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technical development is needed in many areas before the concept can be

operationally implemented
——"TH'uvder—to—mﬁn+m+ze‘fﬁe required collector area, laser concepts are prefer-
red over microwaves. Large diameter microwave receivers will have to be of the

rectenna (rectifying antenna) type since conventional receiving reflectors
cannot be fabricated to the precision required for efficient large scale collec-
tion. Thus microwaves will require electrically powered propulsion. This
results in additional thousands of pounds of power conditioning equipment and
radiation structure for heat rejection from the electrical subsystem.

If space based laser transmitter concepts are to be cost effective they will
require the availability of megawatt level space nuclear or solar power
stations. Reactant powered space based laser can not be cost effective because
of the expense of transporting the reactants to orbit.

In view of the large total energy required for each mission, ground based
transmitters will be most cost effective when they are operated closed cycle
from central station electric power.

" Laser transmitting ranges greater than several hundred nautical miles will
result in excessive collector sizes. Therefore, ground based transmitters
applications will be restricted to orbital functions which can be performed at .
low orbital altitudes. Thus, synchronous altitude functions such as circulari-
zation and repositioning in orbit will not be feasible with ground based trans-
mitting stations, fly-by range considerations will limit thrust periods to 50
seconds (4° of orbital arc). |

Three promising applications have been identified. The laser powered tug can
be cost effective compared to an advanced cryogenic tug. Apsidal rotation
correction and drag make-up are two other missions where significant advantages
may be realized for the laser powered concept.

Extensive hardware development is required. Critical areas include the
lasers, thrusters, thruster reaction chamber windows and the collection and
coupling subsystems. ‘
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1. [INTRODUCTION

The theoretical analyses reported in this Volume 2 of the Final Report,
respond to Task II of the Investigation of Beamed Energy Concepts for
Propulsion program. A principal requirement of that task is the theoretical
analysis of a minimum of three possible coupling processes between the
incident radiation and the propulsive working fluid. These processes will
be employed in the analysis of the performance of particular working fluid,
methanol, in a DelLaval nozzle at a particular laser wavelength, 4.855u.

Section 2 presents a general discussion of the coupling mechanisms,
inverse bremsstrahlung, particulate absorption and molecular absorption,
and their advantages for laser coupling.

Section 3 discusses the geometry of the proposed laser-fluid coupling
procedure and the use of the ODE Thermodynamic Code. Three propellant
candidates are discussed and a choice of one, methanol for a thorough
coupling analysis is made.

Section 4 discusses the coupling of methanol and its decomposition
products to CO radiation and computes the physical dimensions of the thrust
chamber on those results.

Appendix E presents a compendium of spectral absorption parameters of
molecular species which can be used as dopants for laser-fluid coupling.
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2. LASER-WORKING FLUID COUPLING MECHANISMS

This section summarizes the characteristics and advantages and dis-
advantages of the three main coupling mechanisms to be considered for
beamed laser propulsion; namely inverse bremsstrahlung, particulate coupling,
and molecular absorption.

2.1 INVERSE BREMSSTRAHLUNG

We adopt the classical description of inverse bremsstrahlung from the
theory of microwave discharges because of its simplicity and the perspective
if affords us. This description is valid for most of our cases of interest
(i.e., hv/kT < 1).

An electron in an electromagnetic field will alternately pick up
energy from the field and then reradiate it. This reradiation will occur
s0 long as the electron is subject to no other perturbations. However, in
the event of a collision with a neutral or a charged particle, the phase
relationship between the velocity of the electron and the driving field is
perturbed and the electron will not reradiate all of the energy it had
withdrawn from the field. The collision will essentially convert electro-
magnetic energy into translational energy of the electron and the colliding
particle. When the coliding particle is much more massive than the
electron, then the electron itself removes most of the energy. Under these
circumstances the power input P to the electron varies as

it yoep (M

where IE is the intensity of the electromagnetic wave, v the electron colli-
sfon frequency (generally a function of electron energy and the properties
of the colliding species), and w the angular frequency of the wave.

An energetic electron, upon colliding with a molecule, for example,
can lose energy by exciting rotational, vibrational or electronic transi-
tions, or at the very least imparting some translational energy. The
electron under the influence of an electromagnetic field and as a result
of collisions, will increase its translational energy until an equilibrium




is established whereby the power input via the electromagnetic wave is
matched by the power losses due to the above mentioned inelastic and
elastic molecular excitation.

It is this transfer of energy from the electrons to the molecules via
(mainly) inelastic collisions which accomplishes the heating of a weakly
ionized gas. Heating a gas via inverse bremsstrahlung suffers from a
defect that is shared by some molecular absorption mechanisms, that is,
the energy is imparted into internal modes of molecular excitation, and
changes in translational energy must depend upon de-excitation mechanisms
and relaxation to thermodynamic equilibrium distributions. Sometimes
these relaxation rates are quite rapid, but sometimes, as in the case of
vibrational de-excitation of CO, they can be quite slow.

An inspection of (1) shows that the power transferred to the electron,
and therefore to the colliding molecular and atomic species, maximizes at
v = w. This is of interest to us because for the present application
w 10" sec™! and v N 10! sec”!
with respect to power transfer.

3 therefore the system is far off optimum

The power transfer per unit volume varies as the electron density.
As will be shown, when dealing with specific cases, electron densities of
the order of 3 x 10]6 cm'3 are required to produce reasonable power transfers
from the wave to the electrons. Such electron densities are achieved
usually by heroic means--namely, by doping the working fluid with low
ionization potential elements or compounds and operating at temperatures
of 5000°K or higher. Such electron densities can also be produced by
localized breakdowns due to focussed laser beams or even UV or X-ray
irradiation or electric arcs.

A systems factor which must be considered when planning on using
inverse bremsstrahlung is the radiation augmentéd heat load on the walls of
the thruster chamber. The working fluid will be highly absorptive at IR
frequencies and, accordingly, will be highly emissive at these frequencies,
radiating essentially as a blackbody, at long wavelengths, to the thruster
walls. An additional radiation burden on the walls is in the visible and
uv and will come from recombination radiation. This may be particularly
important when ionization is maintained by laser breakdown or arcs.

[




2.2 PARTICULATE COUPLING

An attractive method for coupling laser energy into a working fluid is
to load the fluid with particulates. The particulates will be heated by
the laser and will rapidly transfer this heat energy to the fluid. The
particulate heating can be non-selective in wavelength for metallic and
graphitic particles.

A fairly elementary treatment of heat transfer shows that the tempera-
ture of the particle varies as the square of its radius; therefore, particles
that are too large will, when irradiated, heat up to their melting and
vaporization or decomposition temperatures and decrease in size. Their
size will rapidly decrease until their equilibrium temperature is less than
their boiling temperature, at which point they will decrease more slowly in
size by evaporation.

Particle sizes may be reduced not only by boiling, but also by
chemical reaction with the working fluid. Thus, carbon particles will
combine with hydrogen or reduce oxygen containing molecular species and
disappear at high temperatures.

Any choice of particle species for loading the working fluid must,
therefore, take into account at least two factors, 1) chemical stability
and 2) melting and boiling point. A third factor which might have to be
considered is the absorption coefficient which varies as the conductivity
for small enough particles. Tungsten, with a boiling point of 6200°K, might
satisfy all of these considerations, but ceramic particles might not satisfy
the third.

It is apparent that for efficient heat transfer, the particles, if they
are employed, should be small. However, there is a concomitant difficulty
associated with small sizes, namely, scattering of laser energy. .

When the particle size is smaller than a wavelength, the particle
scatters radiation in a typical dipole radiation. For our purposes, this
scattering pattern is practically isotropic. When the particle is larger
than the wavelength, then the scattering is mainly in the forward direction.
Be that as it may, the net result of many scatterings by large particles
is a fairly large broadening of a beam. For example, it is easy to show
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that the mean square angular deflection gﬁ'of a photon undergoing multiple
scattering by large particles is given by (2),

2
;7 = (%) 2n rall (2)

where » is the wavelength, D the diameter of the particle, n the numerical
particle density, a the radius of the particle, and L_Epe path length.
Taking »/D = .1, a = 1073 cm, n = 10° cm'3, we find 62 ~ .6 or

8~ = .8 radian= .48°. Thus, spreading and scattering of laser beams

by particulates is not easy to avoid.

A further systems complication associated with particulate loading is
injection. Either the particles are maintained in the working fluid as a
slurry, with concomitant problems of maintaining suspension, or are
injected into the working fluid in the thrust chamber.

2.3 MOLECULAR ABSORPTION

Molecular absorption offers the possibility of significant absorption
at Tow temperatures.

The working fluid or a gaseous dopant can absorb laser energy directly
by vibration-rotation molecular transitions. The component molecules can
be very selective in the wavelengths that they aksorb, and it may sometimes
be difficult to match absorbing species with particular wavelengths. There
are some species, such as NH3, CH30H and H20, which can absorb over a very
wide spectrum of frequencies. Species which rely on excited level absorption,
CO2 at 10.6 u, can absorb appreciably only when heated above 300°K.

A candidate molecular absorber must absorb efficiently over a wide
range of temperatures, or else the coupling agent must be composed of a
mixture of species each one of which is effective over a limited temperature
range. For example, SF6 is a very efficient absorber of CO2 laser radiation,
but dissociates at ~ 1700°K. The more stable CO2 will dissociate at ~
2500°K. Thus, to get a temperature rise to 5000°K or more by molecular
absorption, species other than CO2 must be employed.

e N et i N 2




The molecule €O is very stable and may be heated up to 6000°K without
appreciable dissociation. It, however, will absorb in only a select wave-
length regime, ~ 5u, and so can practically be used only for CO lasers.

There are several potential disadvantages to the use of molecular
absorption for coupling. One has been mentioned before, that of dissocia-
tion or chemical reaction leading to the removal of the absorbing species
as a viable absorber. Another disadvantage is that the absorbed energy may
be locked up for a rather long time in a particular vibrational state, and thus
be made unavailable for augmentation of translational energy. Another possi-
bility is bleaching at high laser intensities, effectively decreasing the
population densities of absorbers. The effects of internal energy hangup
and bleaching may be ameliorated by vibrational deactivating dopants or
enhanced pressure and temperature.

The computation of laser energy transfer to a working fluid via mole-
cular absorption requires a large amount of information and is a fairly
detailed and involved process. The process goes as follows: The absorbing
molecular species is followed in the working fluid as it is heated up and
as it changes its relative density due to chemical reactions. The power
absorption is computed on the basis of the population density of molecular
rotational vibrational energy states near the laser line to be absorbed.
These population densities are in turn controlled by the rates of stimulated
emission, by absorption rates and vibrational de-excitation. The data neces-
sary for these estimates are the absorption cross sections for each transi-
tion, the line width parameters, line densities, and the rate constants for
deactivation of vibrations. The use of these data for CO for transient
heating was illustrated in Reference 1, and is also illustrated in this
report--but for quasi-static conditions and for conditions of changing tem-
perature, composition, pressure and laser intensity. We have made use of
data for CO only. For the convenience of other workers who may want to
make similar computations for other molecular species, a compilation of
similar data has been made for some select species and will be found in
Appendix E.
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3. CHOICE OF WORKING FLUID FOR LASER-ASSISTED PROPULSION

It is desired to transmit laser energy from « Jjround or other
platform laser generating station to a spacecraft. The propellant carried
by the spacecraft is to couple with the laser energy to produce propulsive
thrust. The propellant, as a working fluid will be discharged through
a DelLaval nozzle and the coupling between the working fluid and the
laser energy is to occur in any reasonable region of the nozzle. Previous
studies(]’2’3) have shown that deposition of energy in supersonic gases
decreases their Mach number, whereas deposition in gases of Mach number
< 1 increases the Mach number. For efficiency therefore, we shall
adopt the viewpoint that the laser energy couples to the working fluid
in the subsonic region.

In our coupling studies we shall assume an operational configuration,
adopted from Reference 2, as in Figure 1.

Figure 1. Concepfual Model for Coupling Laser Energy to Working Fluid.
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The propellant, stored in the reservoir, in solid, liquid, or gas
phase is suitably constituted so that it will absorb energy from the
beam in any of its initial and subsequent phases resulting from heating,
and so that little of the incident energy will escape through the throat
without absorption.

The heated working fluid is to have a specific impulse of ~1000 sec
in order to make the concept of laser assisted propulsion practicable.
To this end the working fluid is to have the lowest molecule weight and
the highest chamber temperature consistent with the available power supply.

We may note parenthetically that a 100% efficient conversion of
10 megawatts of power will produce a thrust of 459 1bs when the specific
impulse is 1000 sec.

We investigated the propulsive efficiency of three working fluids,
assuming complete conversion of the ayailable power by the working fluid.
The efficiency was determined by running the ODE-ODK-TDK thermodynamics
program for each propellant or prapellant mixture. A brief description of
this program is given in Appendix A.

The working fluid was assumed to be at chamber pressure, PC (psia)
and energy was input at the rate of AH (BTU/1b.). The energy input was
estimated and can be adjusted with respect to Tc (chamber temperature)
limitations and/or available power. Whether or not the AH is consistent
with the laser-working fluid coupling will be discussed briefly in a
later part of this section and a thorough discussion is left for Section 4,
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The available thermodynamic data, AH, propellant composition and
nozzle geometry provide sufficient data for running the thermodynamic
program. We ran the program only in the one dimension equilibrium mode.
The program can also be run in the kinetic mode if so desired. The program
outputs chamber temperature, density, composition (including ions and
electrons), specific impulse and many other quantities at a variety of
upstream or downstream area ratios.

The results contained no surprises, H2 by far had the highest
specific impulse, 1630 sec at Tc = 4700°K and PC = 125 psia with ¢ = 25.
"2 had a suspended carbon slurry. This carbon serves two purposes. The
first is to provide a coupling mechanism via particle heating at Tow
temperatures and the second is to enhance electron density at high
temperatures to promote inverse bremsstrahlung coupling. This latter
reason was the same motivation for testing Li-NH3 solution as a working
fluid. (According to Reference 5, 11.3 gm Li is soluble in 100 gm NH; at
0°C). The magnitude of the inverse bremsstrahlung coupling for these two
fluids is discussed in Appendix E.

The Li-NH3 fluid had a specific impulse of 834 sec (Tc = 5800°K,
Pc = 750 psia). Another propellant run was CH40H (methyl alcohol).
This had a lower IS than the others, 775 sec at ¢ = 25 and 838 sec at
e = 100 (Ti = 5900°K, PC = 125 psia).

Let us examine these possible working fluids with the total system in
mind and see what the advantages and disadvantages are for using each of
them.
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Advantage: High specific impulse at comparatively low temperatures.

Disadvantages: Low density, cryogenics, poor laser coupling.

In order to transfer energy to H2’ particulates or molecular dopants
would have to be introduced either as a slurry or after injection into the
combustion chamber.

11, NHj-Li

Advantages: High density, good laser coupling at low temperatures
via molecular absorption and also at high temperatures
via inverse bremsstrahlung.

Disadvantages: Cryogenics, poor coupling with laser at intermediate
temperatures because of the disappearance of NH3 and
insufficient electron density, laser scattering by
Li in particle form when NH3 evaporates.

11, CHyOH

Advantages: High density, good laser coupling at all temperatures,
unstable.

Disadvantages: Low Isp’ high Tc. possibility of laser scattering
by carbon formed during dissociation.

Of the three working fluids, only one,CH3OH, couples efficiently
with laser energy (CO laser at ~ 4.9u) during all phases of its decom-
position. A1l the others require dopants to carry the working fluid
from the injection temperature to the final working temperature Tc’ or

in the case of NHy-Li to a temperature where inverse bremsstrahlung can ik
take over. It is conceivable that one could obviate the use of dopants :{
for NH3-L1 by means of spark plugs or arcs or even breakdown caused by 55;
the laser beam in focussed operation. However, such considerations intro- ‘
duce systems complications which we wish to avoid for the present. =

10
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We decided to concentrate on CH30H as a working fluid because of its
desirable laser coupling characteristics. This does not elminate either
of the other two candidates since they could be incorporated into the
ensuing analysis as dopants of CH30H. Or, conversely, depending on systems
considerations, CH30H could be the dopant.
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4. COUPLING OF 4,855, TO METHANOL AND ITS DECOMPOSITION PRODUCTS

4.1 GENERAL DESCRIPTION OF THE COUPLING

The main result of this section is an analysis of the working
fluid CH30H. coupling to A = 4.855: and leading to a tentative configuration
for the thrust chamber. CH30H and its deconposition products will provide
all the components required for effective coupling with the laser energy.
Methanol (CH30H) will decompose after being heated to its activation
energy to form solid carbon, H2 and CO. The carbon will be an effective
coupling agent until it disappears as the gas temperature increases and
will be replaced by CO as the main absorber. The vibrational energy
stored in the €O will be quite effectively released by impact with H
The role of inverse bremsstrahlung never really becomes important in
the temperature intervals of interest.

o

Before we discuss the procedures for determining the coupling
efficiency of the methanol decomposition products with a CO laser line,
we first 1ook at laser energy loss due to particulate scattering. Then
we shall consider some aspects of vibrational deactivation of CO.

4.2 CONSIDERATION ON PARTICULATE SCATTERING

Particulates will provide a convenient coupling mechanism for heat
transfer from the laser beam to the working fluid. However, care must be
taken so that particulate scattering of the laser beam does not add an
intolerable burden of heat dissipation to the walls of the combustion
chamber. This can be assured if r/x is small enough. Here r is the radius
of the particle and A the wavelength of the scattered radiation. As an
example, consider the case provided in Reference 1. A carbon particle
density of n = lo's/lr':’cm"3 is provided to achieve an absorption length of
10 ecm. The scatter1gg crosi section for highly conducting particles and
2rr/A << 1 is oy * ( . The scattering mean free path will be (n o )
and the power scattered out of the beam per cm3 of the particle suspens1on is
Ino, where I is the intensity of the laser beam. If r = 3 x 10 cm and

L= 1 (n=18.8), thenno = 1.1 x 10™° em™? and insignificant scattering
takes place. However, if Z%t_% 1 (A = 1.88u), then g X 2nr2, its maximum
value. Then no % 2 cm'] and most of the energy will be scattered out of the
beam before it is absorbed (a scattering mean free path of 1/2 cm versus an
absorption mean free path of 10 cm). If we are dealing with megawatts of

12
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power in the laser beam, then this power would be scattered onto the walls
of the combustion chamber which could conceivably be destroyed.

g“ For similar reasons liquid droplets must be kept small and dense
& sprays or sheets of liquids must not be allowed to intercept the laser beam.
%; The reflection of even as little as 1 percent of the laser beam could pro-

vide an intolerable heat burden for the thruster walls.

4.3 VIBRATIONAL DEACTIVATION OF CO

The molecule CO is a good candidate for the working fluid of a laser
assisted propulsion method(]), due to its high absorption coefficient at about
4.8u. However, at low temperatures, the absorbed energy is locked up in
vibrational modes for a long time instead of contributing to the kinetic
energy. For examp1e(7) at 300°K at 10 atmospheres, the vibrational relaxation
time for CO is ~ 1/10 sec. .For a CO-He mixture this time is reduced to
v 10'3 sec and for CO-H2 is further reduced to ~ 10'5 sec. Obviously the
deactivation time depends on the species with which the CO molecules are
interacting. For the purpose of laser-assisted propulsion, it would

appear advantageous to employ a mixture of CO and H,. When methanol decomposes,

20
it provides not only CO but H2 which will provide the deactivation collision.
In Appendix D, we investigate the role of electrons in deactivating CO and

find them, in the main, unimportant.

4.4 COUPLING CONSIDERATIONS FOR METHANOL — 4.855y

4.4.1 Thruster Requirements

In Section 2, we demonstrated that methanol appears to be a suitable
working fluid for laser-assisted propulsion, provided that it coupled f
efficiently with the laser energy. Now we demonstrate the coupling
efficiency. When CH30H is run through our ODE thermodynamic code with an
energy input of 2.27 x 104 BTU/1b at 125 psia, we find a chamber temperature
of 5919°K and an Isp of 77¢ sec at c4’ Zg or 838 sec at ¢ = 100. Th; mass
flow with a throat area of 7.3 x 107" ft° (r* = ,183") is 3.08 x 10°“ 1b/sec.
The power consumption is therefore 696 BTU/sec, or 7.35 x 105 watts; to be
supplied by the laser beam. We envision the employment of a conventional
de-Laval nozzle for this application so that the chamber diameter must be
larger than the “throat diameter.
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The laser beam is to be absorbed by the working fluid. However,

the absorption will be exponential and we should expect that some of the
residual laser power will strike the shoulder of the chamber. To reduce
wall heat dissipation problems, we will adjust the beam diameter so that

the intensity of radiation striking the shoulder, after absorption by the
gases, will be less than an arbitrary figure of 1 kW/cmz. We chose not to
lengthen the chamber since that would be wasteful of the thermal energy
input to the working gases by losses to the chamber walls. We now determine
the length of the chamber by computing the absorption coefficients of the
working fluid as it is being heated by the laser beam, at 125 psia.

We made a series of equilibrium runs on our ODE program, progressively

changing the‘energy input per pound of working fluid until we reached the
desired temperature of 5919°K. We obtained equilibrium temperatures and
compositions at the following temperatures, all in °K: 750, 905, 1012,
1554, 3235, 4294, and 5919. These results are given in Table 1.

We found that there was a zero energy input required to reach 750°K.
This tells us that CH30H is inherently unstable and that once an activation
energy is supplied, the substance will spontaneously decompose. Methanol
itself is probably very highly absorptive to any IR radiation(lo). This
absorption plus the IR radiation from the downstream products should
serve to provide the above required activation energy. Upon decomposition,
a fair amount of solid carbon is formed (see Table 1). [Methanol is
not usually known as carbon-producing, in flames, although higher molecular
wieght alcohols will produce soot(”g We are, however, in this usage not
mixing methanol with 02, but decomposing it in the absence of 02.3 This
carbon will further absorb the laser radiation until the carbon disappears
at about 1500°K. Also produced, and increasing with temperature up to
a maximum at about 3200°K, are CO and H2. This combination will be very
effective in converting CO laser radiation into kinetic energy. We now
make estimates of the absorption due to the carbon and CO. It will turn
out that carbon plays an insignificant role in the overall energy absorption
history of the methanol decomposition products.
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4.4.2 Absorption by Carbon

We do not know the particle size distribution of carbon in the
methanol decomposition products. The particles of larger size will be
suppressed by the heating by the laser beam, as has been pointed out in
Reference 1. We shall assume two different distribution functions and show
that the carbon absorption coefficient is independent of the particular
function chosen. The scattering coefficient, however, will not be independent
of the size distribution, as has been discussed earlier.

The Deimmendjian distribution(lz’ls). used for description of aerosol
particle size distribution, is a combination of l/r4 and r° dependence.

We shall assume each of these dependences separately for a range of particle

sizes Py iSe-x Ro, where ro << Ro,
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Thus: Ay -;4- s where[;a-dr = ] (3)

0
S, as 3ro3 5 : (4)

3r°3
and 1

L Sl 3 A (6)

At 750°K the mole fraction of C(s) is .133. Since the total number of
particles is 8.3 x 10'? cm's, Nc!s) = 1.1 x 10" em3. e assume the

specific gravity of the carbon particles is 2.0. Then each particle of

carbon contains g—nr3 X2 X %—g-z— X 1023 atoms = gl'-x 1023 r3. If n is the
total number of carbon particles/cm3. then:
Ro
nf %l'- x 1023 e ar =11 %100 a3 . (n
Yo
Using f], we find
R
4n 0 3 23 19 -3
an{=) n; " x 10" = 1.1 x 10 7 cm 8
M e (8)
And with f,,
R 3
Fx102n, =110 . 9)
We assume the volume absorption coefficient, a = 8 x 10% en”! as given in

Ref. 1.

The absorption cross-section for each particle is given by aV =
8 x 103 X % nra. The absorption coefficient is then given by

R

K-na%-nfrsf dr . ’“0)
r
0




Thus,
K, = n 4x3r3z(5é-') ; | ()
; TR ol 4 0: M 2
R 3 _
z L el O (12)
Kz'nzﬂi‘nx 4 .
But from the previous determinations of " and Nys K1 = K2. and K] ot e
.88 o',
: e % .
The scattering cross-section is 0. * 3(_T) r for e 1, which we shall
assume.
Then K. =n [o, fdr ; (13)
3 3
R 4 R
_1.2m,4 303 Yol o2 R T
Fsy G Eud TR e e TR /’"‘(ro) 3 (14)
3
4 R
-]2174 6 21y O -4
Ksz-g(-—i-) n, Ro +()\ = x 10 4 (15)
27R, 162 S : : :
If we take - .1, then Ks = R insignificant for particle sizes of

interest. KS is of the same magnigude. The above analysis is predicated
upon gfgn < 1] If this is not the case, the scattering can prove important.
One of the principal tasks in the experimental coupling tests should be to
determine if significant scattering takes place from the particulates.

When the working fluid is at 905°K, the mole fraction of solid carbon
C(s) is .128; the absorption coefficient is then .847 cm']. At 1012°K 3
solid carbon has a mole fraction of .093, but at 1554°K is negligible. We
will ignore the absorption role of solid carbon, accordingly, above 1000°K.
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4.4.3 Absorption by CO

Beyond 1000°K, absorption by CO dominates. We make use of the data \
and analysis provided in Ref. 1 for absorption coefficients of CO. We take
into account the vibrational population density of the gas by solving (in
steady-state) the equation (almost equivalent to Eq. (3.4) of Ref. 1)
fﬁ! ¢ -AEV,V-1/kT
dt

Icv-l,v[Nv-I'Nv] e I°v,v+l[Nv'Nv+1] - RIN-N, ;e %

< (16)
8E 4 KT

+ R Nv+~"Nv e

where I is the laser intensity, in photons/cmzsec, o the absorption cross-
section for a vibrational transition, AEv,v-] the difference in vibrational
energy between levels v, v-1, R the rate constant for CO and H2 deactivating
the vibrational energy levels. We assume R is independent of v and is given by:

R = [MF. CO]R] + [MF. H2]R2, and

§$ = exp[175(T"1/3 - .0290) - 18.42] (17)
== expl68(17'/3 - L01723)- 18.42]
2

where P is the pressure, in atmospheres, [MF CO] is mole fraction of CO and
[MF. H2] is mole fraction of H2' R] represents the rate of self-deexcitation
and R2 the rate due to H2 collisions. We assume no other species are effective
in the de-excitation process.

The absorption cross-sections in Ref. 1 are given for a pressure of 30
atmospheres and must be corrected for 8.5 atmospheres. The absorption
cross-section data were computed with magnitudes corresponding to the line
center value of the absorption coefficient of the transition nearest the
wavelength of 4.855u. It was assumed that at 30 atmospheres the lines just
overlap. At 8.5 atmospheres, we no longer can make this assumption. Instead,
we shall assume that our wavelength {is exactly between the two nearest lines
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except for the transition v = 3 ~ 2, J = 8 on which 1ine it is centered. We
shall assume a Lorentz line shape:

f= s
n[az + (v - vOTZ] (18)

where a is the line width parameter, proportional to pressure and ~ I#T ,
vo 1s the Tine center wave number. For C0, a = .061 P/T°7T cm'l, where P
is in atmospheres and To ~ 300°K.

At the line center,
fe"m ; (19)
and in between two lines,

o 2a
i B0 L (20)
n[a® + (T) ]
where Av is the line separation.

Putting in the dependence of a on pressure, we find for fc at 30 atm,

o i -
f e AR S T :
c30 m.061 x 30 0 (21)

Also,
5 1
lgs " w8 nBs Wl (22)
. fcg,g 330, = 52
o0 c30 i E’.—s' = 3. . (23)

Between two lines at 8.5 atm,

2 x 061 x (8.5/T7T )

£ 5
o 'n[(.OG] X 8.5 x /I_Q)Z + (31)2] o
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TO
fip . 183842

T 2 o R
€30 [.2688 TQ + ()]

(25)

We shall modify the absorption cross-sections of Ref. 1 by multiplying by
these factors. We obtain the 1ine spacing from Reference 14.

Table 2 gives line spacing (av), f/fc30 vs. temperature.

Table 2. |Line Spacing (av) and f/f .30 vs- Temperature.

T°K 750 905 1012 1554 3235
svlem™) 3.3 2.5 2.5 1.42 67
£/f 268 | .3 .342 .659 1.29
e 81 6

Above the temperature of 3235, the line density becomes so great that
we assume the lines mérge into a continuum and the factor, f/fcsosz 3.52.

A simple computer program (entitled "C0") was constructed to solve the
vibrational population density as a function of temperature and intensity

and to produce a weighted absorption cross-section. Appendix B
provides additional details on this computer program.

Table 3 presents the absorption cross-section as function of temperature
and intensity.

Table 3. Weighted Absorption Cross-Section (in sz)
for CO vs. Intensity.

M T°K
T
cn 750 905 1012 1554 3235 4294
0 1.2620)1.90 20 (1.86720| 4.1 20 7.06720| g.3¢20
.05 2.5€620(2.2 €20 1.946720 | 4.2 720 7.06720 | 5.3 20
by 4262 2.6 29|21 620 436720 70620 8,320
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Using these absorption cross-sections, we can determine the physical
absorption length required to absorb the 737 kW determined to raise the
working fluid to 5900°K. The absorption coefficients are obtained by

multiplying the cross-sections by the numerical density of CO molecules;
for example, resulting in .31 cm'] for 4294°K at I = 0. This absorption
coefficient enables us to obtain a first order estimate of the physical
length since most of the power is to be absorbed in the temperature range
4294 to 5919°K. Thus, if the incident laser power is P and the optical
depth is t, then

P(1 - e ") = 7.3765 (26)

and

7.37E5
3 ) (27)

1= - n(1 -

Table 4 presents optical depth and physical length for absorption of
737kW as a function of input power.

Table 4. Approximate Length Requirements for Power Absorption.

P(MW) T L cm
1 1.33 4.3
.9 1.71 5.5
.8 2.55 8.23

For efficiency it is worthwhile to keep the incident laser power as low
as possible. Also, the lower the incident power, the less will be the incident
power on the shoulders of the chamber which could conceivably be destroyed under
the added heat burden. For example, when we have an 800 kW input, 63 kW remains
to be dissipated beyond 8 cm, either in the gas-or on the shoulders of the
chamber. If the beam cross-section is 10 cmz, then the intensity falling on
the wall shoulder would be 6.3 kN/cmz, which might be intolerable unless
special cooling procedures were adopted or the shoulders were highly reflective.
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A beam cross-section of 63 cm2 would produce an intensity of 1 kw/cm2

falling on the shoulders and an initial intensity of 12.7 kw/cm2 incident
on the methanol.

We now step off the absorption lengths by progressing from 750°K to
5919°K in discrete temperature jumps using the thermodynamic data and heat
input requirements generated by our ODE program. Each temperature step
requires a certain energy input per unit mass. This, when combined with the
mass flow, produces the power absorption requirement for the fluid on being
heated through this temperature region. Table 5 presents the absorption
coefficients (K), absorption length, L, and power requirements for each
temperature interval, starting with an initial power of 800 kW and a low
intensity (such that the cross-sections for I = 0 can be used).

Table 5. Absorption Lengths for Heating CH30H to 5919°K
by Temperature Intervals

T°K 750-905 | 905-1012 | 1012-1554 | 1554-2235 | 3235-4294 | 4294-5919
Power (MM) | 1.6 E2 | 2.0 72| 6.9 2 1 21 .31
K(cm™!) .88 85 14 .54 43 .307

L (cm) .02 .03 .67 .31 1.0 5.6

The total absorption length is 7.6 cm.




4.4.4 The Role of Inverse Bremsstrahlung in Absorption

We have computed the absorption coefficients and corresponding
absorption lengths by just considering particulate absorption and molecular
absorption. We will now examine the role of electron inversz bremsstrahlung
and show that it is negligible.

Inverse bremsstrahlung may be analyzed on the basis of classical weak
plasma theory provided hv < kT(‘s).

Under these conditions, the absorption coefficient for a plasma with n
electrons per cm3 undergoing v collisions/sec with the background gas constitu-
ents, in a radiation field of u = 2rf is given by(16)

2
& _]_ 4mney
k Cc

s B (25

m(w+v

The collision frequency is given essentially by pQv, where o is the numerical
particle density of the CO molecules, Q the electron-CO momentum transfer
collision cross-section, and v the random speed of the electrons. In the
mixture we are dealing with, the collision frequency is dominated by molecules
with permanent dipole moments such as CO and HZO.

At T = 4294°K, KT = .37evand for » = 4.855,, hv
hv/KT < 1 is satisfied. Also, v = 4 x 10’ cm/sec, Q

.26ev so the criterion
1.4 x 10715 p2(8)

[co]l = 3.7 x 10'8 cm'3, n=29x103em3. we derive v = pQy = 2 x 10" sec”!.

1

Then k = 4.4 x 1074 cm™ » Which is completely negligible.

The absorption due to inverse bremsstrahlung will become important only
at ionization levels at least two orders of magnitude greater than found at
this temperature. This can be accomplished either by doping or raising the
temperature.
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4.5 CONCLUSIONS

The longitudinal dimensions of the “combustion" chamber are determined
by the absorption coefficient of the working fluid, the incident laser power
and the target energy density to be absorbed to arrive at a prescribed tem-
perature. The length of 7.6 cm was arrived at by requiring an absorption of
7.39 x 105 watts of laser power by the working fluid (the decomposition products
of CH30H) to achieve a chamber temperature of 5919°K at a pressure of 125 psia
and an input laser power of 800 kilowatts. The laser power requirements will
vary as the thrust of the engine, which, other things being equal, will vary
as the throat area. The absorption coefficient of the working fluid will be ,
laser intensity dependent at low temperatures, but will be essentially inde- 3
pendent of intensity at the higher temperatures X 3000°K. It is at these
higher temperatures that most of the energy is to be absorbed. Therefore, the
overall length of the chamber will be insensitive to intensity. In general, 1
it is advantageous to work with low intensity laser beams, first to decrease
the thermal dissipation load on the chamber wall shoulders, second to decrease
the energy density deposited in the material of the chamber window, thus
limiting its temperature rise. If we 1imit the laser intensity falling on
the chamber shoulders to a maximum of 1 kw/cmz, then the cross-sectional
area of the incident 800 kW beam is to be greater than ~ 60 cmz, and the
chamber is of commensurate area.

Large cross-sectional areas are advantageous because the gas velocities
in the chamber are kept fairly low; in the case of 60 cmz. m= 3.08 x 10'2 1b/sec
and T = 5919°K where the density is 7.07 x 1073 1b/ft3, the velocity is
67 ft/sec. There will be, accordingly, very little pressure drop due to
this streaming energy. ?

i s o it S o s .0

The efficiency of our CH3OH-based propulsion unit is 59%. This assumes
an input laser power of 800 kW with a 1aser power loss of 61 kW to the chamber
walls and an area ratio of 100:1. The theoretical upper bound on the efficiency
of the engine, assuming complete absorption of an incident laser power of
7.39 x 105 wat_, is 64 percent.

The methanol is to be injected into the chamber in the gas phase to
prevent excessive reflection and scattering of the laser beam from the liquid




sheets and droplets. Most of the energy to gassify the 1iquid might be
obtained by using the liquid in a regenerative cooling fashion from the
thruster walls. The chamber window may have to be protected from the heat
and decomposition products of the methanol. This might be accomplished by
subjecting the window to a continuous wash of cool He or Hz at 125 psia.
The injection of such additional materials into the working fluid will have
to be taken into account when estimating absorption coefficients and
performance of the propulsion system.

Ere——
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5. SUMMARY

A study has been made of various coupling processes between laser
radiation and a propulsion working fluid flowing through a combustion chamber
of a DelLaval nozzle.

The first part of the study forecasts a general discussion of three
absorption mechanisms and the various advantages and disadvantages to their
employment in a working fluid. The three mechanisms are molecular absorp-
tion, in which propellant molecules absorb the incoming (laser) energy,
inverse bremsstrahlung, in which the electron content of the propulsive
fluid is active as a coupling agent, and particulate coupling, in which
the energy absorption is by small particulate matter in the propellant.

The second part discusses a particular configuration of thrust
chamber and radiation flow. -An initial selection is made that the radiation
flow and propellant flow be in the same direction. A consequence of this
coupling configuration is that the radiation enters the thruster at the
upstream end of the thrust chamber. The required window at this upstream
end and the attendant problems of energy absorption at this window from
both the radiation beam and the heated propellant have been discussed in
Section 8.0 of Volume 1.

For the selected coupling configuration, the working fluid is
introduced into the thrust chamber, irradiated by the laser beam, and the
heated products ejected and expanded in the thruster nozzle. Utilizing a
One Dimensional Equilibrium (ODE) thermodynamic program and a model thrust
chamber and nozzle, a study of three working fluids was made for possible
candidates of the coupling investigations. The ODE program was run with an
option whereby quantities of energy were injected into the working fluid.
The most attractive working fluid on the basis of Isp is hydrogen, Hz.

The coupling of H2 to laser wavelengths can be accomplished, however, only
by doping, either with particulates, selected molecular species, or
(possibly) some easily ionizible elements. The difficulties attendant with
low density, cryogenically'stored propellants, and the mechanics of the
doping of Hz were of sufficient magnitude for us to consider other pro-
pellant candidates, even at a loss of considerable specific impulse. Two
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other candidates examined were ammonia, NH3. with a dissolyed additiye
(1ithium, Li) and methyl alcohol, CH30H. The NH3/L1 is attractive because
it readily absorbs the 10.6 micron line of coz lasers when cold, and after
heating, continues to absorb, using inverse bremsstrahlung as a coupling
mechanism. The NH3 molecule, however, decomposes at fairly low temperatures
and can not, therefore, absorb sufficient energy to reach the temperatures
at which the Li additive would be sufficiently ionized. A possible solution
to such a loss of coupling through decomposition would be to provide
additional additives which would retain the required absorption levels in
these intermediate (1500°K - 3000°K) temperature regions. Another candidate
examined, methanol, exhibits none of these difficulties. Methanol absorbs

at all IR wavelengths and decomposes with the release of energy to form
carbon monoxide, carbon, and water. The methanol decomposition products are,
therefore, ideal for coupling with radiation from a CO laser. Methanol was,
accordingly, selected for the more thorough coupling study.

The methanol coupling study considers CO radiation at a wavelength
of 4.855 microns. Coupling with the carbon particulate matter is examined,
as are molecular absorption and inverse bremsstrahlung absorption processes.
For molecular absorption, previous analyses by Physical Science Incorporated
are used, after a suitable modification from that earlier study pressure
requirement of 30 atmospheres (450 psi) to the 8.5 atmosphere (125 psi)
pressure chosen in this present application. For the 8.5 atmosphere
pressure selected and for heating to 5900°K, methanol p}oduces an Isp of
838 seconds at c = 100, and requires 0.75 megawatts of input energy to
achieve a thrust of 26 pounds in the model thruster.

To provide the necessary design information for the thrust chamber
of the thruster, the ODE program was run with the methanol propellant and
for a range of temperatures below 5800°K. The absorption coefficients of
the methanol decomposition products were determined at 8.5 atmospheres and
at the various temperatures. From this the required thrust chamber length
for the absorption of most of the laser energy was found to be approximately
8 centimeters.

In the coupling process, most of the absorption is accomplished by
molecular absorption. The role of inverse bremsstrahlung was found to be
negligible, and particulate absorption was found to be briefly, of importance
during the onset of coupling when solid carbon is present. Beyond
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approximately 1500°K, however, the carbon particles disappear and particulate
coupling is eliminated. The absorption of CO radiation by the CO molecule,
and the relaxation of these vibrationally excited CO in collisions with “2
provide an effective mechanism for increasing propellant temperature and the
resulting specific impulse. The study also examines the possible role of
electrons in providing vibrational relaxation for the CO and concludes that
this process would only become effective for concentrations of electrons
several orders of magnitude in excess of those actually obtained in the
working fluid.

The results of the methanol coupling study indicated that other
working fluids would probably, in general, require the addition of
specific, doping, molecular species to provide sufficient absorption
for the incident laser radiation. The available infrared absorption
data of a series of molecular species is examined. The molecular species
examined included HF, DF, 002, C0, NO, H20, NH3, and CH30H. The results
of that data review are presented in this volume as AppendixE, Spectral ,
Absorption Parameters of Molecular Species for Possible Use in Laser- ;
Assisted Propulsion. The data has been reduced, in some cases, so that
transition cross-sections can be obtained or deduced, including the
effects of line pressure broadening with increasing temperature.
Absorption cross sections and high intensity effects (bleaching) can be
computed from this data provided de-excitation rates are known.

The results of the analyses here indicates a successful
» (efficient, high specific impulse) coupling for methanol irradiated
F with CO laser radiation. In addition, many of the other absorbing
molecular species and laser wavelength combinations exhibit significant
ﬁv promise.
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Appendix A

Combined One and Two-Dimensional Kinetic
Reference Computer Program: ODK and TDK (Improved 1973 Version)

Computer
CDC 6600
Program Description

The JANNAF (formerly ICRPG) combined one-and two-dimensional kinetic
nozzle analysis computer program (ODK and TDK) calculates the inviscid
one and two-dimensional equilibrium frozen and nonequilibrium nozzle
expansion of gaseous propellant exhaust mixtures containing the six
elements carbon, hydrogen, oxygen, nitrogen, fluorine, and chlorine.

The program considers 40 significant gaseous, plus one inert, species
present in the exhaust mixtures of propellants containing these elements
and the 150 chemical reactions (13 dissociation-recombination reactions
of stratified flow (film cooled engine case). Chapman-Jouget criteria
detonation calculations can be made. A perfect gas nozzle analysis
option is available. Interface provision is made to TDK with the
Distributed Energy Release (DER) combustion vaporization code. Pro-
vision is made to interface with BLIMP, the boundary layer code. Cal-
culations and printout is available in English and International Standard
(Metric) SI units.

;;
:
g

A Ul T 92 = oA 47 Y 2K

oy

Documentation and References

"“Two-Dimensional Kinetic Reference Computer Program", by G. R. Nickerson,
R. E. Coats, J. L. Bartz, December 1973.




Appendix B

Program CO for Determination of
CO ¥ibratienal Populaiien Density
as a Funetion of Temperature and
Intensity and t» Preduce a
Wefghted Absewp¥len Cress-Section.

PROGRAM C0 (TAPES)
DIMENSION N(E)»E(5),55(5)
FEALNy I»K
T=750,
C THE#+S#S,ARE CRCSS SECTIUNS FGR»01512523534545,VIBRATIONALTRANS,
S(1)=1,1E~-20
S(2)33,48E-20
S(3)3Y9,98E-19
S(4)=]1,02E-20
S(5)=26,7E-20
DO 251 JUK=1,11
1=1.2E25%(JK=1)710,
Nl)=}l,
CCO=,004
23,098
T13EXPULl75%(T*%(=1./36)-e029)=18446)/8645
T2SEXP(6Be*(T*%(=1,/34)=,0172)=18,42)/R5
RaCCO/T1+H2/T2
E(l)=4,26t-13
t(2)=4,21E~-13
E(3)s4,15€E-13
E(4)=4,10E~13
E(5)24,01E~-13
K=le4E-16
N(2)=(S(1)*T4R*EXP(=E(L)/K/T))/(R+S(1)*1])
TN=1l,4N(2)
CC 25 J=2,5

NCJ+1)aN(J)*(I*(SEJ=1)+S(J))+R*(1+EXP(=E(J )V/K/T)))~
+ N(J=1)*(I*S(J=1)+R*( EXPU=E(J=1)/K/T)))
N{J#1)=sN(J+1)/7(R+1I%*5(J))
TN=TN#N(J+1)
25 CONTINUE
1ABSs5(1)/TN
DO 26 L=2,5
TABSsTABS+N(L)*S(L)/TN
26 CONTINUE
WRITE(6927)TNyAN(J)sJ=1ls6) TABS, I
27 FURMAT (2X9EL24¢5/2X9€EL2.2/2%X»*WTD ARS CS*»2XpE12457
+ X9 ¥ INTENSITY=%,1Xyc12427)
251 CONTINUE
' END
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Appendix C

Laser Absorption Coefficients Due to Inverse Bremsstrahlung

Let us take the case of H, with & H = 9.38 x 10% and P_ = 125. The
thermodynamic output of the ODE program predicts 1.0 x 10]9 <:m'3 hydrogen
atoms, 3.13 x 10'8 en3 H, molecules and 5.4 x 102 3 electrons.
Reference 1, page 10, Figure 2.1, predicts the hydrogen atom neutral
bremsstrahlung absorption cross section for A = 5 and 10 um at 5000°K
as ~ 2.5 x 10737 en® and 2 x 10736 cms, respectively. These translate
to absorption coefficients of 1.35 x 1075 ! and 1.08 x 107t cm'], for
hydrogen atoms.

The contribution from the hydrogen molecules can be estimated

in the following way: the cross-section for momentum transfer for
electrons impacting H2 is approximately(G) 10'15 cm2. The speed of

. electrons at 4700°K is ~ 4.5 x 107 cm/sec. The electron H2 collision
frequency is therefore v ~ 1.39 x 10]] sec']. The absorption coefficient
is given by 7) ~ %ﬁ% where n is electron density, v is collision frequency
and w = 2M x wave frequency = 3.77 x 10]4 sec'] for » = 5u and 1.88 x 10]4
sec™! for i = 10u. This results in an absorption coefficient of 5.9 x 1077
an'] for A = 5y and 2.4 x 10'6 for A = 10u. The resulting absorption
coefficients imply lengths of 104 cm before any appreciable laser
absorption is effected. Obviously electron densities two or more orders
of magnitude are required for efficient coupling.

The Li - NH3 example had 4.178]; 103: cm'3 hydrogen atoms (at 750 psia) .. }
as the major constituent and 2.9 x 10°" om ~ electrons. The absorption :
cross-section for A = 5. at ~ 6000°K is ~ 3 x 10'37 cm5. The absorption

; coefficient then bec 3.6 cm'] or an absorption mean free path of
.275 cm. This is so - too small and could be adjusted by reducing
the concentration of Lithium in NH3 or reducing Pc or both. :

A

Reference 1. Caledonia, Wu, and Pirri, "Radiant Energy Absorption Studies
for Laser Propulsion,” Physical Sciences, Inc.,
. NAS3-18528 1975.
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Appendix D
The Role of Vibrational Deactivation of CO by Electrons

We will first derive estimates for the deactivation time due to
electron impact. The reason for choosing electrons to investigate, is that
they have a fairly high vibrational excitation cross-section and therefore
a high de-excitation cross-section. Furthermore, electrons have very high
velocities at conventional temperatures and can therefore promote vibrational
transitions (collisional deactivation) at large rates. An obvious dis-
advantage to electrons is that their density at ~ 300°K is expected to
be low, usually. There can be situations, however, when electron densities
can be high, such as conditions of UV illumination of X-ray or 8-ray
irradiation or even in simple hydrocarbon flames. We shall leave our options
open for the time being.

We are interested in the process:
CO+e»CO*+e (1)

and its inverse. Here the asterisk means an excited state. The cross
section for excitation of the first vibrational level (.26eV) from ground
state is v 10'17 cm2 for electron energies from .29 eV to 1.1 eV (Ref. 8).
However, Reference 1 also gives values of v 6 x 10’]6 .

cm- above .48 eV.
We shall use the lower figures for the cross-section.

Using a principle of statistical mechanics known as "Detailed
Balancing" (Fermi)(z), we can relate the excitation cross-section denoted
by o, to its inverse o_, the cross-section for vibrational deactivation.
Thus:

2
P} 990 %, = P3 9e3c0n . (2)

where P] and Pz are the momenta of the electron before and after collision
and the g's are the statistical weights' for the components, e, CO and CO*.

The P's are related by
2 2

Pl =P2+ .26 ev (3)
Zm Zm
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P

where m is the mass of the electron. Solving for o, we obtain

c+(v]) X (vg + %-x .26 x 1.6 x 10'12)

a (v) = - (4)
V2

where the ratﬁb

's_is taken to be 1.

The cross-section o*(v)‘vaﬁtshes for energies less than the excitation
threshold. Then for electron energies of .04 eV (3QQ°K) we get o o~ 7.5
X 10']7 mz. Now the mean speed of a .04 eV electron is 1.13 x 107 cm/sec.
The de-excitat1on coefficient of such an electron is given by ¢ _v = 8.5
x 10° =9 cm /sec and the relaxation time by t = I/nc v where n is the electron
density. When n = 2.6 x 10 (10 atmospheres of electrons) then T = 4.53
X ]0']3 sec. This relaxation time is considerably smaller than the times
previously quoted. It is, hdwever, exceedingly difficult to get such
electron densities, especially at these energies. We can conversely
determine the electron density which is equivalent to 10 atmosphere of
hydrogen by equating relaxation times. The result is that 1.2 x 10'3
electrons/cm3 is equivalent to 10 atmosphere of hydrogen as far as promoting
vibrational relaxation in CO. As mentioned before, such electron densities
are not to be expected at 300°K unless drastic measures are taken to insure
their existence. Such densities may be found in seeded plasmas at 3000°K
or higher. However, at such temperatures even self-deactivated CO at
10 atmospheres has a relaxation time of 1076 sec. At this temperature
: (.265 eV), the electron deactivation cross-section is n 2 x 10717 cm2
3 and the speed is ~ 3 x 107 cm/sec so that the de-excitation coefficient is
approximately the same as 300°K. Accordingly, electrons will have to be
injected with sufficient quantity and at low temperatures for their role
in vibrational deactivation to be important.

Reference 1. Kieffer, L. J., "A Compilation of Electron Collision Cross-
. Section Data for Modeling Gas Discharge Lasers," JILA Report 13,
Sept. 30, 1973.

Reference 2. Fermi, Nuclear Physics, University of Chicago, 1950, p. 145.
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APPENDIX E

SPECTRAL ABSORPTION PARAMETERS OF MOLECULAR SPECIES
FOR POSSIBLE USE IN LASER-ASSISTED PROPULSION
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1. ASSIGNED TASKS AND COMMENTARY

1.1 IDENTIFY USEFUL MOLECULAR SPECIES FOR LASER BEAM ENERGIZED ROCKET

PROPULSION

The molecules of interest must be capable of strong spectral
absorption of monockromatic laser line radiation from the DF laser (v 3.6
to v 3.9 u region), the HF laser (v 2.6 to 2.9 u region), the CO laser
(v 4.9 to v 5.7 u region), or the CO2 laser (either ~ 10.4 por v 9.4 p
region). The propulsion chamber gases might initially be required to absorb
at a low temperature, say v 300°K, but would then rapidly be heated up to
~ 4000 to 6000°%, The chamber pressures would be expected to be at v 8 1/2
atmospheres or perhaps higher. So absorption profiles at high temperature and
high pressure are of interest., The gas or gases selected to do the initial
laser beam absorption at lower temperatures may dissociate at elevated tem-
peratures and pressures. (It then would be convenient if some of the expected
dissociation products also absorbed the energizing radiation.) On the other
hand, it is possible that other species of gases also injected into the cham-
ber could take over the task. In particular, some gaseous species whose
sharp low pressure, low temperature spectral line profiles would not coincide
with and efficiently absorb the impinging laser line radiation, might exhibit
efficient absorption of these laser lines when their absorption profiles are .
smeared into quasi-continua by high pressure and enriched high temperature
"hot band' absorption.
1.2 DETERMINE, QUANTITATIVELY (F POSSIBLE, USEFUL ABSORPTION PARAMETERS

FOR THE MOLECULAR GASES SELECTED AS POSSIBLE ABSORBING SPECIES
CAND I DATES

It would be preferable to exhibit these parameters as either speftral
absorption coefficients k(v) in terms of inverse (atmosphere-centimeters-STP),
or, better yet, as the absorption cross-section o(v) in terms of em? per
molecule. Since,owing to radiative '"bleaching'" processes, the assumption 3
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of thermal equilibrium would be at best highly questionable, and possibly
completely invalid, both k(v) and o(v) should be defined in terms of the
population density Nl of the lower molecular states involved in the £ + u
state molecular absorption transmissions centered on vo's (in the near
vicinity of v), rather than on total species populations N. If, and only

if,thermal equilibrium is a reasonably valid assumption, N, is related to N

L
by the familiar relation:

’ (1)

-"c/kT)(EE)
N, =jiNg e ;/Q(T)

where all symbols used have their usual connotations.

No values for the desired k(v) or o(v) functions were found directly in
the literature, Where absorption coefficients or cross-sections were given
explicitly, they were given 'at some standard temperature and pressure for the
assumption of thermal equilibrium, and in terms of the total species population

density, N, rather than per lower state population density, N These thermal

T
equilibrium population parameters, at a standard temperature and pressure T
and P & will be designated here by the symbols k(v T ,P ) and o(v T P ) If the

pressure of interest P is equal to Po' then
N U(vo) = Nl c(vo) 3 (2)
and

o

a(v)) +(hc/|1r )(E ) k(v )
—2 = Jom) e / f 2 3)
or (vo) kT (v.)

o o

Quite often, particularly when the most reliable data available is com-
puted rather than directly observed, the parameters tabulated are nelther ¢
or k (nor, in my present notation, GT or kT ), but line transition matrix
elements lle*ulz, or Einstein coeffilients A or B, » or (hopefully) line
strength parameters S o S °) These parameters are all inter-related by
well known and relatively simple formulae, which nevertheless still require

appreciable computation time to convert columns of data from one to ‘the other,
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The easiest of these to use is the line strength parameters S *u(vo)'

which, however, are usually tabulated in terms of total species population
density N with the assumption of thermal equilibrium at some standard
temperatureATo. Again, these quantities here will be designated by §T°(v°),
with S(vo)/STo(vo), also being given by an equation similar to Eq. (2).

Depending upon whether the line strength factors are listed in units

of (atmosphere-cm-STP)" . cm-‘ or (molecules/cmz) cm_',

sT‘ (v,) = /QT (vgsv) dv (4a)
o o
or
S; (v,) = /&T (vgiv) dv (4b)
o] o

-0

with completely similar relations between S(vo) and either k(vo;v) or
o(vo,v) for absorption parameters referred to lower state rather than total
population densities. |f the normalized spectral line profile functions are
designated by f(v,vo), then:

alv_,v)  k(v_,v) olv_,v) k(v_,v)
f(“) ;V) = g-T—o - ro k- 2 = fl"'-'_“o ’ (5)
s Yo 5"1v,) S(vo) S (vo)

where

@

f f(vo,v) dv = | (6)

It is to be noted that the cap and prime symbolizations are for this treatment
only, and that in the literature the (integrated) line lntensltles quantities desig-

nated as § and $' both appear as merely S, or S(T)., Similarly, ¢ or (vo,v)
- o

and ky (vo;v) and kTo(vo,v) generally are labeled as o(vo,v) or k(vo,v)

functions.
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| f P‘ represents the partial pressure of the gaseous species with an

absorption line centered on Vo? Nz represents the total number density of
this species in the specific lower energy state & that corresponds to the
2 =+ u absorption transition leading to the ''line!' centered on Vo? and

8x represents an absorption path increment, then

N oTosx = N,oéx = p, kTo 8x = pl(Nz/N) k 6x . (7)

From Eq. (5), and canceling out the common §x and f(vo,v) factors,

~ Ay {
N sTo =N, s =p, sT° p'(Nz/N)S A (8)

For an ideal gas at thermal equilibrium, Py = N kT, and thus

S (\)o) 5 k(\)o,\)) i 1 (93) ;
5 (vo) a(vo,v) ET;- ?

and é
$'0vg) klvow) ) (9b) %
3 (v°7'= oTog,v)  \KT

However, the primed line intensities $' and S', and the corresponding
absorption coefficients k and k generally are meant to be expressed in terms of
atmosphere-cm of the absorbing species of gas when (conceptually) reduced

to STP conditions. Now, there are v 2,69 - 10'2 molecules cm™>

of a gas at
STP. Thus, if T is kept at (or near) the standard T, value, and p"is

expressed in atmospheres as is intended, then

-3
and Eq. (9a) can be rewritten as,
A' ~
f (“o) s f(vo’“) =2.69 . 1019 molecules cm > : (10)
S (\) ) 0(\) \)) atmos- ,
(] o’ :
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are

The integrated line strength parameters S, S!', §T'and §T

O - ~
virtually independent of pressure broadening effects, S ando S' are,
however, temperature-dependent through a relation similar to Eq. (3).

The line shape factors f(vo,v) are in general both temperature and
pressure dependent, For moderate temperatures and pressures, the Lorentz,
or collision broadened profile,

a

f(v_,v) = = 3 an
b n{ac2 ¥ [ vo)z}

is a reasonably good approximation, with the pressure-dependent half-width

at half maxima, a, being approximated by the expression,

a. in cm™!
e aon’T/To a, in cm-1 atmos™! (12)
evaluated at | atmos
pressure and T = To
and n
P=p, + E C. p. %P and p, in units (13)
fiaved i 5
=2 of atmospheres

Here, P, represents the partial pressure of the spectrally absorbing species,
while the p; and C, (usually all C, < 1) are the partial pressures and
relative broadening efficiency of the other constituent gases. It i5s seen
from Eq. (11) that at the line center, f(vo,vo):= (\/nac). At line center

for collision broadened lines, therefore, depending upon how the line strength
factors are defined,

S(vo)
G(Vo’vo) = —-‘-u—a—c— ; (]l‘a)
or
S'(vo)
k(vo’vo) o "ac ’ ' (‘,‘b)

with similar expressions relating the capped (thermal equil-distribution total
population values) parameters ¢ and § or k and §'.

It is evident from Eqs. (11) and (12) that increases in pressure both
increase the effective width of each spectral line, and decrease its effective-

ness in the near vicinity of the line center,
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For very low pressures (which are non-applicable here) or for very
a high temperatures (particularly near line centers), the Doppler line

profiles predominate over collision profiles, In the latter case of both
high temperatures and high pressures, the Voigt line profile, which
represents a convolution of Doppler and collision perturbations, should

be used. For some of the high temperatures and pressures of interest in

the current problem, the exponential decay Doppler profiles may predominate
near the line center, while the collision profiles still predominate one or
two half-widths removed from the centers. High pressures also tend to distort

the molecules and cause some slight shifts in line center positions,

Also, at high temperatures (but below those leading to dissociation), higher
energy vibration-rotation (and electronic) energy levels tend to be populated. :
This decreases the absorption from the lower energy levels but introduces 3
new ""hot bands" which tend to fill in the spectral absorption profiles and '

lead to quasi-continua.

It would be most useful to be able to exhibit either k(v) or o(v) [or
even k(v) or é(v)] as quasi-continuous spectral functions for the full
spectral and temperature-pressure regimes of interest, Unfortunately, there
is In the literature a paucity of that data which is useful for high spectral
resolution application. Most of the High temperature-high pressure data
which does exist was designed for use with low spectral resolution devices 4
(radiometers, etc.), and consist largely of artificial '""Band Model'' computa-
tions. The use of these band model computations, or of the coarse spectral
resolution data with which they generally are compared, generally would be

highly unreliable for application to laser beam absorption.

; An exception occurs, however, when the complexity and ''richness' of the
Bt molecule's spectra is such that neighboring spectral lines tend to be so close
together that the mean line separation in the region of the laser emission
tends to be about the same, or better, less than the effective line widths.
This is particularly true when the absorption ''line" profiles are broadened :
by pressure [see Eqs. (11) and (12)], and when the absorption spectra is :
enriched by significant contributions from '"hot band'' absorption transitions
& originating from relatively highly excited lower state energy levels, Under
these conditions, even the cruder ''band model'' absorption curves become

reasonably valid approximations for the absorption of laser radiation.

s Tl T
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2,  MOLECULAR SPECIES SUGGESTED FOR INVEST!IGATION

It was initially suggested to-examine the spectra of possible

| reactants, CHh, NH3, CH30H, HZO’ NZ Liz,and possible dissociation-reaction
| products thereof, such as HZ’ 0, OH, H, C, CO, N, and LiH, However, both

the monotomic species such as 0, H, C, N, etc., and the diatomic symmetric
2 NZ’ HZ’ and L|2 a

infrared spectra. 4

species such as 0 re devoid of (electric dipole active)

While CHQ has some strong infrared absorption in fundamental vibration-
rotation bonds near 3.3 u and near 7,66 u, these would be inefficient for
absorption of any of the laser radiation of current interest. At sufficiently
high temperatures, CHA overtone and comtination bands and absorption from
excited state vibrational energy levels might be of some use, but then 1
dissociation would soon set' in, It therefore was recommended that CHA be '

abondoned as a non-promising reactant.

The strongest absorption of laser lines originating in induced transi-

tions from excited states to the ground state, would be expected to be self-

absorption by the lasing species molecules themselves. It therefore was

decided to also investigate absorption by (''seeded') DF, HF, and CO. 1

The strong 10.4 u and 9.4 u CO2 \aser emission is from (the rotational
levels of) an excited vibrational state designated as 0 0° | down to rota-
tional levels of a pair of low lying Fermi-resonating levels designated as
(1 0° 0, 0 2° 0)' and (1 0° 0, 0 2° O)H,respectively. Under thermal equili-
brium conditions near room temperature, the self-absorption of CO2 owing to
the reverses of these two transmissions would be expected to be relatively
quite weak, since the room temperatuye populations of the lower state
(1 o°o,02° O)I and |1

the. corresponding ground vibrational state, 0 0° 0, levels. However, at

levels are down by a factor of ~ \0-3 from that of

temperatures of v 1000°K or higher, there could be appreciable self-absorption
by C02.
broadened line profiles would convert the closely packed CO

At higher temperatures and pressures, '‘hot band' absorption and
2 absorption
spectrum into a fairly efficient quasi-continuous absorber, not only in the

co, 9.4 y and 10.4 u regions, but possibly also in the 4.9 - 5.7 u region

of the CO laser, and in the 2.6 to 2.9 u region of the HF laser.




3. ABSORPTION DATA, COLLECTED OR COMPUTED
FOR VARIOUS MOLECULAR SPECIES

3.1 HF and DF

Useful references for the HF and/or DF molecules are Meridith and
smith [Nov., 19711, C. M. Randal [Dec., 1975], Ludwig, et al, [1973], and
Goldman, et al. [April, 1974].

3.1.1 Meridith and Smith [Nov., 1971] Data for DF

Meridith and Smith present a tabulation of electric dipole matrix

elements and of Einstein spontaneous emission Au* coefficients for _indivi-

£
dual lines of both the P- and R-branches of many v'' + v' transitions for
both HF and DF, The integrated line intensity parameter S(vo) { remember
o(v,vo) = S(vo) f(vo,v)}, referred to the lower state population density

Nl' can be computed most reédily from the Au+ coefficients, The relation-

2

(v ) ’(g_u) et ) (15)
o 9, 8Ic LS ;

Here the degeneracy factors 9, and 9, for the upper and lower states reduce

ship is

to - M 23" + 1 and 9, = 20" + 1. For respective P and R branch lines,
' =gy andd =d" 4, Au*l is, as always, in units of se~::-l per

: s : -1 : ’ -1
molecule. Then, since ¢ is in units of cm sec ', and vy in units of cm

’
S(v_) is given in units of cm per molecule; or more explicitly, in units of
(cm® per 2-state molecule) (cm-'), with the last (cm-l) factor representing
wavenumbers., Here, the 2-state is electronic ground state, with v and J equal
to the designated v'' and J' values for each line, Table | gives values of -
Vo? Au»l’ and S(vo) for selected P-branch absorption lines corresponding to
some of the strongest lasing lines found in one of the TRW DF lasers, Higher
powered, higher temperature lasers may concentrate power in other lines, but

the data shown would appear to be typical, Absorption in the R-branch lines

appears to be down by factors ranging from ~ 0.1 to ~ 0,8 of corresponding
P-branch lines,

The last two columns of Table | present estimates for o(vo,vo) and
8296.K(v°,v) [see Eqs. (3), and (14a)] under the arbitrary assumptions that
! ! and that P v | atmos. This is

the line width factor a = 0.1 cm | atmos

R T A el T
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Table 1.

DF Parameters Computed from

Meredith and Smith Data

s(vo)-lo*'7

*

+
g (vo,v)- 10

7

% %%k
’

0296°K(vo'vo)

' .A e (in P (in em® per | (in P per
Line e ' ¥in oy i‘ em”! per v''J" v'y" oF DF molecule
v (PV.J") (inem ') | (in sec™')| DF molecule) molecule) | in any state)
Bl P8 2717.8 31.817 0.5045 1.506 3.02 « 10719
e
F 9 2691.9 31.762 0.5205 1.657 1.44 + 10719
P, 10 | 2665.5 31.719 0.5361 1.706 5.69 * 10720
Py 1 2638.7 31.672 0.5513 1.755 2,00 = 10729
A3, 829y . G
Py 12 2611.5 31.615 0.5661 1.802 5.51 * 10
1 P, 8 2631.5 57.181 0.9671 3.078 4,53 + 1072%
N— s
Po g 2606.3 57.105 0.9984 3.178 2.02 - 10725
P, 10 2580.6 57.046 1.0287 3.27h 8.0) - 10726
P, 11 25545 56.978 1.0582 3.368 2.83 - 10726
Av3.956y
By 2 2528.0 56.888 1.0857 3,456 7.74 - 10727
2 | p.7 2571.6 76. 748 1.3350 4249 1.47 - 10730
a— 3
Py 8 2567 .4 76.613 1.3826 L 401 7.40 +"1073!
Py 9 2522.9 76.546 1,4282 4,546 3.30 * 1073
Py 10 2497.9 76.495 1.4723 I, 686 1.30 - 1073!
Bl 2472.5 76.429 1.5151 4,823 4,63 + 10732
vk, 0871
Py 12 2446 .6 76.329 1.5571 4.956 1.7 + 10732
3 | p,8 2465.2 90.614 1.7462 5.558 1.65 « 1073°

% a_Arbitrarily assumed to be 0.1 cm ',

1

50

** A thermal equilibrium population, at
T = 296°K, assumed,




i heelon

Table la. DF Vibrational Level Distribution at 296°K
T
o ??n(:mll) g (296°K) = 485963 - 1073 em 6 (v")
0 0
2906.83 7.330 - 1077
5722.24 8.378 + 107'3
844623 1.493 - 10718

Ib. Approximate DF Vibratlgnal Rotational Level
Distribution r 11 (296°K) rjll (296°K)

& (rJ::zgegk)} V= v'i=2 o g

7 421 « 1072 | 3.021 - 108 | 3.453 . 107"

8 2.007 1072 | 147 - 1078 | 1681 - 107" | 2.996 « 10720
S 8.677 + 1073 | 6.360 - 1072 | 7.270 - 10715

10 3.338 - 1073 | 2.447 - 1072 | 2.797 - 1075

" 1.145 «+ 1073 | 8.393 . 10710 | 9.593 . 10716

12 3.056 - 107" | 2.240 . 10°'%| 2.560 . 107'6




a reasonably good estimate (probably accurate within 30 or 40%) for DF-DF
broadening. For DF-CO2 broadening, and for DF-N2 broadening, however, the

a values should be, respectively, of the order of v 0.02 and 0.0l cm-'

atmos '. The corresponding o(vo,v) line center values consequently would
be ~ 5 and v 10 times as large as those listed.

The ratios between the last two columns of Table | were computed by a

separable anharmonic oscillator - rigid rotor approximation from the assumed
thermal equilibrium relation,

(6, /o) = (N 1 1/N)
°T°° V'

hc " "
- =G (v )*+F u(J)
(') e Mo . A (16)
R
hCBo ", 1
'(ésj) 6 (VY : & J (J+1)

e \To/ ©° L2y +1) e Yo = r (1) 1)
Q, (1) Q(T) Fed e

3 5 =1 . -1 -2
For DF, QV(296 K) =1, and {QR(TOD —{kTo/tho} ~ 5.278 . 10 “,
Also, (hc/k-296°K) = 4.75963 + 1073 cm.

Thus, the last (and least accurate) form of Eq. (16) reduces to the form

Q

{GT /o} ==Fvn(296°K) . rJu(296°K) . (17)

Herzberg's somewhat ancient, but still sufficiently accurate (for current

purpose), molecular constants for DF, were used, giving Go(v) ~ 2952 .54 e 'y
- 45,71 cm-lv2 and Bo = 10.860 cm-‘ as well as the previously listed value of
{QR(TO)}-I = 5,278 . 10-2. Table la and |Ib present some values of ron and of

(rv"er“)that might be of value for future use.
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3.1.2 HF Data from Meridith and Smith [November, 1971] and
C. M. Randall [4 December, 1975]

Meredith and Smith tabulate A\HT'»v"J“ data for HF as well as
for DF, Table I| lists these Einstein coefficients and the S(v )
integrated line intensities calculated therefrom for selected v“J' SAR
transitions, It also lists corresponding ST (v ) values, related to
total rather than v''T'" state HF number densities These S (vo) values
were copied directly from C, M, Randall (4 December, 1975] °and correspond
to a thermal equilibrium population distribution of HF at a temperature
To = 296°K. The ¥ line frequency values in wave number units and the .,
line width parameters, in cm i atmos. (at 273°K) for HF-HF broadening
also was taken from Randall, who claims an approximately 20% accuracy for
low J-values. Figure | (Randall!s Figure 17) gives a summary of experi-
mental HF line width data. Here |m| = J' for P branch lines and J'+1 for
R-branch lines. The values of a_= 0.1 for |m| % 0.9 appear to be arbi-
trary. Randall gives no data for the ratio of foreign gas to self-
broadening for HF, but his Table 5 gives such ratios for HC1 for Pl through
P8 lines and for COZ, co, N2 and 02. The average values of these ratios
were 0,46, 0.39, 0.30, and 0.19, respectively. Goldman, et al.[April, 1974]
suggest average ratios of 0.2 and 0.1 for the respective ratios of C02 and N

broadening as compared to self-broadening for either HF or DF,

2

To compute u(vo,vo) or or (vo,vo) values for self-broadened HF lines, a

first computation is the appropriate (collision broadened) half-widths, from the
relation,

a=a PyT /T . (Here, T = 273°K) (12)

Then divide the selected S(vo) or §(v°,296°K) by (al). For broadening by
foreign gases, the P; partial pressures of the various gases and their relative
broadening efficiencies C‘ must be known or approximated, and an effective P
given by Eq. (13) must be used in Eq. (12).

For HF, B = 20,555 cm-', and the vibrational levels separation from
the v =0 ground state is given by the relation, G (v) = 4049.186v - 88. 60v +
0.980v. Also, at the T_ = 296°K assumed by Randall (hc/kT ) = 4.85963 + 10 3cm,
Q(T)) = 1, and (Qu(T )}"! = {hcB /KT } = 9.9890 - 107 Tables 2a and 2b
give r (296°K) and r ,,(296°K) (see Eq (16) for the HF molecule.
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LINE-WIDTH PARAMETER, cm™! atm™}

RICR: Sl M 1IN
Lo &3 e gel §ins] it g g 18

iml

Figure 1. Summary of HF Experimental Line -Width Parameter Data.
i The vertical bars indicate the range of the values observed
by various investigators and listed in Table 7. The values
used in the present study are connected by straight line
segments. |M|= J' for P-branch lines and M| =0 +1
for R -branch lines.
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Table 2. Einstein Au—»z Coefficients and Integrated Line Strengths
for Some Selected HF Av = | P-Branch Transitions

s(\aa)-m'8 :
Ay (in (emd) - s(vo,zggok) S %
Line Vo FANLESAN cm"} per v''J" {ifr:”(c.n; ') "c;'-" } {in(cm
vy (Pv'J.) {n ey L din sec") state molecule) molecules atmos)']} ‘
o 1| oeu | 3788372 116.23 8.36 9.687 « 1072 0.50
P, 5 | 3741.593 114.35 8.87 b.sk2 ¢ 1079 0.33
P, 6 | 3693.560 113.35 9.33 1.753 « 10713 0.24
P, 7 3644259 1n2.7 9.76 5.291 - 10720 0.15
P, 8 | 3593.812 112.19 10.16 1.288 - 10720 0.1
P9 | 3542.254 11.67 10.57 2.547 « 102! 0.1
P, 10 | 3489.644 111.07 10.95 k.13 - 10722 0.1
P, 11 | 3436.038 110.35 1.5 5.450 - 10723 0.1
| P, 12 | 3381.496 109.49 11.69 5.952 « 1072 0.1
| P, 13 | 3326.075 108. 46 12.05 5.379 - 10725 0.1
12 | P 4 | 3622617 199.27 15.68 8.603 - 10727 0.50
| T | e,s | 3577.538 196.26 b.27% « 1077 0.33 1
| P, 6 | 3531.212 194.71 17.54 1.636 + 10727 0.24
| P, 7 | 3u83.694 | 193.75 5.354 - 10728 0.15
P, 8 | 3435.037 192.97 19.15 1.382 + 10728 0.1
\ P, 9 | 3385.299 192.15 2.198 + 1029 0.1
j P, 10 | 3334.533 191.18 20.65 5.069 + 10730 0.1
{ P, 11 | 3282.797 189.98 7.275 « 1073} 0.1
k P, 12 | 3230.145 188.51 22.06 8.669 + 10732 0.1
| ;
.4 2 .3 Py 4 3461.433 252.65 21.77 1.336 - 10'3“ 0.50 i
[ i 5o Py 5 | 3417.993 249. 14 6.892 « 1073% 0.33
| ; Py 6 | 3373.336 | 2u7.4 24.42 2.843 + 1073 0.2 | |
¢ Py7 | 3327.514 246.43 9.511 + 10736 0.15
E - P, 8 | 3280.58 24562 26.73 2.604 + 10738 0.1 |
s Py 9 | 3232.589 244,72 5.874 + 10737 0.1 4
% . Py 10| 3183.593 | 243.58 28.86 1.098 + 10737 0.1 ]
% Py 11 | 3133.607 242,11 1.707 + 10738 0.1 |
i Py 12 | 3082.803 240,26 30.09 2.218 « 10732 0.1 ]
i |
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Table 2. Einstein , Coefficients and Integrated Line Strengths
for Some Selected HF Av = | P-Branch Transitions (cont'd)
S(v.:,)'“)‘8 3
Pog $(v_,296°K)
Ay [in (em®) . o i AN a,

Line" Vo vty cm’l] per v''J3" f:r(:':l)ﬂ‘l:"m } {in(cm
v (Pv'J ) (in cm") (in sec") state molecule) molecules) atmos) "1}
35 P, 4 | 3304.316 280.09 26.48 3.992 . 107 %2 0.50
— -42

Py 5 3262. 451 276.61 28.22 2,117 « 10 0.33

P, 6 | 3219.414 275.09 29.81 9.042 . 10743 0.24

P 7 3175.227 274 .28 e 3,153 + 10743 0.15

P, 8 | 3129.950 273.61 33.17 9.064 + 107 0.10

P 9 | 3083.636 272.79 2.161 . 1074 0.1

P, 10 | 3036.336 271.66 35.39 4,299 . 10745 0,1

Py 1 2988.102 270.11 7.166 10°46 0.1

Py 12 2938.986 268.08 37.90° 1.005 . 10746 0.1
4 Pg & 3149.2 285.31 29.70 0.50
S

Pe 5 3108.8 282.31 31.72 0.33

P8 3067.3 281.20 33.57 0.24

Py 3024.7 280.76 35.30 0.15

Py 8 2981.0 280. 40 36.95 0.10

Ps 9 | 2936.2 279.81 38.54 0.1

Pg 10 | 2890.5 278.83 40.08 0.1

Pg 11 | 2843.9 277.36 41,56 0.1

Pg 12 | 2796.5 275.34 42,99 0.1




‘ ; hs
E i ; Table 2a. Vibrational Level Distributions for HF at 290°K

6 (v")
v (in cm-l) rv"(296°K)
0 0 |
l 3961.566 4.350 - 1077
2 7752.792 4,455 . 10717
3 11,377.598 9.715 . 10723
4 14,842,844 4721 « 10732

2b. Approximate Rotational Level Population
Factors for HF at 296°K.

o r;n(296°K)

l 1.219 107!

? 5 4,489 « 1072
g 6 2.257 - 1072
7 7 6.318 « 1073
; 8 " 1.428 . 1073
% 9 2.366 - 107"
; 10 3.546 « 107>
= 1 4314 « 1078

12 4.265 + 1077

4
5
£
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3.1.3 Goldman, et al. [August, 1973] Data for HF and DF at 1273°K

Table 3 and Figure 2 and the accompanying explanation are
extracted directly from Goldman, Schmidt, Riter, and Blunt. It is to be noted

that the integrated line intensity parameters they presented there are in units of
(cm-atmos STP)-'-cm-I, and thus correspond to the §- {v_, 1273°K) for the HF

values (their isotope #1 designation for To = 1273°K u;:d here. The tabulated line
intensity parameters for DF (their isotope #2 designation) are further re-

‘duced by the naturally occurring D to H abundance ratio, and thus represent

N 1,56 1072 §'(v°,!273°K). These tabulated line intensity parameters can

be reduced to correspondlhg's.(vo) values in (atmos cm)-I cm'], referred to

the density of v'')"'-state HF or DF molecules, by multiplying by

3 )
(20".+ 1) e-{ 7R} Eee

The Evanu lower state energies in wave number units, and the J" values are
also tabulated (by Goldman, et al.) in Table 3. The Partition function for
HF at 1273°K is Q(1273°K) = Qv..(1273°K) QJ|-(|273°K) = 1,01153 « 43,05 = 43,55,

Goldman, et al.'s explanatory paragraphs and Figure | and Table 2 3
(re-labeled as Fig. 2 and Table 3) are given here. i
{

{

The line intensities S. at temperature T. were derived from the electric dipole matrix

elements {t'J'!uir.J) as computed recently by MEREDITH and SMITH. according
to. : Iy
87y No(T)

= —— ——— oxp[ = E(r. Yhc kT I e IHA = —vhe, E i

S(T) e leT)cxp[ E(r. JYheikT) x {.,!(1 J'ulv. IXA — exp[—=vhe/k T)) "

Here S is in cm ™ '/(atm ¢m): T in K: v. the transition wavenumber given by (Eii-. J') — i
E(r, J)yisincm™': Q(T) is the partition function: L, is J + | for R-branch lines and J for |
P-branch lines: p is the pressure in atm: £ is the Boltzmann constant: h is the Planck '
constant; ¢ is the velocity of lizht: and No(T). the number density. is obtained using the
ideal gas law. A computer program. similar 1o that described by Kuxpe  for caiculating
CO line parameters at clevated (emperatures. was used to compute the transition wave-
number, v, and the line intensity S(T). Intensities computed at 390 K and 373 K for the
(1-0) band generaily agreed to within 15 per cent with the line intensities measured by
Kutpers  and by SHaw and LoveLL.  The resulting integrated band intensity at 390 K
obtained herc is 3!1-4 (¢cm ™2 atm !). The resulting line intensities of the HF and DF Ac = |
bands in the ratio of their natural isotopic abundances at 1273 K. including ali lines whose
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Mnulm:lndinceofboi HF and DF in the Av = | bands region
o %% LB
- o W
,ﬂ- -..
i e
~ G i
S0 *
l% " Lo . 1
250C 3000 3500 4000 4500
WAVENUMBER (cm')
Figure 2. Line Intensities vs Wavenumber for the
HF Av = | Bands at 1273 K.
intensities are within a factor of 107 of the maximum linc intensity are presented versus
line positions in Table ! and Fig. 1. Similar tabulations are available for temperatures up to
4000 K.
’ Spectral line halfwidths for pure HF. HF-CO, . HF-He and HF-Ar mixtures have been
measured and computed.'**-2#:38=42) Broadening efficiencies for five lines and 20 ditferent
foreign gases have been reported by SMITH.**’ The broadening efficiencies of CO; and N, 3
at 373 K are of the order of 0-2 and 01 respectively.’32+*3* Here the results of HERGET et ;
- al.?” and SHAW and LoveLL'’?' have been adopted with a temperature dependence of :
l/\/?'. The pure HF and HF-CO, halfwidths for each spectral line used in the radiance 3
calculations at 1273 K are listed in Table L. :
Table 3. Spectral Line Parameters for the HF Av = | bands at 1273 K 3
Tramn(l:on Lower \\:-\v.’elznalh "Flﬁguﬁcrhco lnl:;hllv
ng:‘umw t:::lr L:‘\':I Isotope (?'l\.Il-el ‘ll;'r'c.m CM-I1*ATM-1  ATM-1 t
b2 - 128 2 $3vd, 08 “d3130 033 Telbeginub
vy - Lo 2 Y31 10320605
a3 = 143 2 wels 14
19 = i te 2 o3
i = 37 < oled
115 = 2. 2 db3 3
i - 1 2 eded k
A1 = 243 2 Slucde cben \ 0
U ~ 1w $ «323 0.-.0-(-0.
916 = 139 4 "Il.,i euel Ceddsteis
113 - 232 e L ITT4 Y it} L.250E°08
615 - t e 2 <373.03 «00b .093E~i6
212 - 20 2 “eleig et Ledeic =S
12 =~ 223 by Tl 6703 0y
@2 - 125 1 e’ Ziore~u$
141 - 2 0 2 051
®ie = 1113 e iy 1.
210 - 2 3 e 033 Zuult'ii i
613 « 332 2 493l439 foen?? 008 1eb5en=0b 2
Bovyd 2 9 - 2 6 & 383430 sedede T 2ods3ievs |
2Wibele 123 - 222 PO LTI ) 383816 052 it Lebedecus ‘
W3002 912 - 31 2 A083.29 [} o8 able 3 i
082,09 82 =~ 18 by l&llh.t e skl 3z
™IUAT . 2 4 - 27 2 s T D TORE 1
<830..68 IR SO R T ) 2 7005 L1y esle 2eeSik=in =
2099, 97 17 = 2 @ 2 Yoinel? sund Ty 2eel it y
008,22 L2 = «r A 3.7543¢ 033 3 3.3146~08 |
2é09.29 033 = 1 9 2 S. 75497 #0532 2.0%3E~00
deleedt e = L 2 1 da1s027 o948 Le9126=40
268d.30 4 8 - 2 2 Sa72991 a5 24975608
291,00 9 - 19 2 doTrea? 0% s de197C 00
Wil 18 = 2 & 2 346370y odbs oC20 Rewdik=09
.22 219 - 310 1 l-l“ld s3d0 obas Le18203%
Wil L I I T 4 2 weld o015 ERITY ST
2089403 14 = 2 1 weldd 318 $adTiley
Weleon 1 & = 213 < Xl «835 l.u-(-"
NI 328 » s 2 1 o2 13 el02 (-00 |
763,08 e 7 - 31 2 92 olie P ) §
7% .23 A0 = 2 2 2 Jebisy? 207 ole2 l.th(-li y
o109 240 - 3 1 leddeeed daninle het 18] LI Ioet ) 4

|
|
|
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Table 3.

Spectral Line Parameters for the
HF Av = | Band at 1273 K (Continued)

Lower Wavelength Halfwidth Intensity
‘avenumber Lower Upper Stat¢ Micron HF-HF HF-CO2 CM-2*
CM-1 Isotope CM-1 (A ZM-1°ATM-1  ATM-I
o e . - 55,37 +130 3.583E
27¢.00 2 - 976040 " .202 1e183k 6%
eraz.ot - 2N37  Jo59295 evde 1. 983E~i6
er%. % $ - ey e 3:.57 999 slie 3o Jode 06
273,80 2 - 004035 d.STe3 33 102026203
281690 [ 217.98  d.5evh o203 2adnsi=0s
2010 % - Ad3dieen 3.56895 susl 812020765
2639.92 3 - $33.20 S 23 2037306
200608 9 - Aldwict 353987 ey we2iat=36
205%.00 1 - W90 SSWT0 20 10993608
2057.08 an s> 2.850c-ud
2002.79 2 o2
! s
7

FLERRV )

309,17

240450
$212.72

d2Lh 02
230012
3232459
328done

4269.7%

204,50
42,78
430,82
B440.08
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Table 3. Spectral Line Parameters for the
HF Av = | Band at 1273 K (Continued)

Transition l.ower Wavelength Halfwidih intens
Wavenumber Lower Uppec State Micron  HF-HF HF-CO2 —:"y
CM-1 Level Level isotope CM-t (A CM-1°ATM-I  ATM-I
B4deon2 18 - » 113,83 058 $.6206-02
3 - 2 $1592.32 207 ve3ddneis
s - s 300,92 odde 3
82 = 11 Iisecal 23 ]
2 - 1 sies2.78 02 €-08
s - . S1isebe I3 c~62
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3 .
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Table 3. Spectral Line Parameters for the
. HF Av = 1 Band at 1273 K (Continued)

Transition Lower Wavelength Halfwidth lmenm!
Wavenumber Lower Upper State Micron  HF-HF HF-CO2 CM-2'
Lavel Level Isotope CM-I (Air) CM-1°ATM-1  ATM-1
A48 = 21e 1 o83 sbis 1.307€-¢3
1 - 2u 4 Y LY il bevitboCe
¢ e - 17 1 i 1o 3.9eiCeug
337 - ¢ 1 svby RIELET T
| i1 219 3 ~uis uis 1edcib=ue
1 22 1 endd S.bclivbe
4319 - 2 W 1 11442028 svde SeS78k=035
| 12 - 22 3 NS w35 202e7e=dy
] e 72 - 1 ¢ I3 Lhene?7 ars Sedovieds
6o = 19 1 leny. o8 éednsle o3¢ 2.2%%
€9 - 11 1 143443 2.435¢9 1e502c000
10 - 111 1 22%s.22 2.32904 levidked
a1 - 112 3 2oll.e8 2431390 0edPon=dy
- vi2 - 1 1 Ji5e.67 2,305 FRYIETTY
A - 1 1 ser2.a <451t
Vs = 11y 1 ~225.71 ledbnk=01
615 = 116 1 S.eruk=b2
0¢e = 12 1 1.317€=i8
Ci1e = 17 1 2.0avE-02
Ged = 12 Y 2.2752¢ o3d0 suid “e014Eu5
Q17 - 11 1 6.8 20&lein ued U3 lel3sE-g2
- 148 1 1901,0> <a2l226 w32 o833 l.dbec-ie
- 13y 1 o7y 2,201 sule 933 S.ivle-03
$er = iz 1 4de1.92  2,27088 sedd evid  S.23et-le
WLy = 1 1 7512495 2.27008 <ulb vl 2.15%08
wis 7 G20 - 1 1 ears.ae 2.2690% “uds <813 8.590E-0y
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3.1.4 HF High Temperature Absorption Data* (from The Handbook of IR
Radiation from Combustion Gases, by Ludwig, et al. [1975].)

Figures 3 and 4 are reproduced from pages 186 and 187 of Ludwig, et al.
[1973]. Figure 3 (their Figure 5-12) presents spectrally-smeared-out 'band
model'' approximations of HF absorption coefficients k(v) [in the notation here,

: ET (v)] for temperatures T of 300°K, 600°K, 1200°K, 1800°K, 2400°K, and

3080°K. They represent an approximation of the psuedo-continuous absorption
curves, in units of (atmos cm at STP)-], as viewed by a low resolution spectro-
graph whose effective slit width was equal to at least 3 or 4 times the mean
separation E between spectral lines. However, as is seen from Figure 4 (their
Figure 5-13), d is generally greater than 10 cm-', and is R 13 an”! in most of
the spectral interval between 3000 and 4100 cm_', even at ;o = 3000°K., At
3000°K and 8.5 atmospheres, the effective line widths, using their suggested

HF line width at STP of 0,05 cm™ ', is=0.13cm . Thus, even at
3000°K and 8.5 atmos pressure, HF will not even come close to acting as a

atmos”

spectrally continuous absorber of HF laser radiation. The relatively large

line spacing also can be perceived in Table Il of the preceding sub-section.
The line spacing in any specific (v",vl) band of a diatomic molecule is approxi-
mately equal to 28, (or ZBK.) for low J'', although higher order terms

occur as J" increases. Thus, closer line spacing requires the presence of

two or more overlapping (v'',v') bands in the same spectral region. B equals

~ 20.55 c:.m‘l for HF (and ~ 10.85 <:m-l for DF). Relatively large B values are
characteristic of HX or DX type molecules, since the B's are inversely propor-
tional to the molecule's moment of inertia.

!

Thus, except for possible accidental near-coincidences, within v 0,1 cm

of the positions of absorption lines from other v''4" = v'y' transitions, it
appears that HF or DF ''seeding'' would be useful only for the initial, 'pre-

bleaching,' self-absorption by the inverse of the lasing transitions.
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k(v) in reduced (atmos em)™! at sTP
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Flgure 3. . Absorption coefficient for HF at standard
temperature and pressure.
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3.2 CO2

3.2.1 Self-Absorption of 10.4u Region or 9.4y Region CO2 Laser Lines

At low temperatures the v 9.4 micron and ~ 10.4 micron €0, bands
exhibit relatively weak absorption [low §T (vo) or §} (vo) for the
individual lines] because their lower state vibrational levels are respec-
tively 1285.412 cm'] and 1388.187 cm-] above the ground vibrational state
(usually designated as 0 0° 0). These bands are of great practical impor-
tance, however, since the CO2 laser can be made to operate efficiently at the
frequencies of many of the P and R branch lines of both bands, The 10, 4yu
band is the more familiar one only because several of its laser lines lie in
a relatively very clear atmospheric ''spectral window.!" The lower state vibra-
tional levels of the ~ 9.4u and of the v 10.4u bands form what is known as a
Fermi Resonance pair. Historically, these two Qibrational states have been
designated as 0 2° 0 and | 0° 0, respectively; but this designation is
actually wrong since both of the observed states fesult from a mixing of the
two corresponding unperturbed states, and in the C]202I6 isotope, the unper-
turbed position of the 0 2° 0 level has been shown to actually lie above
rather than below that of the unperturbed 1 0° 0 level. The upper vibrational
state shared by both of these bands is designated 0 0° 1. McClatchey, et al.
[26 January 1973] use the designations 00011 < 10001 and 00011 « 10002 to
designate the respective ~ 10.4y and ~ 9.4y C'20216 bands. While compact,
this notation is somewhat confusing since one continually has to recall that
the third digit represents the superscript (i.e., %-number) on the second (vz)
digit, and the last digit is | for the highest resonating level, 2 for the
second, and so on (2, 4, 6, ...) levels may resonate. The notations used here,
however, are those of Young and Chapman [August, 1974]. These later authors
designate the ~ 10.4y band as 0 0° | « (1 0° 0, 0 2° 0)', and the © 9.4y band
as 00° 1« (10°0, 02° 0)'|. Most of the information presented here also
was extracted from or computed from measured data given by Young and Chapman.
The (computed) data given by McClatchey, et al. [26 January, 1973] covered
a much larger number of CO2 vibrational bands, including bands from several
isotope species, but gave explicitly only certain ''band intensity' parameters
that they labeled Svo together with adjunct vibration-rotation interaction
parameters ¢ and the band center wave number positions which they call Vo
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. but which should be labeled as Voo t° distinguish from the individual line
positions Vo The integrated line Intensities that have been designated as
ST (v ), in units of cme (cm-l) per €O, molecule (in any V'J" state) can be 1
ca?culated from the McClatchey, et al., data (for T = 296°K) by using the

relation,

~ V .
By Ly ) s -\i ,l/2(J'+J"+l) (,/2kT )(l -0)%s Cep C*T )J"(J"+1) gy’

The McClatchey relationships were used for several calculations before the
.dlscovery of Chapman. The data presented by this latter paper is not only much more

closely tied to direct measurements, but also is presented in a form that is
much easier to use.

i

aiha

Young and Chapman tabulate a parameter they labeled as (SJ/ao), in units
of cm-] at 300°K, for selected P and R-branch lines of both the ~ 10.4u and
% 9.4y C 2 l bands. Upon .inspection, this parameter turns out to be

equal, in the notation adopted here, to S (v )/a . It will be recalled
300°K

that the symbol ST (v ) designates the integrated Iine intensity in units of
; x “(atmos-cmeSTP cm"' referred to the total population of absorbing species
{ molecules at partial pressure P At line center, Vo' with a Lorentz profile,
‘ the spectral transmission at T, is given by exp|[- ST (v )Péx(a p'w) '] 1
’ It can be seen that for a pure gas, such that P = Pl? the spectral transmission 5
| at line center is independent of pressure. The quantity (ST (v )/a ), or in !
’ ; their notation (SJ/aL ), thus could be determined at pressures above 50 Torr,

where the Lorentz line profile is valid, and then applied to compute their

profile predominated.

B The third column of Table 4 converts the Young and Chapman tabulated
£ (SJ/aL ),values to line center kT (v W ), in units of (atmos cm=-STP) ! tor |
‘ £ fany state) COZ molecules at 300°K ?and one atmos pressure) merely by d?vidnng
} : through by . The fourth column of this table converts k(v ) to a(v W)
1 by multiplying the former quantity by the (pI/N) ratio of (I atmos STP)/Z 69 10 19

j 2 SJ at very high resolution measurements at very low pressures where the Doppler
b
!
|

; molecules cm 3) The 5th and 6th column k(v "o ) and o(v We ) for lower state

N (v"J") molecules were calculated by multiplying the respective k (v "o ) and

1 T values by (N/N " n) values which in turn ‘were computed by asgumlng thermal ;

i equlllbrlum at T = 300° |
;ﬁ : t+ Owing to all odd (or all even) J-levels being missing for C02 normal c'202'5

isotope, QR(T: is reduced by a factor of 1/2 to = (1/2 kT/hcB). |

67




Teble ha. €'%0,'® Parameters Calculated from Young and Chapman Data for the

~ 10.4p 0 0° 1 « (1 0° 0, 0 2° 0), Band; T, = 300°K.

o i alv,v,)
el e | - yo*he
Yo - 10*3 -1 .10223 {in (:tmocm)-’ {in em? per
Line (incem )| (in atm cm) (in cm“/mol) | for v''4" mols.} | v'y" mol}
P8 954 ,5458 1.17 4.35 : 19.4 0.720
P 10 952.8816 1.44 5.35
P 14  949.4800 1.75 6.50
P 20 94k, 1948 1.84 6.84 24,4 0.907
P 22 942.3841 1.75 6.50
P 24 940.5488 1.56 5.80 24 .4 0.906
P 28 936.8045 1.29 : 4.80
P 32 932.9611 0.875 3.25 24.5 0.908
P34 931.0022 | 0.815 3.03
P 36 929.0182 0.653 2.43 27.4 1.02
P 38 927.0091 0.598 2.22
P 4O  924.9749 0.458 1.70 31.1 1.15
R 28 980.9139 1.33 4,94 26.7 0.992
R 30 982.0962 V.17 4.35
R 32 983.2530 0.993 3.69
R 34 984.3840 0.815 3.03
R 36 985.4891 0.652 2.42
R 38 986.5682 0.512 1.90 ' 27.1 1.01

* Molecules assumed to be in thermal equilibrium at 300°K. See text for

comparison values.

" j
Note: Only even J 's exist (some omitted).
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e : Table 4b. c‘zoz 16 Parameters Calculated from Young and Chapman Data for the
; ~ 9.hy 0 0° 1« (1 0% 0, 02° 0);; Band; T_ = 300°K.
T R alvg.v,)
‘. kTo(:g'v") oTo(:g;v°) k(vg.v,) . 10*?8
Yo e "9 %y '102 {in (atm cm ! {in ﬁmz per
Line (lncm ) | (in atm ém) (in cm /mol) | for v''J mols) v'J mol)
P 6 - 1058.9487 .39 5.15 s 1.05
P8  1057.3002 1.76 6.54
P 12 1053.9235 2.37 8.81
P 16 1050.4413 2.58 . 9.59
P 20 1046.8542 2.63 9.77° 34.9 1.30
P 24 1043.1633 2.33 8.66
P 28 1039.3693 1.88 6.93
P 30 1037.43% 4 6.36"
P 32 1035.4736 1..45 5.39 40.5 1.51
P 34 1033.488 1.23 .57
‘ P 36 1031.4775 1.02 3.08
: P 38 1029.4423 0.84 3.12 W45 1.65
: R6  1069.014] 1.63 6.05 33.3 1.24
3 R 10 107].8837 2.38 8.84
i R 12 1073.2785 2.66 9.90 34.3 1.28

L comparison values.

- Note: Only even J'''s exist (some omitted).
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For comparison with the Table 4 data, the McClatchey, et al., computed
data, when applied to Equation (18) for the P 20 line of the ~ 10.4 u
0 o° 1« (10° 0, 0 2° 0) band gives a §,0c0, (v ) value of 1.65 « 10723 (co®
cm ) per CO2 molecule. A P 20 line width of ~ 0 0768 cm ' at one atmosphere
then would be required to give the QT of 6.84 « 10 23(cm /mol.)
shown in the 4th column of Table 4a for the P 20 line. The a, value of
~ 0.105 cm-l reported by Young and Chapman for the self-broadening of the P 20
line gives, however, a poorer matching value of ST = 5.00 * 10-23(cm2/mol.)
for the McClatchey, et al. data. The agreement st?ll is probably within the
limits of accuracy of the data upon which the two computations were based,
and of the simplifying assumptions made, part!cu]arly in the McClatchey, et
300°k (P 20) of 5.48 - fot
has been reported by J. H. McCoy (10 September 1968). When
divided by (n « 0.105 cm ) this gave a P 20 value of k300 K(v ) equal to
1.66 - 1073 (atmos cm) » for comparison with the Table 4 value of 1.84 * 10-3
(atmos cno , again probably within the precision of the two determinations.

al., report. An integrated line strength g!

(atmos cm)-‘ m-‘

CO also has several other vibration rotation bands, originating either

from isotopes other than CIZO 16

or from lower state v levels that lie higher
than (1 0° 0, 0 2° 0)|, that can exhibit absorption lines interleaving with

those of either the previously discussed ~ 10.4u or 9.4 p bands. For thermal
equilibrium distributions near room temperature, the isotope abundance weighted
o or k absorption coefficients for the lines of these bands are much weaker

than those for the latter [see, for example, the S © factors disted in Table 10,
page 27 of McClatchey, et al., for their v (our Vo ) between ~ 900 and 1080 cm ‘]
At sufficiently high temperatures, however, these "hotter bands'' can contribute
significantly to the absorption in the spectral regions of interest, and reduce

" the effective mean line spacing @ from &~ | or 2 cm.l to the order of n 0.1 cm.I
to v 0.3 cm-l. Then, for high pressures, the absorption would appear as a

quasi=continuum in the CO2 laser regions.

Figures 5a, b, ¢, and d, taken from Young and Chapman, show the variations
with the |m| parameter of self-broadened and Nz broadened CO, lines.
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3.2.2 COziAbsorptlon in the 1830 to 2400 cm-I Spectral Region of CO and
OF Laser Radiation

Most of the information presented in this and the next few subsections
is taken directly from the band model plots given by Ludwig, et al. [1973].
The quantities they plot are spectrally-dependent mean values k = (57d) [in
the present notation, I = (§7E.]; where d represents as before, the mean
distance between effectively absorbing spectral lines, in units of cm-'.
The units of k (or of :) are (atm cm)-] em Y, They also give a  for CO,,
in cm-‘ atm-‘, as v 0.10 for self-broadening, and as 0.07, 0.055, 0.08, 0.05,

and 0.04, respectively, for broadening by N, 0y, Hos A, and He.

Figure 6 (Ludwig, et al.'s Figure 5-16, page 195) shows band model
computations of E(v) for v between 1830 em ! and 2400 cm-] for T = 1800,
2400 and 3000°K. Figure 7 (their Figure 5-18, p. 197) shows (;73;) versus
wavenumber frequency for the same spectral region and temperatures. The
spectral region of current interest is that between ~ 1900 and ~ 2100 cm-l
as a possible absorber of CO laser line radiation. Currently CO lasers
have been made to emit Av = | P branch lines extending from the (1 - 0) band
in the » 2135 to ~ 2013 cm-' region to the {32 > 31) band P 11 line near
1325 il ST is quite possibae that (1 - 0) lines near 2100 em ! eventually
will be made to emit very strong radiation. It can be seen from Figure 17
that near 2100 cm | K for €0, rises from v 0.2 (atm cm)-‘ at 1800°K to
~ 3(atm cm)-' at 3000°K. Near 2000 cm-], this absorption coefficient drops
below 1072 (atm cm)-I at 1800°K and rises to ~ 0.7 (atm cm)-‘ at 3000°K.

Near 1900 cm-], it is only v 0.07 (atm em)~V at 3000°K. Figure 7 shows that

even for temperatures lower than 1800°K and pressures less than 5 atmospheres,
the effective CO2 line spacing and line widths will lead to a quasi-continuous

spectral absorption profile, such as is shown in Figure 6.

It also appears from a comparison of the effective spectral interval for

' co, would
be of little value for absorbing those DF laser lines for - 2 2400 cm-l.

However, many of the DF (5 > 4), (6 >~ 5), (7> 6), (8 > 7) and (9 + 8) lines

CO2 absorption shown in Figure 6, that the ~ 2150 to ~ 2400 cm

fall between 2400 and 2000 cm-I where the CO2 absorption is strongest [McClatchey
and Selby (3 January 1974), pp. 23 and 24]. |f sufficient DF laser power could

be channeled into some of these lines, then even lower temperature CO2 (down
te v 1200°K) might prove to be a very efficient absorber.
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3.2.3 €0, Absorption in the » 3100 to » 3750 cm ' Spectral Region of
- HF Laser Radiation

Figures 8, 9, and 10 are copies of Ludwig, et al's Figures 5-19,
5-20, and 5-21 (on their pages 198 to 200). A comparison of Figures
8 and 9 with Table 2 here shows that the spectral interval of strongest
absorption in this essentially 1 0° 1 « 0 0° O band region also includes
many of the strongest HF laser emission lines. Figure 10 shows that above
1200°K and at pressures of v 4 atmospheres, the CO2 absorption can be
treated as quasi-continuous. It thus appears that 10 or 20 atmos cm of CO

2
might prove a fairly efficient absorber of selected HF lines.

3.3 SELF ABSORPTION OF CO LASER RADIATION

3.3.1 Band Model Studies

3.3.1.1 |Inferences from data given by Ludwig, et al. (1973)

. Figures 11 and 12 are Ludwig, et al.'s Figures 5-2 and 5-3 for band
models of spectrally distributed mean CO absorption and line density in the
av = 1{~ 1500 to ~ 2350 cm—')region. As would be expected, the figures show
that at low temperatures, CO would sel f-absorb mainly those lines arising
from low v' and low > states, but at higher temperatures would begin to
absorb in the higher v' 3" Yhot regions.'!' Self-absorption of laser lines

: corresponding to v X 2 or 3, particularly for higher J', thus would be
? more efficient for CO, heated above say 600 or 1000°K. Figure 12 shows that
: the line density (of effectively absorbing lines) also requires a fairly high

Ludwig, et al, give mean a, line width factors for CO as ~ 0.06 for self-

; temperature in order to produce anything approaching a pseudo continuum.
i
&
5
18

broadening and for NZ’ Hz, or on broadening, and 0.05 and 0.07, respectively
i at 300°K, At an
% effective pressure P, in atmospheres, and temperature T, the mean line

¢ widths then would be » a P/300°K/T . From this relation, acfor CO (P =

& - at 8.5 atmospheres) would be ~ 0.16 em ! at 3000°K, 0.18 em ! at 2400°K,

i 0.21 cm| at 1800°K, 0.26 cm | at 1200°, and 0.51 cm ' at 300°K. Even at
§

3000°K, however, it is seen fhat the mean effective line separation is of

for broadening by O2 and COZ, all in units of cm-' atm

the order of ~ 0.5 cm-] or greater, and approximately 4 or 6 cm-' near 300°K.
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There will, therefore, be dips between lines even at 3000°K, and larger
fluctuations at lower temperatures. The superposition of line wings,
however, appears to be sufficient to keep the k(v) minima to within at least
10 or 20% of the mean values shown in Figure 11 for the higher temperatures.
Then, for selected laser lines occurring within the broad center regions,
K(v) [or my E'(v)] should be of the order of 0.08 (atm cm)-] or greater.

A|soh molecules 'bleached'' out of one v'' state would then be capable of con-

tributing to absorption in the next v''+l state, particularly since rotational

relaxation is very rapid.

3.3.1.2 Self-absorption of CO Laser Radiation by a Pressure-Broadened 4
Quasi-Cont inuum '

Caledonia, et al. (1975), have addressed themselves directly to the
problem of self-absorption of CO laser radiation for use in rocket propulsion.
Their band model assumes pressure broadening sufficient to blend the individual
absorption lines into a quasi-continuum. Their assumption is that this condi-
tion occurs when the line width, a‘(half-width a half maxima), is broadened to
approximately (;72) where d is the (spectrally-variable) mean separation, in
wave number units, of adjacent effectively absorbing spectral lines. As we
have seen from the preceding d ' vs. v figures, taken from Ludwig et al., 3}(»)
tends to decrease with increasing temperatures. as ''hot bands'' make significant
contributions to the absorption in the spectral region of interest. For 7
thermal equilibrium near room temperature, where only the v'=0 to v =1

band makes significant contribution, d300°K(v’ is of the order of 3.9 cm | near

the center of the preceding band, but tends to increase toward ~ 4.5 cm-I

for 3
the higher intensity v'! =15 V" = 0 P-branch laser lines. The 30 atmospheres
pressure assumed leads to an agvalue of v 1.8 cm-], and thus to some oscilla-
tion in the resulting pressure broadened absorption curve. The oscillations
would become more significant at lower pressures and higher temperatures.

At P = 8.5 atmos, and T = 3000:5, for example, the azvalue would be n 0.16 cm-'. 3
while the effective value of (1/5:3000°K) near 2100 cm-I would be ~ 0.25 en ),
Thus, while there still would be relatively strong absorption in between the
b positions of spectral line centers, the effective absorption coefficients
hal f-way between a pair of equal intensity l'ines would be only ~ 58% of the

line center values.
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Caledonia, et al., present a detailed discussion of "bleaching"
by absorption processes, and the consequent transfer of absorption from
the (0 + 1) vibrational band to the (1 + 2) band, to the (2 - 3) band, etc.
Figures 13 and 14 presented here are their Figures 3.2 and 3.4. Since these
figures are quite familiar, further discussion here will be omitted
except to denote that the absorption cross sections shown appear to
include the effects of rotational, but not vibrational partition. That is,
they are referred to the entire rotational level population, assumed to be
in rotational thermal equilibrium at each temperature T, of a given v'' state,
and not to molecules specifically in the v' J'' state which are candidates for
the absorption transitions occurring very near to Vi This is probably
reasonably valid, since rotational relaxation is much more rapid than is

vibrational relaxation.

3.3.2 Self Absorption by the Inverse of the CO Laser Line Transition

S. H. Chan, et al. (1974), have used a Fourier transform spectrometer
coupled with a 303.2 cm gas cell to measure the spectral transmission curves
of very low concentrations of CO at room temperature with a resolution of
0.5 cm-‘. Their partia)l pressures of CO ranged from 2.32 to 0.004 torr
(i.e., mm of Hg), N, being the diluent used to raise the total pressure

to | atmosphere (i.e., to 760 torr). Their tabulation of apparent absorption

e iie

coefficients, at 0.2 cm-‘ intervals about each (V' = 0 » v' = 1) absorption

P T

line is reproduced here as Table 5. For §v's not too far removed from the
line center, their data is somewhat similar to that which would be observed {
for much higher resolution, but with 3, equal to about 0.5 cm-]. Line 4
center absorption coefficients for QT (vo,vo) at P = 8.5 atmos and T = 300°K

and 300G°K, corresponding to ac's of v0.5 cnrland ~ 0,!6cm:'would be, respectively,

about equal to, and about 3 times the peak values they show for each line.

The '""apparent absorption'' coefficients tabulated by Chan, et al., are
related to the true absorption coefficients by convolution with the instru-
ment response function g (v=v'). For a Fourier transform interferometer-
spectrometer, with a resolution 6v (here 0.5 cm-'), g(v=4"') is proportional

to a truncated sin x/x function. That is,
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Table 5. Apparent Absorption Coefficients of CO
AM ; Apparent
absorption > absorption
coefficients : coefficients
viem™') (atm~'cm™') vem=')  (@m-'cm™Y)
R(18) 2210-0 086 R(10) 21842 106
22098 102 2184-0 2,08
2209-6 106 21838 361
2094 070 21836 510
R(17) 22070 1-00 S o
22068 172 21830 442
2066 188 21828 213
22064 204
21826 058
2206:2 1-48
Y
R(16) 22038 1404 R(9)2|80:6 L2
2180-4 301
2203-6 1-80 : J
21802 590
22034 260 21800 829
2203.2 260 21798 727
20 140 21796 546
15) 2200-6 12 21794 285
M ”zm.‘ 5.37 21792 0-90
22002 375 : e
22000 343 e i
21998 2ed 21768 550
2199-6 1-82 2
21766 7-23
R(14)2197-3 120 21764 868
,2|97.z 217 21762 721 3
21970 329 21760 498 3
21968 3-89 21758 241
21966 3.2 21756 104
21964 2:00
| ; R(7) 21736 T
Bne e 21734 377 .
R(13) 21940 216 21732 590 :
21938 309 21730 R-65
21936 4-86 21728 7-87
2193-4 528 2172:6 598 i
21932 337 21724 3.37
21930 1-64 21722 1-88
21928 0-80 21720 1-20
R(12)21910° 124 R(6) 21704 092
21908 213 21702 128
2190-6 349 21700 245 !
21904 498 21698 470
2190-2 S42 21696 6:79 |
21900 458 21694 §-45
21898 301 21692 R
21896 1-00 21690 4.9%
21688 27
e
21870 506 R(5) 21666 1:96
21868 605 21664 220
21866 635 2i062 470
21864 49 21660 678
21862 b} 21658 788
2186:0

0-50 . 21656 627
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Table 5. Apparent Absorption Coefficients
of CO (Continued)
Apparent Apparent
absorption absorption
coefficients coefficients
v(em~') (atm~'cm™*) v(cm™!) (atm~'cm~!)
2165-4 422 P(3) 21324 092
2165-2 241 21322 245
21650 088 21320 361
R(4) 21630 116 3:3: .2 ::ﬁ
an6a s 339 21314 293
A6 ¥63 21312 128
2162:4 5-46
21622 707 P(4) 2128-2 2:00
21620 687 2128-0 360
21618 474 21278 494
2161-6 2:77 21276 548
21614 116 21274 409
21272 2:49
R(3) 21592 o4 :
oo i 21270 1-08
21588 478 P(5) 21244 1-36
21586 606 21242 2:65
21584 671 21240 462
21582 486 21238 837
21580 2:65 21236 618
21578 132 21234 474
. .7
RQ) 21554 192 e i
21552 381
2155-0 22 P(6) 21204 1-16
21548 518 2120-2 289
21546 3-93 2120-0 * 506
21544 237 2119-8 670
21542 1-24 21196 6 35
2 02
R(1) 21516 213 s g
21514 2:33 e Sk
2512 yiis 2119-0 105
21510 343 -9 )
21508 220 AL 528
v L . 2160 330
R(0) 21476 096 211538 394
2147-4 1-64 7 21156 725
11472 1-80 21154 614
21470 1:56 21152 3-45
2'“8 1-08 2] 150 1232
P(1) 21400 0-34 P(8) 21122 176
21398 130 21120 3.77
21396 156 21118 631
21394 148 21116 681
21392 076 21114 LR U
2011 KR
2)2136-2 5 =4 ZHHZ) 3.?(;
21360 184
21358 2:59 P(9) 2108 0 217
21356 308 21078 393
21354 273 21076 S8
21352 1:56 21074 637
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: Table 5. Apparent Absorption Coefficients
1 of CO (Continued)
s
¥ Apparent Apparent
g absorption - absorption
% coefficients : coefficients
l v{em~')  (am™'cm-') v(cm-?) (atm='cm~!)
X
2 21072 674 2086-2 429
21070 3-89 : 20860 337
21068 1:80 20858 176
21066 128 20856 092
: P(15) 20824 1-36
P(10) 21038 152 20822 6
21036 313 20820 2-81
21034 514 20818 301
21032 608 20816 1-92
21030 5-26 2081-4 1-08
21028 333 -
F 21026 2:00 P(16) 2075-0 1:56
B 21024 0-96 2077-8 274
: 20776 2:41
P(11) 2099-6 1-60 2077-4 241
; 2099-4 3-37 2077-2 1-60
i 2099-2 5-54 20770 1-00
F 20990 622 :
20988 5:30 P(17) 2073-6 092
8 20986 349 20734 1-60
2098-4 116 20732 2:00
2073-0 1-80
£ P(12) 20954 1.56 20728 120
3 2095-2 281
& 2095-0 413 P(18) 2069-3 0-88
£ 20948 479 20692 1-01
20946 101 e 2069-0 122
4 2094-3 264 3 2068-8 151
£ 20942 104 20686 132
g 2068-4 092
£ P(13) 20910 1:60
‘ 20908 309 P(19) 20646 1:04
& 20906 413 2064-4 1-36
& 20904 444 2064-2 1:36 3
20902 329 2064-0 1-08 1
b 3 20900 160
20898 0-84 P(20) 2060-2 0-72 3
2060-0 1-00
P(14) 2086'8 112 20598 1-04
20866 229 2059:6 110
20864 369 2 20594 068
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3.7%h 5= 3 : X for |x| =
glv-v') = ’
0 for |x| Z =

where

X = %; (v=-v")

(19)

(20)

Then, their absorption coefficient, which shall be labeled as k(v), is given

by the relation,

20

G ) =f kp (V) g(v=v') dv'
o (o]

For a conceptual isolated line at v_, Eq. (21) becomes

oo

ET (u) = §1‘.0(\)°)/f(»°,\)) g(\) ';.-')d\.,'

-00

(21)

(21a)
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3.4 NO AS AN ABSORBER FOR CO LASER RADIATION

It is evident from band model absorption data presented both by Caledonia,
et al. (1975), and by Ludwig, et al. (1973) that NO might prove to be a fairly
effective absorber, particularly when heated and at high pressures, of
selected CO laser line radiation. Figure 15 is Caledonia, et al.'s Figure 3-6.
It is a band model representation of smoothed-out NO absorption by the
vV'=0->v' =1andv' =1>v' =2 bands, with superimposed positions of
three selected CO laser lines. Again, the o cross-sections shown for the
smeared out NO absorption, like those for their CO absorption is not per v
molecule, but for all v'' molecules assuming rotational relaxation at Tp = 300°K.
The mean line separation d is of the order of 35h cm-] near the center of
the 0 ~ | band at low temperatures, as compared to v 3.9 cm-I for CO. The peak
absorption coefficients for NO are approximately 40 to 70% of those for CO,
and shifted to lower wavenumber positions so, as is evident from Figure 15, the
fundamental v'' = 0 > v' = | NO band will tend to absorb spectral lines radiated
by CO Av = | spectral lines with v' = 8, 9 and 10. Near 3000°K, however, NO
will exhibit a E.absorption coefficient of a IO-I(atm“cm)-l for 1950 -

1600 cm-l, which includes many of the strongest CO laser lines. This can be
seen from Figure 16, which is reproduced from Ludwig, et al's Figure 5-4. Also,
from Figure 17 (Ludwig, et al.'s Figure 5-5), it can be seen that at high tem-
peratures, the effective number of NO lines contributing to absorption is
approximately 2 or 3 times that of corresponding CO lines, thus improving

the quasi-continuum absorption approximation.
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3.5 OH AS AN ABSORBER FOR HF LASER RADIATION

Figure 18 (Ludwig, et al.'s Figure 5-8) gives band model absorption
for the OH radlcgl at selected temperatures. |t might appear at first
glance that with iT values of the order of IO-](atmos cm)-' over a broad
spectral range between n 3200 and ~ 3800 cm-', that OH possibly might be
a useful aborber of HF laser radiation. However, the mole fraction of the
OH radical would probably be low in most reactions. Figure 19 (Ludwig,
et al.'s Figure 5-9) shows effective line separation distance';; of the
order of 10 cm”| near 600°K but reducing to ~ 2.5 to ~ 1 cm | at 3000°K.
It appears the OH would be useful, if at all, only at relatively high
temperatures.
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3.6 BAND MODEL ABSORPTION FOR WATER VAPOR (HZO)

Line-by-1ine calculations have been made for HZO at low temperatures
(~ 300°K), but an accurate extension of these calculations to higher tem-
peratures of the order of thousands of degrees Kelvin is beyond current
knowledge of the Hy0 parameters. At the present time, all existing band
model data for HZO absorption are derived entirely from experiment. What
is known is that the high temperature spectral structure is very rich and
complex and .strongly variable. The mean self-broadened line half-widths
are of the order of 0.53 cm-l, but the NZ’ 02, and CO2 broadened half-widths
are given by Ludwig, et al., as ~ 0.09, 0.04, and ~ 0.12 cm-l, respectively,
at STP. Figure 20 (Ludwig, et al.'s Figure 5-23) shows line packing more
than sufficiently close to justify the quasi-continuous assumption in the
region of HF lasing for T X 2000°K, of the DF lasing for T . 1800°K, of the
DF 'asing for T A 1800°K (or perhaps less), and of the CO laser for T ; 2000°K
(or somewhat higher depending on line positions), particularly at high
pressures. Figures 21 and 22 (Ludwig, et al.'s Figures 5-22 and 5-23)
exhibit sufficient absorption within the DF and HF lasing regions, and
for 3000°K also in parts of the CO lasing region, to imply that hot H,0

2
might be a useful broad band absorber.
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3.7 ABSORPTION BY AMMONIA (NH3) OF CO2 LASER RADIATION

The spectral absorption of ammonia, NH3, has been studied extensively
owing to its importance as the principal infrared absorber in the atmosphere
of Jupiter. The spectra of NH3 is complicated by inversion doubling. That ]
is, every energy level is split because the molecule has two stable configu- 1
rations of the N-atom, one on either side of the H3-plane, and these have ]
slightly different energies which depend upon the rotational quantum numbers
J and K. While the fundamental inversion frequency (measured in the micro-
wave region) is only ~ 0.8 cm-l, the energy levels for the configurations
tend to split increasingly further apart with increasing vibrational excita-
tion. The two levels labeled as s and a (or sometimes as ¥ and =) have .

1

band centers separated by ~ 35.6 em ' for the s and a sub-levels of the v

‘2
or (0 1 0 0) energy level.

The vy band complex centered on ~ 950 cm-I

or v10.5u and originating in
transitions from the (0 0 0 0) ground states to the corresponding s and a

levels of the (0 1 0 0) vibrational state exhibits the strongest NH3 absorption.
The integrated band strength for this band complex has been variously measured
as v (560 + 30) (atm cm)-‘ em! to (790 + 30) (atm cm)-I em V. This is
appreciably stronger, for example, than the ~ 260 (atm cm-‘) cm-' for the CO
fundamental (0 + 1) band centered near 2143 cm-l, or the ~ 132 (atm cm-l) cm-]
NO fundamental centered near 1876 cm-], or the ~ 450 (atm cm)-l HF fundamental
centered near 3962 cm-], but weaker than the ~ 2700 (atm cm)-l cm-] co

2
absorption region near 4.3u (v 2350 cm l).

It will be seen that the NH3 v, band complex is excellently situated to
absorb C0, laser radiation. Figure 23 [Figure 127 from G. Hertzberg (1945)]
shows a small part of the structure of the NH3 Yy band complex with an

estimated resolution of ~ 1 or 2 cm-l. It can be seen that the spectral

interval covered overlaps that of both the strong C02(0 0°1) - (00°1, 02° 0)|
lines [extending from 1000 to 962 cm-l for the R-branch, and from 1956 cm-I

to ~ 900 cm-' for the stronger P-branch and (0 0° 1) » (0 0° 1, 0 2° 0)I| 1ines
[extending from ~ 1100 cm-l to ~ 1066 cm-' for the R branch, and from 1060 cm-l
to » 1000 cm !

for the stronger P branch]. In particular, the strong P-branch
lines of the former |-type, transitions will fall on the very closely packed
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lower frequency Q-branch of NH3. The total integrated line strength for

each of the two NH3 v, Q-branches is of the order of 120 (atm cm)." cm-].

The old spectrogram reproduced in Figure 23 fails to give more than a
vague hint of the actual complexity of the NH3 spectral activity in its
v, region. A more recent report by F. W. Taylor [March 1973] presents data
on the positions, integrated line intensities [§Tl in units of (atm cm)'l cm-]
at 300°K, referred to total NH3 population rather®than lower state population]
sel f-broadened line width factors a, in cm-] atm-l, and lower state energies
in wavenumbers. This data is tabulated, in Taylor's Table 2 and Table 3 for

~ 1700 of the strongest spectral lines in the vy and overlapping 2 v

2 region.
Table 6 is a reproduction of Taylor's Table 2, while Table 7 reproduces that
portion of his Table 4 extending from 1140.76 to 888_.108 cm-]. A paragraph

listing Taylor's key to his Table 4 (i.e., Table 7) is reproduced below.

Note, however, that although' his wording is somewhat ambiguous, he intends

his AJ to symbolize {2 + J' - J“}, and that he really means lower state when

he says ground state. Although he fails to explicitly so state anywhzre in

his text, it appears from the context that he intends his ''Strength" parameter

to represent what we have labeled as §; , in units of (atm cm)-‘ cm-] for NH

3

molecules distributed in thermal equil?brium at To = 300°K in all possible
states. Also presumably, although again not explicitly stated, it appears

that his (NH ~NH, broadened) width in cm | is really intended to represent
300°K
a PJ

the parameter | have called a s with = T

Key to Table 7.

Table 7 lists the v, band parameters. All lines with J-values up to ’3 were included m
the computation. but those with intensities less than 10~ 2atm ™! do not appear m
the table. The headings to the columns have the following meanmgs J and K are the ro-
tational quantum numbers in the conventional notation: AJ is equal to the change 1n
J+2, so that AJ = | refers to the P-branch and so on: SYM is | for an 5 — u transition
and O for an a — s transition in the fundamental band. and 2 and 3 respectiveiy tor these
transitions in the overtone band: FREQUENCY is the frequency in wavenumbers (zm
at the line center: STRENGTH is the strength or intensity of the line in cm ™~ atm .
WIDTH is the half width at half-maximum in cm ™' : ENERGY is the energy of the ground
state incm ™ ! for use in computing the Boltzmann term in the dependence of the line \m.nglh
on temperature.
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Table 6. Spectral Data for the v, Bands of Ammonia
‘Wavenumber Intensity Width® (NH,-NH,)
cm™! ém~%atm™! cm™!
Transition 2
Measured Calculated Measured  Calculated Measured Calculated
aQ(J K) 935 935 120 118 0.40 £=
sQ(J K) 965 965 120 117 0.40 =
aR(2.2) 991.68 991.69 27 26 0.51 052
aR(2.1) 99270 wz.«:} 3 86 — 027
aR(2,0) 992.70 992.71 s 39 — 027
sR(1,K) 1007.55 1007.53 10.3 108 0.40 =
aR(3,3) 1011.20 1011.20 48 4.5 0.54 0.56
aR(3.2) 1012.44 1012.46 40 35 047 045
aR(3,1) 1013.17 1013.21 40 42 0.35 0.35
2sR(3.0) 1022.80 1022.79) 0.15 0.093 - 0.25
25R(3.1) 1023.2 1023.23f : 0.044 - 035
25R(3,2) 102457 . 1024.56 0.06 0.04 - 045
25R(3.3) 1026 84 I026.83} 67 0.05 == 055
SRI2.K, 1027.04 1027.04 i 6.69 0.40 .
aR(4.4) 103043 1030.41 20 18 055 0.57
aR(4 3) 1032.13 1032.15 6.0 57 0.50 049
aR(32) 1033.32 1033.36 35 34 0.40 0.40
aR(4,1) 103403 1034.07} o 37 = 032
aR(4,0) 103423 1034.31 6 = 0.23
SR(3.K) 1046.40 = 2 21 0.40 =
aR(5.5) 1049.34 1049.23 14 14 054 0.58
aR(54) 1051.51 1051.54 21 22 0.50 0.51
aRi5.y) 1053.13 1053.19 5.0 s.1 043 044
sR(4,K) 1065.57 148 15.3 0.40 -
aR(6.6) 1067.96 1067.94 20 19 0.55 0.58
aR(6,5) 1070.59 1070.61 14 15 0.50 0.52 j
aR(6.4) 107264 107269 16 1.7 045 0.46
aR(6.3) 1074.14 1074.25 38 37 0.40 .40
sR(5.K) 1084.62 200 200 040 =
aR(1.7) 1086.31 1086.25 057 063 055 0.56
aR(7.6) 1089.42 1089 38 1.84 1.89 0.50 052
aR(1.5) 1091.87 1091 88 104 108 0.44 047
aR(14) 1093.76 1093.82 1.1 1 0.40 042
aR(13) 1095.15 © 109827 23 23 035 037
sR(6,K) 1103.46 - 124 13.0 040 =L
aR(8.8) 1104.33 1104.24 033 0.40 = 0.57
aR(87) 1107 85 1107.84 0.57 0.87 0.50 0.582
aR(8,6) 1110.69 111075 1.19 1.27 045 0.4%
aR(8,5) 111296 1113.07 0.69 0.65 041 0.43
aR(8,4) 1114.71 1114.85 0.62 0.64 0.36 039
uR(8,3) 111603 1116.19 1.14 1.26 0.31 0.34
sR(1.K) 112214 = s n7 04 L
uR(9.8) 112602 1126.00 032 0.33 0.54 032
aR(9,7) 1129.25 1129.32 0.37 0.35 0.49 0.48
aR(9.6) 113186 1131.99 061 o 045 0.44
aR(9,5) 113394 1134.09 0.39 034 042 0.29 E
aR(9.4) 1135.53 1135.72 0.39 0.32 0.36 0.36 3
aR(9,3) 1136.76 1136.92 0.62 0.62 0.29 0.31 3
aR(10,10) 1139.45 1139.28 0.13 0.3 - 053 1
sR(8,K) 1140.65 - 62 6.2 0.40 - ]
]

* “Width" means half width at hall intensity.
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Table 7. V, Band Parameters from 1140.76 to 88.108 cm-l

Frequency Strength Width Energy
K ISym (cm™') (cm~2atm™') (em™") (cm™?)

<

114076404 129051401 347828400 «678918+N0)
«114072+04 «860172400 «3917844+0N 0683291+N03
114071404 ebl11626400 « 56760 T+0N 06T75275+02
«114068+046 066R4632+00 «43157994+00 e520198+03
01180664+04 e 589413+00 252365100 e%213NAsNT
¢116066+04 ¢1309814n1 «4679695+00 e579%572en?
e113966+04 033797502 0387126400 e« 1RBO76+NL
«113928+064 0127124400 «522516+nn «718n724n12
e1138544064 0355949-n2 «515267+00 e 158N&N+NG
0113822404 4291153 en0 0278979400 «AR527N+N?
e113774+04 0297561400 «278449+00 eB764L18+NY
0113692+04 «615826+00 317918400 e356299+03
«113585+04 e156659=n2 «351028+00 e103215+04
«113572+04 0221455400 « 357188400 e RINBEL+NY
«113609+406 ¢31363814+00 «396858+n0 e 798N52+113
«1132934+06 e142614=-n2 «314731400 e 1966%58+r6
«113199+04 «697506+Nn 43632840 e 787772402
e113196+04 ¢374903=02 « 475707400 e 143003404
«113079+04 0266646=n? 2784133400 ¢199322+04
¢112933+404 «126808-02 0262135400 «2A1216404
¢112932406 «3151191 400 «67579740n 779021402

e 112849404 0122967=-n2 « 205828400 PREEVE TR PY.TA
0112666406 «72976%-n2 0436328+00 ¢ 1691024004
0112619404 e 4445122-02 « 567607400 «129070404
«112600404 323209400 «515267+0n0 0 F84379+03
0112248+04 0 345549=02 « 296858400 e172289+4A4
0112232406 233137401 223074400 PLLYS PYRYLE ]
e112231404 «1168184+01 «273362400 «550676+07
¢112229+404 «117394+01) «223649+00 0520662402
0112226+04 023542640 « 273926400 e521276+02
112222406  ,116518+40) «42622440N0 «L0S4AL+NT i
21122184064 211137%40]) «b674%11400 clLhDIARSND
¢112217404 «662972040N «575N86+00 027271%4N2
0112216404 «195232401 «5264798+0N 042128%+0
01121924064 e 462143400 +554737400 «5910054N1
«111927+04 0125552-02 « 357388400 «17€872+00
«111915404 0622222-n2 «523651+00 e1450R2+0N4
e111781404 e12n887+M «?'8961+00 ¢7123004N2
0111764404 e6N7%74L40N «25991640n0 e 7ABHEN+N
«111710406 616534400 «20387240N «hQT7 7N en2
e111689+04 e617112=n2 «21791840N ¢179874M0
e111619+06 «12%593%4M) e34TA2B4NAN «ATAUR24 AT
e111527+04 e296706=12 «?T7R449+0N e1R1LARYS S 1
0111485404 «h43381 40N e191 7TR44NNA ERANTALN

e111632406  ,2AR194-02  ,238979400  «182670+N4
«1114601+04 «571699-n2 «1995094+nN «1R3N1 1400
e111346+04 «13532R-N «4T796954+0N e151147% 14 p
«111307+04 «65N254 400 «62$729400 «A2NB26403 f
«1110784+04 e1271184+0) « 879605400 e SAN264+N?

«11089%+04 «hTATT0-N? «42572940N0 e 18847447

e 11N784eNG «5TA20 24NN P ATIIELL «&27AR24A

«110598+N4 e 71098 1> «S78N0K4AN «12001%4n,

«110547+04 e661198=-0> ¢ 191 7ALeON «18RQ024N,

¢110624404 e3196T4R4AN «56760T+0N CATRTANSAD

e111362404 «1962046eM) « 284N2R+NON 412566402

«1103%94+04 e194152+m e263A 2440 «LN1ATI2e0N

«11035%56+06 «177T404n] caA2020 400 «IR2082401

«11035%2+04 « 176851401 461016400 «2RT7ANGAY

e110348+404 e1514484n) «52001 1400 « 123545+
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Table 7. V2 Band Parameters from 1140.76 to 88.108 cm"I (Cont inued)

- Frequency _ Strength Width Energy
1Sym (cm™") (cm~*atm™') (cm™') (cm™")

4
»

e 110346404 220051240 «5790n740n0 e 2R2440+N3
110289404 «127991-0) «347828+00 «161715+04
e110111+04 ¢621658-n2 «303R72400 e 162651 +04
2110007404 2609787-n2 0259916400 e 1A4B1N+AL
2109992404 «204665-M1 e 82479840 e1251214n4
¢ 109686+04 «1138564+n1 e?27316240n «581218401
«109627+06 114352401 «12364940n e S4N24n4n1
«109527+04 2229090401 «37392¢40n «521879+n12
«109512404 211453201 L474511+0n e1294914n4
«109382+04 e113215401 04224224400 04981NTeN2
«109188+04 «1080014n1 «4T481140N 2662859411
109140404 «118119-n1 0424224400 0143062404
«108938+04 188823401 «5247984+0n e422N4B4n1
«108863+404 «236115=-01 «2172026400 «1457894+nM4
«108672+04 «116866-n1 «127649400 e 147743404
2108625+04 «6389294nnN «STEARKNAN «1725724n2
«108591+n4 «212697-01 «579ANT7400 «121Nn68474
«108560+04 «1157R2-n1 +272362400 «16RAYD4NL
«108523406 e?3nT725-n) 022207440 0149301400
«108474+04 «591142401 ©226N1240N «2976N1407
¢ 108474+04 02926N34n] 0296626400 «292RQ54N2
0108471404 «287%4444N1 e Y6 7229400 «2R27694+N2
« 108667404 «52183%4+01 «43T7RH240N e 2A4]193402 -
«10846%4+04 «21949240) e SNRLKE4ON «?318118+07
« 10R459404 «1422564N «579N7940A 0 2N66TH+NA
«108086+04 «157607-n1 « 520011400 e 1254624N6
«107693+04 «181301-0n) «4610164NN 12971404
e107617+04 ¢382515+M e?226N 224NN 04 1KB42+4N3 »
e 107%5956+04 «19n7185401 e2RUNIBENA eL111804NT
«10753%+04 «18R%CR4N) «342N244NN «uN21n24n13
0107425404 0366527+N] «N2N204NN 2 2RA4]+N2
«107UNNe0G 28290 N1any LN205CanN e 121ANQsRL
¢ 107269+04 e1713284M «4h1M1640N «157710eN2
«l107197+404 «195266=n1 e243N2440N0 «13237784+7
¢107079+0¢ «196421=-1] «28402840N 2176096740y
0107061404 146394401 «52001140N «324203402
«106794+04 «1932684+0) «5790NTe0N «2832764N07
e 1N66N6+NG 0 169666-11 «e579A7940N el134nusng
¢ 106568404 «38238 740 «V15RA9NN e 194B4u2+N?
« 106565404 e35424940) «4N154nsHN «1R3673+03
¢ 106561+04 «5912194n) «4B872112400 e 165024402
«106556+04 «183937+m «S72RAL+AN o1 238474M
«106196+04 e227%% 1=Nn1 e SNAGAGINN eli?nANnTeny
e 105888+04 e534172=n1 «37RE24NN 119703404
0 105676+04 e ?R6TA V=N « 187239400 e 121776400
+10555140¢ 0295664~} « 2964676400 « 122082400 3
«105510+04  ,596335-A1 226013400 e 123387400 !
«105501+04 «2836K 7401 276626400 « 2845574012
e 105434404 e2736264+01 ¢ 167239400 «?R344LI4A
«105319+04 «5N4935+n1 «43T7R5240N «264903401
e 105154404 «2120124+01 « 508466400 «22RR 744N
104933404 «137NR 240 «579n794+00 «2A52944+N01
e 104646404 «907N69+N) «2417A940N «1192154n3
01066446406  ,43299R4N) ¢ 264K94NN «1154R24M1
0104641404 « 165857401 «451169400 «1062794A3
0104637404 e 46761540 «55584940N «A55716eN2
0 1068636+04 197478 -0 «572RR140N ELLLLLTE, T
«104318+404 e610665-N1 «48721140N «1N978740g
«104098+04 ¢162686-01 e 6N154049N «111751+0s
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Table 7. V, Band Parameters from 1140.76 to 88.108 cm” ! (Cont inued)

R i SR M R S NS L

Frequency Strength Width
J AJ K ISym (m™!) (cm~*atm"') cm™') (cm™")
4 3 1 3 «109968+04  ,390555-01 «315R869+00 11293+
L 3 o 0 0103431406 758674401 230198400 ©e199261+03
4 3 1 0 103407404 371740401 ¢315869400 419554 7+N3
4 3 2 0 o1033%6404 342308401 260156040  L1ALIGTEN2
L3 3 3 0 21032154046 5705494N1 «48721140N0 «16578NA+NY
'Y 3 'y 0 1030461406 L1819844N0) «572RR140N 0119652471
16 3 n 3 102836404 L,2465936-n4 «8574Nn0=N1 e 1711351406
2 3 1 1 «10270%+06  ,4039584n1 393112840 «5580634A2
2 3 2 1 +102702404 266689401 e521371400  Juub6544N2
14 3 1 2 0102694404 «1247%8=04 «11217640n0 «2N1NAN14N G
3 3 3 3 0102683404 . 486373-01 +555869+0n «1N1T134N4
3 3 2 3 0102456404 «377217-n1 +451169+0n «1n27154n0
3 3 1 3 0102323404 e 444142-01 ¢ 346465+n0 e1N4913+n4
3 3 0 3 2102279406 «92882%5-n1 «2417A940N RLLES P TLIN
14 3 2 2 «102271+0¢6 e128616=-N4 138602400 ¢2Q99614n4
15 3 6 2 «101591+n4 e101313=Nn6 - ¢22917%+nn 0217404414
14 3 3 2 2101581+04 «272720=N4 «165A2940N « 708197404
3 3 1 0 «101321406 41773140 e 266485 enN «116225+n3
3 3 2 0 0101246404 03152674401 «4S1169+n0N LYY, PLL]
3 3 3 0 e10112N404  L45M1684N1 +5558694nn 0862679402
0 3 o )| «10nT524N6 ,TNB1544N1 «3N37894+4A ¢ 10RRE44ND
1 3 1 1 «100752+04 0277454401 460589400 e1613924A2
2 3 2 3 «10074%+04 e2764B7an «52127140n «976793+A2
14 3 . e 010064406 (167736 -N4 «191455+00 0208726410
2 3 1 3 ¢100609+04 e416588-n) «393176+0n eGRRB 144N
14 1 5 2 e994897+03 0162402 <m0 «21T7AR14AN 0 2028K24AL
2 3 0 ”n ¢992718+03 «85941194n1 026497640 «ANLONG+N2
2 2 1 [¢] ¢992463+03 «38R887+M «2921784An o RAEELRAN?
2 3 2 0 ¢991692+03 «2565%2%4n) «521371400 0 U8LS6T+A2
13 3 1 2 «291570+03 «bl%77 VN4 e 110A% 4NN 027617+ G
1 3 1 3 0988223403  .2799%4=N1 s 4ENSR94NN LT LTS R
1 3 (o 3 «987768403 +731599%-M1 +30370940n Q828740
13 1 ? 2 2986697403 «029%54=N0 «V6T61T40N «273013847
14 3 6 2 «981558+02 «316£245-ru 026420 T4N0N e 7RRBE6+ 4
13 3 3 2 ¢280382+03 «996264=04 e 175801 ¢N0 0271267474
17 2 17 3 «975257+02% «606815=Nu c4S6ERNSNN I ETEE TN
1 3 1 0 971884403  ,259384+0) «u60589400 0169296402
13 3 & 2 e971826+03 e 4BR156-04 «2N4 105400 e 26ATR0+Na
16 2 16 3 «971013+0? e155234=n1 «461580+0N e 24N T+
1 2 1 1 09679%7+02 e?259%27+01 «5N21KRANLNAA 0141192472
2 2 1 1 09677%9+03 e11868 1N «42307240N Y YSPY.T]
2 2 2 1 «967700+03 «5014604NY «Sh5R284NN cLubbESHN?
3 2 1 1 0967467403 45210915400 «1678A 140N RALYYEPLE]
3 2 2 1 «967405401 (262317401 «483137140n e 1742794A7
3 2 3 1 967396+03 «1293134n02 «5992414nA e PE5716472
) - 2 15 3 0967284403 «7483N02-0% «4b666R2N4NN e 241548400
L} 2 1 1 2967085403 « 325056400 «12945%%+00 ¢ 196GARL2+NY
L 2 2 1 «967019+03 «127297+n1 eb24111400 «1R3673+01
6 2 3 1 «966913+03 «67663240) «51876640Nn e 165024403
14 3 7 2 e966896+03 e2175%4=nu «?27072340N0 e 2R4NGNSNG
{ R 4 1 e968774403  ,683131NeN1 eb13422400 ¢ 178847402
S 2 1 1 966622403 «1621250e0N e 1N512240AN ¢ 201808 4R
S 2 2 1 «966551+0? «6891394 40N «2828N1 40N e IRITAQENT
S 2 3 1 09668436+013 0313962140 «4b04PNENN e 2A6 104 AY
L] 2 [ 1 0966284402 014279740 « 520189400 A LER L. L0
S 2 S 1 0968104403 «63117240) «615A740N e 2NLaTheN
6 2 1 1 e 968086403 «77186%=n) «2°779140N0 2128444 MY
6 2 2 1 «966098+03 e32%85%400 ¢ 154198400 ehN16T724A0
[} 2 3 1 «96%883+403 e16N4b 4N e 418AN640N e 1R298%+7)
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Table 7. V, Band Parameters from 1140.76 to 88.108 o (Continued)

‘requency Strength Width Energy
J A K ISym (cm™") (cm~2atm™) cm™") fem™ )
6 2 4 1 0965717403 e1618664n] «483n14enn e187A%0+nY
6 2 s 1 «965%5518+03 «2577%24+01 « 567422400 01231545401
y ; 2 1 1 ¢965487403 e 24N169.N0) «?787484+00 e58NBTHe N
7 2 H 1 0965402+03  +1642568+00 333085400 e5796634M1
6 2 6 1 «968298+03 «104778+02 «611870+0N 0 282446NeN2
7 2 3 1 «96%5265+03 e TNK6NG 4NN « 38737040 092127603
4 2 ' 1 «965082403  ,T122770eM0 2661602400 e 605466471
7 2 L} 1 964862+03  ,13n9024+n) 0495993400  L462165+03
8 2 1 1 0964839403  ,138940-N1 0267281400 «TAR1S1+0)
8 2 2 1 e9647645+03 e586190-n1 ¢1146129+00 eh9T727%e M
7 2 6 1 0964615403 046N121401 +550304e0N 00621283+
8 2 3 1 0964595403  ,288340+00 + 360996400 «67A028471%
15 3 9 2 «9645554+03 «166608=N4 +1N3342400 eIN]666+A,
8 2 . 1 09664392403  o29N415400  L4PTRRLENN  (AR2201402
7 2 7 1 964356402 «196786+01 26046154nN «172718+n1
9 2 1 1 «564155%+03 0524148=02 «250679+0N0 e RRLALE+F2
8 2 ) 1 e964147+03 «533167+00 24564712400 «620198¢"2
9 2 2 1 e964052+03 0221051-01 02921964401 eR730624r3
14 2 16 3 0964023+03 e848TRE =N «47128240N 02252%+"N4
9 2 3 1 «963886+03 «10866 14NN +1137A%400 oRESB]247
8 2 6 1 «9613870+03 e187168+71 e SN1EA94NNA e %7957+
9 2 4 1 963662403 «109342+00 0375224400 «83N348+"7
8 2 T 1 963575403  +161160+01 «548427+00 «531308+73
10 2 1 1 0963452+03 0182259-72 0224228400 2108050+
9 2 -2 1 963389403 «200573470 41674400 «797492403
10 2 2 1 «963339+403 «768312-02 +261981+00 2106072406
8 2 8 1 563279403 0276610401 e%9528LeNN ek 75275e0?
19 2 3 1 «963155+02 37740101 02997240 «1151724N4
S 2 6 1 «963078+03 « 702852400 LTRSS LT « 787158407
10 2 4 1 962907403 037938701 e 117426400 e 1Nn26464NG
11 2 1 1 +962747403  ,583503-02 183218400 129499404
9 2 7 1 262743403 604156400 2633772400 «7N9227eN
11 2 2?2 1 0962622403 e ?45%R%R =) «2182%6400 012847]+06
10 2 8 1 «962603403 «694763-"1 ¢275223+0 «Q92849+N02
11 2 3 1 962421403 «129670-"1 025320400 e 12664B+Nu
9 2 8 1 «962400+02 «103491+01 e54120%400 ¢553590+N02
10 2 6 1 0962254403  ,243155470 e412502+00 «953852+01
1 2 4 1 962166403  4121167-01 «2BB 122400 e 12416400
9 2 9 1 «962068+03 «357NN6 40 «582RN140N «SANNABN?
12 2 1 1 ¢962061403 L1779 1-n1 ¢ 129992400 e 152810414
12 2 ? 1 ¢961925+07 7272961 =N +161RA240ON « 18175240
10 2 T 1 «961874+¢N3  ,20R6]4+r" s45NT744400 «3N63NELNY
11 2 b 1 961807402 «2215875=1) ¢127137140N0 ¢120091440a
12 2 3 1 961701403 «355C20-02 ¢193795400 e 1490AT+R,
10 2 [} 1 961479403 35657 3+00 «486497400 eRE]11A2eN7
11 2 [} 1 e961417402 e774105=0]) ¢ I5RLNA4NNA 011696744
13 2 1 1 «961415+013 466071 =N « 122575400 « 177968404
12 2 o 1 «961398+013 015674 =02 «22572740N0 e 147507404
13 3 - 2 561354403 «5364B1-04 222569400 e 245874406
13 2 2 1 «961265+03 e1661631=-11 «152081+0n0 e176912+N4
13 2 13 3 ¢961190+03 «1810%4=-n2 «LTE20040N0 «2NBNB1+NG
10 2 9 1 «961089+03 «1227004n) «526249+0n « 788005403
12 2 L 1 «961022403 e65nNN64<N «2576€84N0N e 144308+06
13 2 2 1 961019403  ,961064-"1 «1815264NAN «1751685+M4
11 2 7 1 960997403 «662760-01 « 197447400 ¢ 11222404
14 2 1 1 960832403  L116314=-n4 ¢ 1158A4nn «7N4O 18404
10 2 in 1 «96N7234013 e1N71824 e ShL4nN24NN «717110eR2
13 2 L3 1 960684403 e76254N-N1 e211°N240A e17271240
14 2 ? 1 0 960667+03 «LRY25N=NU e 142940400 «2NI8AL NG
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Table 7. V, Band Parameters from 1140.76 to 88.108 cm-| (Continued)

Frequency Strength Width Energy
J AJ] K ISym (m!) (em~2atm™Y) (cm™') (cm™?)
12 2 6 1 0960586403 ,226673-N1 289590400 160380404
11 2 (] 1 0960536+03 «113010+00 «428485+400 e 106762+74
14 2 1 1 0960397403 0239449-n2 2170317400 e2721884P4
13 2 S 1 ¢960268+03 e175440=n2 «26047740N 0169567+M6
15 2 2 1 0960157403  ,112388-04 134391400 0272662+06
12 2 7 1 «96N1C3+403 ¢193628-01 e321522+0n0 e125712+04
11 2 9 1 «960081+03  ,387818+0N 04673524400 e 171516404
14 2 6 1 ¢960028+403 ,239479-n13 19768040 0199733404
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Band Paramo;er;s from 1140.76 to 88.108 c;m-l (cont inued)
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Table 7. V, Band Parameters from 1140.76 to 88.108 cm ' (continued)

Frequeacy Streagth Width Energy
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Table 7. V, Band Parameters from 1140.76 to 88.108 en’! (Cont inued)

] Frequency Strength Width
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Table 7. V, Band Parameters from 1140.76 to 88.108 cn”' (Continued)
Frequency Strength Width Esergy
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Table 7. V, Band Parameters from 1140.76

to 88.108 cm-' (Continued)

Frequency Width Energy

J Al K 1Sym (cm™") (cm™?atm™') fem™") iem™")

2 1 1 1 2928200403 «204502401 2460589400 e558963472
13 2 10 0 928040203 <251161-N1 + 387854400 2142713404
10 2 6 3 927921403  2243042-02 412992400 + 18837640

[ ] 2 7 0 e927736+03 2154580+11 0548427400 +%221834n1

] 2 2 3 0927637403  +574547-n1 «2141394+00 e 1A36514A
16 2 12 0 09276403403  .177148-07 « 265785600 e2145BKe NG

6 2 6 0 «927308+07 100244402 «611230+0N 223276402
11 2 9 0  092A889+403 372123400 LL§ISI4s0On c1AASRLLAL

i 2 . 3 4926672403 ,107663=12 «2752284n0 176872400

[ ] 2 1 3 «926624+03 213588401 « 267201400 e 154810+n4
19 2 14 0 0926476403  (153927=Nu ¢ 366043+0" e INNGLBS+NG
11 2 7 3 0926257403  ,664522-0) 393447400 e2N575n0en4
14 2 11 0  +926113403 ,L107632-M1 +389270+0N0 016267504

9 2 8 0 0926024403 991966+ «541285+00 0656375403

T e k4 G «92%57a4n3 270218401 «6N661540N0 «373573401
1?7 e 13 0 925268403 ,302467-013 ©356520+0N +27847642¢
12 2 10 0 924932403 ,939235-0n) 0417317400 e 117206404
12 2 ] 3 0924810402 ,331725=N1 252483400 «2237104N4

S 2 3 3 0924367403 L105921=N2 233709400 0 179%67+74
10 2 5 3 0926227403  ,683320=-N02 375239400 193218474
11 3 1 2 ¢924071+03 «3150735-013 «155782 40N «2?57744r4
10 2 9 0 926027403 11750840} 526249400  ,7R89N3eN2
15 2 12 0 923938402 .859505an2 «189844+0N PR LTS P, VA
13 2 9 3 «923586+03 2304981-03 «258378+0n 02462352404

[ ] 2 8 0 923540403  +264056+01 595284400 0475160403
18 2 14 (] 922908+03  4966490~N4 ° 166629400 P TS LYY IA

9 2 2 3 0922789+03 «213980-01 «292194+0N e1814834r 4
13 2 11 o e322701+03 e 439565~-01 2617329400 «1257 3740
16 2 10 3 ¢922%93+03 «649339~04 e 1619n0+nA « 241171 e0k
13 3 8 2 0922516+03 «788205="4 «2177204000 +2816545+00
11 2 6 3 «922027+03 e761759~r1 «1584A9+NA 21072947
9 2 1 3 «921869+03 «5N82 "=y e 25NAT7940A e 192638405
1% 2 11 3 0921843403 e257218-04 164299400 «PRUBALI NG
11 2 10 0 2921741402 4322696470 «69B85624NN «92541801
16 2 13 0 0921511403 «160301~02 « 389734400 AL L LR
10 2 4 3 0921408+03 +368484-013 e 13T4BE+NN e 1064658474
16 S 3 0921351403  L190165-14 365785400 e1771226¢ %

9 2 9 0  +921200403 L340315+01 «5828M01+0N «%010N5+4r3
14 3 10 2 2920850403  o349283-N4 350012400 +245661+M4
11 3 ? 2 2921832403 7 L 36NTNT=N3  ,1896RB+NN 0224604
1% 2 13 0 «920321+03 «578878-N4 ¢ 66211400 « 2922+
14 2 12 o 0920199403 ¢383545=n1 el 16b641+0N e 158640704 0G
12 2 ? 3 «920070407 .197949-n3 «3218224nn 0?72%bbenu
1C 2 3 3 ¢919344403 .353161-0? 299724400 «1998332404
12 2 11 0 «919159+03 «164919+00 2 44924BeNAN e 179 4Re N4
12 3 6 2 918949403 L 154C3N-A2 «279476400 ¢2766194N4
17 2 14 0 +918831+03 85243102 «3890KNeAN « 2289V Tena
11 2 L] 3 918748403 .214824-D3 323371400 0214925404
10 2 10 0 «9185454+01 «10187740Y «564NA2400 e 71RA 72447
13 2 8 3 «918353403 +873191=04 «212890 240N «2493126en0
10 2 2 3 2917938403 734580 ~04 «261981400 271216404
15 2 13 a «917618+03 e781631=02 « 61538940 « 1761310404
10 2 1 3 e917122403 L173601<Nd (224228400 I LA TY PY.FX
14 2 9 3 ¢916880+02 e7360N6=N4 12817400 o 27N AR,
15 3 1> 2 «916572403 L30R4NN-A4 «277RABLAA 227878 %4 10
12 2 é 3 0916376403 «21975%-n12 « 2RQRQOMNN PEETS TR
13 2 12 0 0916276403 41577245400 JhehANSEAN M ELLTLRYTA
11 2 L) 3 «916271+013 e116136=01 «2RBAN240N ¢ 2183280
10 2 1% 0 915894403 ,36%922-03 eIB7917400 L2514 74NM
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Table 7. v2 Band Parémeters

from 1140.76

to 88.108 cm! (Continued)

Frequency Strength Width
J AJ K ISym (cm~") (cm~?atm™') (em™') “(em™")
15 2 10 3 ©9156%6+03 ¢163225-06 ' ,338753+0N 0292610404
11 3 3 2 «915576+403 .755343-03 0223596400 227890+N4
11 2 11 0 2915567403 568321400 533600400 8573274013
11 2 3 3 2916471403 .114681-03 0253296eNN  4220°%4+04
16 2 14 0 0914352403 0298137=02 0412682400 0195742404
13 2 7 3 «91428%+03 e505111=06 «2994284+0nN 0256974404
12 2 L) 3 0913551403 «621802-"4 «25765840N «?23R4914N0
11 2 ? 3 4912294403  +232293-04 «21R2%640N 0?2278 %%+N6
14 2 13 (] 2913084403 «35N326-01 e 44401040N e 144888+N4
19 2 16 o 912695403 0561474=N4 «38617840N 279122406
16 2 8 3 e712466+03 ,211710=Na «307160+0n0 e?276753+N4
12 2 12 0 912256403 592063400 L481180+00 «1N0872+04
12 2 ) B 44403  +337070=-04 0225727400 0241846406
13 2 6 .3 ¢911170+03 .583798-04 0269952400 0259820+04
17 2 1% 0 910996403 ,213146-02 «411600+400 «21R363+06
1% 2 9 3 «910923+03 ¢16329%<na «3132n8+00 299697404
12 2 3 3 «909933403 313955804 192795400 0246bL36+N4
13 2 16 0 290057340 e14A12K=nM «446N93540N 0186351 +N4
20 2 17 (o} ©900229+03 e161861-ns 284503400 «2N809464+N4
2 1 1 3 ¢909207+01% 021781801 « 48058940 «9888144+N02
14 2 7 3 909118403 L12212Nn=nG 279790400 +2R23N8+N"4
13 3 9 2 +908933403  ,182992-03 «366103+00 0265362404
13 2 L 3 J90P837403  L165789-04 +260477+400 +263884+06
13 2 13 0 2908600407 +1442234RN 476280400 «117221404
11 3 Y 2 +908513403 ,402059-01 «257504400  «220359+04
3 1 o 1 ¢908201+403 ¢ 58695840 26906400 e119215+03
3 1 . 1 +908172403 4265656401 +393138+00 «115483+03
3 1 2 1 908087403 +17%35N0eNn] 521371400 *e1N4279+03
18 2 16 n 0907341403 +357451-03 «4N9204+00 242166+N6
16 3 1% 2 «907292+03 «154632<0a «4264295400 ©27999n+M4
12 1 ? 2 «9N7249403 e199621=-n2 «310131+00 022172204
14 3 1 2 907206403 +416433-04 .31768784N0N 0257985404
13 2 . 3 ¢907132+403 «9N1394=n5 «2110N24000 0267185404
14 2 6 3 ¢90663N+03 e14296N=n4 «252420400 «287AT14A,
16 2 1% 0 +905733403 o114262-N1 2637631400  <1850484N0
15 3 13 2  «90%266403 ,18513-N4 «402227400 2695484N0¢
14 2 14 0 +904587+403 .658774-N) 471380400 «134775+M4
19 2 17 0 «903378+03 «112610-13 « 406545400 0 26T145+006
17 2 16 0 +901553+403 .209%99-02 2434140400  <2N6975404
15 & 18 0 900204403 .563098-N1 2 4666R04NON 4153527404
11 3 5 2 4899937403  +434230-02 0291612400  «217N9+04
20 2 18 0 +899N97eN3  L667N6S=NL  J4L0IBA24NN  20932944P4
1% 3 16 2 +897992+403 L207082-04 «426948400 ©2%98M84NG
18 2 17 0 «897021+03 07122265 =01 «63049240N AL LLEPY.TY
13 3 10 2 896158407 ,105770-N3 2 174LATHO0 238403404
1% 3 1% 2 +89%888+03 ¢362%57=N4 «451669+00 0248608+"%
14 3 12 2 «895821+02 «968934-04 24N2PBLe0N 024980 T+04
16 2 16 0 0895436+0) «113057-0] « b 1580400 e 1734 73eN0
12 3 8 2 +898522%403  22%124-N) « 2N785400 «?276251400
10 3 0 3 «894507+403  174769-02 «16954N40N0 206757406
21 2 19 n 0894487403  ,920527-n8 «4N05AT+00 e A2NB60%+NG
10 3 1 2 0893507403 88112103 205818400  2n6398+N4
2 1 [} 9 «892171+403 «5127764001 « INITA9eNN e ANLNNKIN2
19 2 18 0 892124403 «667949-n «b2671340N 284248404
2 1 1 0 2091894409 «1987864M 0 460%89+0n e 5AAB68+N2
10 3 2 2 J09785140% 9NINNTI=AT 2621715400 ¢ 2ANINGLNG
17 2 17 0 «89N267403  <A20460=N2  L4B68RNNN o 17°6N8eNG
11 3 6 2 +890230403  J94B0TS-NY  ,328327400 «213089¢04
3 1 2 3 088966407 L180872-01 521371400  <1N37154N8
o 1 1 1 «888108+03 4247796401 3646469400 194842403




At pressures of appreciably less than 8.5 atmospheres, it is quite

clear that the already densely packed NH3 lines must blend into a pseudo-
continuum for even relatively short absorption paths. Also, at higher
temperatures, hot bands of the type (0 1 0 0) > (0 2 0 0), etc. will enter
to make the absorption pattern even more dense, and greatly increase the
overall integrated band region intensity and average absorption coefficient:

k(v) = (§'/d)v over much of the spectral interval of interest.

1

NH3 also exhibits strong and broad absorption centered near 1630 cm 5

and weaker but still significant absorption centered near 3400 cm—], At

room temperature, these two absorption regions arise primarily from rotational
lines of the so-called vy [or (0000) » (000 1)], and the closely adjacent
v, and vy pair [(0000) ~(1000), (0000) > (001 0)] of fundamental
vibration transitions, respectively. The vy band complex has an integrated
band intensity of v 110 (atm cm)-‘ cm-l, which while only v 18% of the
extremely intense v, band structure previously discussed, is still quite
respectable and is comparable to the band intensities of the NO, CN and OH
fundamentals. Since the rotational line spacings will be quite similar to
those of the vy structure, it would probably be a fairly efficient absorber
for many of the lower frequency CO laser lines. At higher temperatures and
pressures, it might absorb the full range of CO laser emission. The weaker

V) and V3 absorption centered on v 3400 <:m-I would be a less likely candidate
for HF laser iine absorption at room temperature, but at higher temperatures
and pressures, it might prove effective.
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3.8 ABSORPTION BY METHANOL (CH3OH) OF CO2 AND HF LASER RADIATION
| The methanol, or methyl alcohol, molecule possesses an intense and very
complex rotation vibration spectrum which extends almost continuously from
the microwave region to the edge of the visible spectrum. The two most
useful references found for methanol spectral absorption were Serrallach,

et al. (1974) and Lee, et al. (1975). Figure 24 and Tables 3 and 9 were
extracted from the former reference, while Figures 25a, b, and c were ex-

tracted from the latter.

The top quarter of Figure 24 shows room temperature infrared gas spectra of

pure CH30H taken with resolution between 0.5 cm-'I and 2 cm-]

withp =P = 3 Torr,
and x = 70 cm. This corresponds to 0.276 atm cm-STP. Under these conditions,
the line contours will be Doppler profiles with half-widths at half-maxima of

: a = 0.0041 cm-l. The Beer equation for trancmission of a pure spectral fre-
quency is definitely not applicable to the spectra made under these conditions,

since only line center év increments of the order of  2a_ to hab per line will

suffer any appreciable absorption, and there are only of Ehe order of ~ 30 lines
per wavenumber (see Figures 25a, b, and c). |If the lines were pressure-broadened
to half-widths of say ~ 0.1 cm, then the absorption spectra would become quite
smooth and show a multifold increase (owing to significant contributions from

the line wing regions, which are virtually transparent and make no appreciable

contributions to the absorption shown in Figure 24. It is worth noting, how-

ever, that the pseudo-continuum portions of the spectrum (apparent discontinu-

ities probably due to changes in slit-function resolution) seldom rise above a

transmission of v 80%. The absorption detected in these relatively weak con-
tinuous portions are probably due to the packing together of a very large
number of relatively weak lines from numerous overlapping (fundamental and
multiply-excited) vibrational transitions [Table 8 shows only a few of the
possible bands, and only those originating from the v _ or (000000000000) ground

vibrational level]. |If it is assumed that the line packing is close enough so
that Beers Law were applicable to the pseudo-continua structure, then an 80% %
transmission for an optical thickness of 0.276 atm cm-STP would correspond to

a &300°K(v) of ~ 0.81 (atm cm-STP)-]. In the spectral band regions where

the measured transmittance is ~ 0.7 (and would be reduced to some fraction of

this value by pressure broadening), the Beers Law prediction gives a certainly
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. OH-Stretch Fundamental of Methanol

: '
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Fig. 25a. Observedand deconvoluted spectra on the P-branch side of the OH-stretching band of CH-OIl

« showing some of the identified series in this region. Lines labeled .1, B. C are members of the scric- 4
(0377 — 1)* — (0287), (0187 — 1)* — (039)), and (O17F = 1)® — (038)), respectively. The lines 1

labeled D are part of a series as yet not identified. Strong water lines are indicated by circles.

OH-Stretch Fundamental of Methanol
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Flg 25b . Observed and deconvoluted spectra in the region of the band center. The pressure was ap-
proximately 30 microns with & path of 34 m. Strong water lines are indicated by circles.
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OH-Stretch Fundamental

of Methanol
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Fig. 25¢. 4 section of the R-branch side of the OH-stretch tundamentai -howing oinerved and decon -
voluted specteaas well as sume of the ines identisied in this reion. Linc-fa wici /.16 11 are membors

of the serics (0257 -+ 1) — (03441, (O16S + 1,* — W25J), 037 + 1 * =~ Wiodi,

(0357). Strong water lines are indicated by circles.
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Table 3. |Infrared Spectrum of CH30H (Frequency in cm-1,
Accuracy +0.5 cm” ).

observed data calculated

Assigrment Ar-matrix(15K) vapour fraquency
~ rel. ~ rel. band force cunstant
» int. » int. shape set [ set II

vy(a’), v(OH), second site 3672:2 ww sh
or dimer

vi(a'), viow) 3667.0* = 3681.5 = AB  3682.3 3682.4
vz(a), v(ciy) asym 3005.5* m 2990 v 8 3006.5  3004.3
vg(a®), v(cH;) asym 29615 m 297026 a C 2959.8  2960.8
(") 2956.0 a 2956s4 m  AB,A
Vo * Vo ") 290.0 = 2929.5 w c
< vy ') ; 2921.0 w 292022 w AB
vy * Vg (') 2915.0 w 291242 w B
vg + vjp (%) 2908.0 wvw sh
2vg (A") | 28932 w A
’ vy(a'), v(cH,) sym 2867,5% m 2864.2 m A 2961.5  2861.9
vy + vg (') 2103.0 ww 21022 vw B
vy (A") 2053.5 w 2056.5 w A
v, (a’), 8(CH;) asyn 1673.0% v (a3 w a5 s
: vio(a™),s 8(cH;) asym 1666.0% w 46523 w € 167h.4  1e73.4
vg(a'), (cH;) sym 1451.5% vw 1454.5 m A 1236.2  1657.7
Vit * Y12 (a') 1614.0 w AB F
vy +vyy (AY) 1345.0 m q
vea'), s(con 133%.0% (390 ™ A 1313 139 .
3 Ve, v, (cHy) 116524 v € 1155.1  1159.3 4
3 vy(a"), v, (aiy) 1076.5% w 107.5 v B 1080.7 1079.3
vg(a'), v(co) 1033.5% vs 1053.5 ve A 1039.1  1035.5 3
] ve(a'), v(C0) second site 1027.5 s
vg(a'), v(co) ¢t on 1018.5 w . 1o00.8 3
; vg(a’), v(co) cu o' 1008.2 w : 1009.9 4
¥ vy2(a"), +(oH) 71.5% 222 2.4 :
;
§_ * used for least quares Eit .
é L very complicated structurc in the vapour phase. Three dominant Q-branches at
; 1345, 1339.5 and 1332.0 en’l, 4
£
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too low value of k300°K(“) > 1.3 (atm cm-STP) '. Where the measured trans-
mission is less than 50%, as in the strong ~ 3000 cm" and the strongest
-1
"~ 1033 cm ' regions, then k3°°.K(v) is greater, and probably for higher pres-

sures appreciably greater, than 2.5 (atm cm-STP)

Figure 25a, b, and c (taken from Lee, et al.) show the high resolution
fine structure of the CH30H vi(a') OH bond stretching fundamentan centered
near 3681.5 cm~ (see Table 8). The ''raw' scans were made with an instrument
response function width at half-maximum varying from 0.020 to 0.028 cm-l. A
numerical ‘''deconvolution' procedure then was used to produce the extremely
high resolution 'deconvoluted spectra' shown above the ''raw spectra'. The
three figures show sections of the P-branch side, band center, and R-branch
side of this OH-strech fundamental. The pressures used ranged from 0.03 Torr
{or 30 microns of Hg) at the -band center (Figure 25b) to 0.85 Torr in the wings.
The pressures used for the measurements resulting in Figures 25a and 25c are not 4

specified, but are 59.85 Torr. The optical path for all measurements was 34.2 m,

thus corresponding to 0.135 (atm cm-STP) for Figure 25b, and <3.83 (atm cm-STP)-‘ °
for Figures 25a and c. The Doppler line half-widths at half-maxima are again,

3 ~0.0041 cm‘l, and the transmission again must depart considerably from Beer's
Law since only spectral regions very near to the line centers will be absorbed and

the (raw) spectral resolution is v 2 1/2 to 3. 1/2 times 2a 3

Restricting attention to Figure 25b where the information supplied is more

specific, it can be seen that the raw spectra exhibit instrument response

function modified apparent transmission (= 1003 - apparent % absorption) rang-
ing from \90% to “50%. The deconvoluted spectra, which are an appreciably |
more reliable indicator (but still do not account for absorption which would i
occur in pressure broadened line wings) show regions of apparent transmission
as low as 10 or 20%. For an optical thickness of 0.]35 (atm cm-STP)_‘. the

higher lower bound predicted by the (poor fit) Beer's Law express.on would be

300. (v) greater than 0.78, 5.1, 11.9, and 17.1 (atm cm-STP) , respectively,
for apparent transmissions of 90%, 50%, 20%, and 10%. Pressure broadening to

force absorption contributions from line wings should appreciably increase the
preceding k300°K(v) figures, The strong CH OH absorption in this region would
overlap some of the strongest HF laser lines, particularly when heater to induce
hot band absorption.
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It is seen from a correlation of Table 9 with Table 8, and also from
Figure 24 that the CH30H room temperature spectral absorption is both wider
and stronger in the 3000 cm-‘ centered v9 and th region than in the preceding
3680 cn-l centered v, region, and stronger still in the v8(a’) CO bond stretch-
ing spectral region centered on !033.5 cm.‘. The former region centered on
3000 cu-l tends to fall between the regions of HF and of DF line absorption,
but might prove useful for absorbing selected low frequency lines of the
former or high frequency lines of the latter, particularly when the absorption
patterns are intensified and spread out by heating to bring about hot band con-
tributions. The strongest, 1033.5 cm-l centered CH30H absorption region is
virtually certain to prove an effective absorber for the CO, laser radiation
from selected lines of either the v10.4u or v9.4u centered bands. It would be
expected, from Table 9, that ‘the k300°K(v) values for this CO bond stretching
region would be 4 times as large as those for the OH bond stretching region

centered on 368].5 cm-'.

Table 9. Estimates for relative band intensities from IR spectra (from a cal-
culation using the modified derivatives of the dipole moment and the
relative rotamer populations for the species with partially deuterated
methyl group.)

Q’u v(on) v..(dl,) vglCliy) 8,51CHy) 4 giClly) ¢ (COH) icity) wiC0)
i Va2 Vo v3 Vo Vio vs Yo Vi1 e / g

obe. (gas) 0.62% 0.77 0,21 0.31 <0.05 <0.05 .«

eale. 0.62 0.8% 2.0 1.1 0.02 0.06 0.13 0.13 .01 .04 2.0

. Unfortunately, the CH30H energy level expressions for both vibrational

and particularly the rotational energy contributions, are very complex, as
also are the expressions for the partition function. However, since there
are twelve fundamental vibrational modes (and three fundamental rotational
constants varying for each vibrational mode, as well as three rotational
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quantum numbers s K and J), the number of ""hot band" lines must increase o~
very rapidly with temperature. At high pressures and temperatures, each
contributing hot band should in itself provide effectively continuous absorotic
Then, assuming as before rotational relaxation, it is difficult to see how

r bleaching by radiation absorption would pose any problem. While the effective
absorption coefficient at any given frequency would vary with temperature, it
would appear fairly safe to assume that at temperatures below 70 or 80% disso-
ciation, that CH30H would continue to be a very effective absorber for a wide

selection of CO2 laser lines and probably also for selected HF laser lines.
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4. LINE WIDTH PARAMETERS

Table 10 is a copy of Ludwid, et al.'s Table 5-19. It presents a
useful compilation of line width parameters for computing the collision-
broadened line widths for "20’ COz. NO, CN, OH, HC1 and HF (and presumably
DF), including self-broadening from both resonant and nonresonant collisions

and foreign species broadsning. Their Wi is the same quantity that has been called

afor a(p,P,T)]. The equation for computing Yei is given below, together with
their explanation of its use.

" The specification of the collision broadened half-width as a function of
pressure and temperature is more complex than the method used for the
absorption coefficient, The line width is expected to be proportional to the
number of collisions experienced by a molecule per unit time. Since self
broadening collisions are more effective than those with other species, it has
been found [ 5-15] that good agreement with experimental data at room tem-
perature has been obtained by assuming the line width is proportional to
(-yapa + 'ybpb), where the subscripts a and b designate self broadening and

foreign gas broadening. In extending this proportionality to higher tempera-
tures it is necessary to take into account the effect of variation in temperature
dependency [ 5-16, 5-17] between resonating and nonresonating self-broadening
collisions described in Section 2.4.3. This results in the formulation of
equation (5-34) (sece Table 5-18)

« Y6 ) (273/T)nl’j "y (273/1‘)"“
Yei “ 41,5213 B Yi,1’213 B g

In this expression, the self-broadening of the radiating species under consider-
ation is included in two ways. First it is included as one of the 'j foreign gas
broadeners to account for nonresonant collisions and, second, it is included
in the separate term (yi l) to account for resonant collisions which have a

’

different temperature dependency. The use of this formulation depends upon
the assumption that the line widths, which are functions of frequency, can be
approximated by a band averaged value so all frequency dependence in the
fine structure parameter (ac) will appear through the mean line density

(1/d). "

123




Table 10. Model Values for the Collision
Line Width Parameters
“"::;’“1‘ B'“d‘(j)"“ 21 | My | @iid2s | M
cm™'atm™! cm~'atm™!
HO H,0 (0.09) 0.5 0.44 1.0
N, 0,09 0.5
0, 0.04 0.5
H, (0.05) 0.5
CO, 0.12 0.5
co (0.10) 0.5
CO, CO, 0.09 0.5 0.01 1.0
H,0 (0.07) 0.5
N, 0.07 0.5
0, 0.055 | 0.5
H, 0.08 0.5
co (0.06) 0.5
(o]0] co 0.06 0.5 0.0 1.0
H,0 (c.06) 0.5
Co, (0.07) 0.5
H! 0.06 005
N, 0.06 0.5
0, 0.05 0.5
NO NO 0.05 0.5 0.0 1.0
N, (0.05) 0.5
Other (0.05) 0.5
CN CN (0.05) 0.5 0.0 1.0
Other (0.05) 0.5
OH OH (0.05) 0.5 0.45 1.0
Other (0.05) 0.5
HCl HCl (0.05) 0.5 0.15 1.0
Other (0.05) 0.5
HF HF (0.05) 0.5 0.45 1.0
5 Other (0.05) 0.5

NOTE: Values in parenthesis arc estimated.
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5. SUMMARY

e R T I e TR

A compilation has been made of absorption characteristics of various
possible gaseous dopants for selective absorption of some currently popular
laser wavelengths. Table | shows the wavelength regimes and the dopants

; discussed.
r; Table |
Wavelength Region
3.6 -390 2.6 -2.9: 4.9-57u 9.4 -10.4y
Dopants: DF HF co CO2
OH NO NH3
CH30H CH3 OH

The absorption characteristics listed are absorption cross-section,
vibrational-rotational level distributions, line densities versus temperature

and wave number and absorption coefficients vs. temperature and wave number.

&
&
:
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