modeled by detailed calcula-
tions involve the Raman excitation of the v=1 level of H2
in the presence of D, and the subsequent formation of HD.
The reaction vessel initially has 5 atm each of H2 and D2
at room temperature and the raman excitation is postulated
to give roughly 1% Hz(v==l) per pulse. Following many
pulses, the reaction mixture is analyzed for HD. The exper-
iments suggest approximately 5><10+16In) molecules/cc produced

per pulse.

In performing this model calculation, in addition to
the VV and VT processes which are operative in and between

H, and D the following reaction terms were included in

2 2'
the code:

10712 for v=3

Hy(v) + D, 2 2HD k (V)= (15)
0 for v<3
10-12 for v24

D2(V) + H2 Q 2HD k(v)= (16)
0 for ve4d

The rate coefficients are assumed to be zero until a vibra-
tional level is reached approximately consistent with the

measured activation energy. The VT rate coefficients used,
i.e. “he relaxation times ,are taken from Kiefer and Lutz(ls)
while the VV rate coefficients are calculated from the model

in the previous section.

In Figure 1 is shown the transient behavior of represen-
tative vibrational levels and in Figure 2, the HD produced via

the preceeding reactions for the case in which 1% H2(v==l) is

IIT - 12
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excited. The resﬁlts show production rates of HD consistent
with experimental observation but the most important point

is that even though H, vibrational levels where initially
excited, the majority of the HD formed is through vibrationally
excited D2. This is a direct result of the VV processes which
tend to preferentially pump b, levels from H, due to the smaller
vibrational spacing. The time scales for this exchange are
displayed in Figure 1. It is important to note that if the
initial conditions are 1% DZ(V:=1)' then the PFD produced is

16 molecules/cc, but for this case

again of the order of 5 x 10
there is essentially no contribution due to the vibrationally

excited H, reaction, as expected from the larger vibrational

2
spacing. The details of this calculation are currently being

prepared.(lg)

I11.4 Excitation of N2 and CO Vibrational Levels by Electrons

The excitation of vibrational levels of N, and CO by
electrons is an important process in molecular discharges,
molecular lasers and in the upper atmosphere. 1In studying
the transient and steady state behavior of molecular systems
in which hot electrons are present, the rate coefficients
characterizing the coupling between the electrons and vibra-
tional levels are required. 1In this section, rate coefficients

(20)

are calculated from cross section data of Schulz and

Chen(zl). Of particular interest is the temperature depen-
dence of the rate coefficients at elevated temperatures
(appropriate to molegular laser systems) and the scaling of

the rate coefficients with increasing vibrational level.

I1I 15



Analytical Development

The rate coefficient, k(T) can bhe defined in terms of
the cross section, Q(v), as

@

X (T) =j' olv) v £(¥) dv 0

where f(V) is the Maxwell-Boltzman distribution of velocities.

By transforming f£(V)dV to a distribution of speeds, equation
(17) can be written

/ m Y2 o= e | g 118)
— ——e v)ve ex T Ve \
k(T) = 4mw (2nk'r ) JQ( ) P 2kT

Equation (18) can be easily changed to the energy represen-
tation, yielding the following rate coefficient:

. \3/2 . 1/2f | l“E/kT
k(T) = 8n (2nk'r ) (T) J Q(E) E exp ]

where E = km v2

dE

, m being the reduced mass of the collision
(essentially the eiectron mass).

The available data on electron excitation cross sec-

tions for N2 and CO(ZO) can be fit over a limited electron

energy range El-aEz, where E2'>El by

Q(E) = AE + B (20)

where A and B are constants determined by the end point
values El' Ql and E2.Q2. Thus

IIT - 16
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Ea i E1
(21)
Esz_ - E102
B = Ea'-Ei
Over the energy range El---E2 = AElZ' the integral in
(19) can be integrated, yielding
E "'3/ —l/ -E T
k() || = sn2km @ O e /¥ (er) {CKTasn) (E4kT)
E, (22)
E,
+AE®
E
and TR
E,
=¥ x(r
k(T) & (T) L (23)
42

Equations (22) and (23) have been programmed to yield
excitation rate coefficients as a function of the electron

temperature using input cross section data.

Results and Discussion

The rate coefficients for the excitation of vibrational
levels of N, and CO by electrons in the electron temperature

range 1000°K to 30,000°K using the measured cross section

data of Schulz(zo) are shown in Figures 3 and 4, respectively.

The complete numerical results for these cases are available
2 . . .
elsewhere( 2), together with the cross section data used in

the calculation. 1In general, the error limits on the calcu-
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lated rate coefficients are about +20%.

The spacing of the electron excitation rate coefficients
for progressively larger quantum chances reflects the negative
ion mechanism responsible for the excitation process. 1In
both N2 and CO, the negative ions are unstable by 1.89 ev
and 1.3 ev(21), respectively, corresponding to about the 6th

(21,23)

vibrational level of each molecule. The spacing of the rate
coefficients indicates a rather close coupling between levels
near v=6 while guartum changes greater than 6 show a con-

siderably reduced coupling, i.e. a wider spacing.

The excitation rate coefficients calculated from the
theoretical cross sections of Chen(z) are tabulated together
(22) The

general agreement between the calculated and measured values

with the corresponding cross sections elsewhere

is within the accuracy of the overall rate coefficients,
i.e. 20%.

By observing the calculated rate coefficients derived
from Chen's cross sections, some indication of the scaling
necessary with increasing vibrational level can be obtained.
Figures 5 and o show this relationship for Av=1 and Av=>5
processes, respectively. No trend in the calculated values
are noted with increasing vibrational level in the electron
temperature range between 10,000°K and 30,000°K, therefore,
to within the accuracy of these calculations all excitation
processes with the same Av change can be assigned the same
value as the v =0 excitation case at any given electron

temperature.,

It is also very important to note that above about
10,000°K the electron excitation rate coefficients are
effectively independent of temperature. This fact means that
in calculating the vibrational distributions in a discharge

environment in which the electron temperature is greater than
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this value, no account has to be taken of the non-Boltzmann
electron distributions calculated to be present(zs). This
is not the case for excitation of electronic states since
these processes will be very sensitive to the high energy

electron tail.

III.5 Spontaneous Emission Coefficients for CO

As part of the modeling of molecular lasers, the spon-
taneous emission emitting from vibrational transitions in the
infrared must be characterized. This serves two purposes;
firstly, the emission from higher lying vibrational levels
can be a significant energy loss mechanism in distorting the
vibrational distribution and secondly, in evaluating the
model laser code through side-light emission the code must
be able to generate artificial spectra. In this section, we
present the fundamental and first overtone Einstein Coefficients
for Spontaneous Emission calculated from the data of Young and
Eachus(24).

Young and Eachus have evaluated 4 cubic dipole moment
functions and have cohcluded that

M(r) = % 0.112+3.11(r - ) -O.lS(r-re)2-2.36(r-re)3

(24)

is best,based on the relative rotational line intensities in
the overtone bands of CO. Using the integrated band inten-

sities for the fundamental and overtone bands of

-2

-1
Afundamental 261 amagat “cm

and

-1 -2
Y5vertone = 1.88 amagat “cm
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the following table of Einstein Coefficients has been generated
and incorporated into the laser model code. Current work is
concentrated on a subroutine to generate the entire artificial
spectrum in the vibration-rotation bands including an appro-

priate slit function.

II1.6 Preliminary Laser Model Calculations

The several sections of the numerical code as described
in the previous pages has been incorporated into a preliminary
laser code. Currently the code is capable of handling up to
40 levels in each of two diatomic molecules, i.e. N2 and CO,
while also including excitation via hot electrons and VT
processes due to an inert diluent. The code is p<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>