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ABSTRACT

The absorption of high power laser radiation by the atmosphere is
important because the resultant heating of the air causes "thermal lensing"
and nonlinear distortion of the beam. The effects of kinetics manifest them-
selves in the form of transient, unstead; heating at the beginning of the
laser pulse, and bleaching at high intentities. The vibrational and rotation-
al kinetics of the absorption of DF and C ; laser radiation have been studied
and are described.

CO laser radialion is absorbed principally by HO vapor in the wings
of 6. 3 ym band. DF laser radiation is absorbed by several species, includ-
ing N3 (collision induced fundamental band), NpO (v | overtone and v 2 bands)
CO7 (v 3 band), CHy (v4 overtone and v 3 + v 4 commbination bands), H>O and
HDO. The degree of absorption by the latter two species and the precise
assignments of the transitions are subject to some disagreement in the liter-
ature, and probably introcduce the greatest uncertainty in the results,

Rotational relaxation is found to be fast, and bleaching is predicted
only at intensities of the order of 103 MW/cm2 and above. The vibrational
kinetics have been studied by means of a detailed numerical model for a
variety of atmospheric conditions at sea level. The rate of relaxation of
N2O by HyO (a major uncertainty at the beginning of the program) has been
measured by a laser fluorescence technique. The results for CO show that
although thermal lensing is important for laser pulse energies above about
1 J/cmz, transient effects are generally limited to a few microseconds or
less, and bleaching is not important at intensities below 103 MW/cmZ. Like-
wise, thermal lensing becomes important for DF at laser pulse energies
above a few joules per square centimeter. However, bleaching may become
important for some lines at intensities as low as 4 MW/cm2, and for some
other lines transient effects may last for times of the order of a millisecond.
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I. INTRODUCTION

As a laser beam propagates through the atmosphere, a portion of
the energy of the beam is absorbed by the molecules in its path. For laser
wavelengths in transparent regions of the atmosphere the total energy ab-
sorbed is only a small fraction of the initial beam energy. Nevertheless,
the effect of absorptior on beam propagation may be serious due to '""thermal
lensing'" effects. That is, the small amount of absorbed energy ultimately
appears in the form of thermal energy, and the corresponding temperature
rise causes the gas to expand, reducing its index of refraction. The index
of refraction gradients thus induced in the gas by the laser beam tend to

distort and defocus the beam in a nonlinear fashion, which may be extremely
serious at high power levels,

The description of thermal lensing and the resulting effect on propa-
gation is an extremely complex problem involving vibrational (and possibly
rotational) kinetics, aerodynamics and optics. The propagation of CO,

(10. 6 uym) laser radiation, including all the above effects, has been studied
theoretically by Wood, Camac, Gerry(l) and Wallace at AERL and by other
workers at Lincoln Laboratories, Air Force Weapons Laboratory and Naval
Research Laboratory.(2) Experimental results obtained by Gebhardt and
Smith(3) are generally in agreement with the theoretical predictions, The
results of these studies have demonstrated the important role played by
vibrational kinetics, particularly with regard to absorption by CO, on the
inverse laser transition

COZ(IOO) +hy - COZ(OOI). (1)

In this transition the asymmetric stretch level (001) is heated by the laser
radiation, This energy is then rapidly transferred to Ny (v=1) where it is
"'stored" for a relatively long time, due to the slow relaxation of Np. At

the same time, the symmetric stretch made is cooled by the transition.

Since this mode relaxes very rapidly via the bending modes, the initial re-
sult is to cool the gas, with heating taking place only on the much longer

time scale ccrresponding to Ny vibrational relaxation. Thus, the vibra-
tional kinetics play a dramatic role, reversing the sign of the thermal lensing.

The objective of the present program has been to examine the effects
of v.brational and rotational relaxation on the absorption of DF (3.5 ) and
CO (5p) radiation by the atmosphere. At the beginning of the program, much
was already known about the absorption of CO radiation by H»O (the major
atmospheric absorber), and the vibrational kinetics of HpO in NZ/OZ (air)
were fairly well understood. Thus, it has been sufficient just to make a
critical evaluation of the available data and to apply this knowledge to the
atmospheric absorption problem. Similarly, much was known about the
absorption of DF radiation by the atmosphere, enough to establish that the
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most important absorbers are N, (pressure induced vibrational band), CO,
(v3), HpO (v2), N2O (v] and v2), CHy4 (v and vy4) and HDO ("1)' However,
some important gaps were found in the available data regarding the vibra-
tional relaxation of this complex system. In particular, the relaxation of
N20 (v2) by HpO was expected to be fast because of the similarity of N>O to
COj3, making this a very importaat process. Since no data were available,
an experiment was undertaken to measure the rate of this process, as de-
scribed below, and the results confirmed the expectation.

The remaining sections describe the results obiained under the pro-
gram. Section II summarizes the atmospheric absorption coefficients used
in this work, These are based on a critical evaluation cf the available data
regarding atmospheric constituents, molecular absorption cross sections,
line shapes and laser wavelengths., Section IIl presents a discussion of the
important rotational and vibrational relaxation processes and a critical
evaluation of the available data, Section III also describes the mathematical
model used to calculate the relaxation of the vibrational degrees of freedom
in response to a laser pulse of urbitrary wavelength distribution, intensity
and duration. Section IV describes the experiment which was carried out
to measure the rate of relaxation of N2O by atmospheric species. Section V
describes the calculations which were carried out, using the vibrational
relaxation model, to investigate the thermal response of the atmosphere to
high intensity lase. pulses. Due to the large number of =bsorbing species
and the compl.cated mechanisms by which they relax, the calculations are
rather complex. Thus, it has been found useful to summarize the results
in terms of global parameters, such as the bleaching flux and relaxation
tirne, which may be used to characterize the thermal response of the atmo-
sphere under various conditions. Finally, in Section VI, the results are
summarized and their implicaticns for laser propagation are discussed,
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II. SPECTROSCOPY

A. SELECTION OF DF LASER TRANSITIONS

In a DF chemical laser the DF molecules are formed by chemical
reaction in high vibrational and rotational states., As they lase and relax
by cellisional processes they cascade down to lower, thermally populated
leveis. Thus, in pulsed DF lasers the various transitions do not all lase
simultaneously. Rather, the higher vibrational levels tend to lase first
with lower levels appearing later in the pulse. Even in continuous wave
(CW) lasers the relative strength of the various lines is a complex function
of the chemical and relaxation processes occurring in the laser, The
various DF lines are absorbed by different species with widely varying ab-
sorption cross sections, Therefore, it may be found desirable to suppress
certain transitions, even though they may be strong laser lines, if they are
strongly absorbed and adversely affect the propagation of other lines. How-
ever, this may be difficult to accomplish in DF lasers due to their intrinsic
high gain and the complex nature of the processes controlling the relalive
strength of the various lines.

The eight DF laser transitions shown in Table I were chosen from
the experimental work on pulsed DF lasers of Deutsch(4) and Basov, et al.(5)
Reference 4, which contains the most accurate experimental measurements
of line position (+ 0.08 cm-1), was used to determine the transition fre-
quency, and the relative energy data of Ref. 5 were used to select lines of
strong output in pulsed lasers. Care was employed to ensure that all known
atmospheric absorbers were included for these lines.,

TABLE I

PULSED DF LASER TRANSITIONS

Laser Line Laser Frequency Relative
Identification (cm-1) Energy’
2P (8) 2631.09 2. 37
2P (9) 2605, 87 2.68
2P (10) 2530.16 4,24
2P (11) 2553, 97 3.46
3P (8) 2546, 37 2.74
3P (9) 2521, 81 5,38
3P (10) 2496, 61 3,35
3P (11) 2471, 34 2.26

:':Energy of 1P (10) transition is taken as 1.

3.




B. SELECTION OF ATMOSPHERIC ABSOKBERS AND ABSORPTION
COEFFICIENTS FOR I" LASER LINES

The atmospheric absorbers of impuitance at DF laser wavelengths
are Np, N2O, Cliy, H%O, HDO and CO; This is confirmed by both absorp-
tion cell experiments(6) ard theoretical calculations based on experimeatal
data. (7Y McClatchey, et al., (8) at Air Force Cambridge Research IL.abora-
tory (AFCRF) have compiled the molecular spectroscopic parameters for a }
number of infrared-active molecules (including those listed above) which :
occur naturally in the terrectrial atmosphere., Parameters included in the
comnpilation for each absorpticn line are: frequency, intensity, half-width,
energy of the lower state of the transition, vibrational and rotational identi-
fications of the upper and lower energy states, an isotopic identification,
and a molecule identification, We have written a code which sorts the
AFCRL data according to absorbing molecules and vibrational transition
over a given frequency interval and calculates the absorption cross section
for the absorbing molecule at the laser frequency of interest.

The absorption cross sections are calculated from the integrated |
absorption coefficient assuming a Lorentz line shape using the relation:
o =2 B (2)

T (v - vo) + Av

where 0 is the cross section in cmz/particle, S (the integrated absorption
cross section cm'l/particle-cm'z) = [ o (v) dv, Av is the half-width in
cm-1 and (v - vg) is the difference in wave number between the laser line
frequency and the center of the absorbing line. The computed N,O cross
sections are in excellent agreement with the absorption cell measurements
in Ref. 6 for all the laser transitions considered. For CH4 the agreement
between these cross sections and the absorption cell measurements of

Ref. 6 are not as good. For the calculations discussed in Section V, we
have used the cross sections computed from the AFCRL data, which aver-
age about a factor of 3 to 4 lower than the absorption cell measurements,
The effects of any errors thus introduced on the cclculated atmospheric
temperature rise are small, because in no case ‘< CHy the major absorber.
This procedure gives too high a value for CO,, since CO; is known to be
sub-Lorentzian far from line center. Reference 9 reports measurements
of CO) absorption both in pure CO; and in mixtures of CO2 with N2 and Oj.
The absorption due to the wings of the strong lines in the v3 band centered
at 2349 cm~! is much less than that caiculated with the Lorentz shape. The
data in Np and O, have been(9) fit with the following equation, which retains
the Lorentz pressure dependence but requires a nearly exponential modifi-
cation of the frequency dependence:

-0.46 (Jv - v | - g° e
g = > e 2 (3)
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Use of this relation gives values for CO5 absorption cross sections at the
DF laser frequencies of interest, which are lower than those of Ref. 6.
Therefore, for COp, where the absorption is due to lines of the 4. 3um
band (hundreds of wave numbers removed from the laser frequency) we
have used the experimental results of Ref. 6, These fall between the
values calculated from the AFCRL data using a Lorentz line shape and the
experimental line shape fit to CO, absorption data.

The absorption due to water vapor is sometimes arbitrarily divided
into the contribution due to lines whose centers lie near the wavelength of
interest (within a few cm™ ') and that due to the far wings of distant lines,
The latter contribution varies slowly with wavelength, and is referred to as
the water vapor continuum, Measurements of this ""continuum' absorption,
which may be induced by self-collisions as well as by collisions with N, and
other gases, are difficult, and the data are not complete. (10) However, the
'"continuum'' absorption calculated using the Lorentz nine shape, Eq. (2), is
in fair agreement with the observed value at 2400 cm~! at the experimental
temperature of 65°C. (10) n fact, the calculated value is about a factor of
two larger than the observed value, so that it is not necessary to account
for any further contribution to the "continuum' absorption. Due to the lack
of experiinental measurements for conditions appropriate to this report, the
calculaticns described in Section V use the theorrtical value for the total
absorption by water vapor due to both nearby anc distant lines, based on
Eq. (2) and the data compiled by McClatchey, et al.(8) For water vapor
the situation is further complicated by the fact that both H>O and HDO are
absorbers, with HDO such a strong absorber that it is significant even in
its natural isotopic abundance of 300 ppm of H»O. The calculated cross
sections for HpO and HDO obtained from the AFCRL data and the experi-

mental results of Ref. 6 are in sharp disagreement for individual laser liaes.

Because the experimental absorption cross sections were obtained by sub-
tracting the very large absorption due to D20 from the measured absorption,
we have rather arbitrarily assumed the error to be in the experiment and
have chosen to use the values calculated from the AFCRL data which for
HpO are in agreement with data of Bates.(l1) It turns out that when the
laser power is evenly distributed over all the laser lines with equal powers,
either set of cross-section values gives about the same temperature rise,
This is because the surn over all lines of the absorption cross sections for
HDO + H,O happens to he about the same for both the AFCRI. and Ref. 6
cases, It should be noted, however, that for individual laser lines the
values are very different and that any calculations of the temperature rise
due to ITp0 + HDO which use less than all of the eight laser lines of Table I
or employ different power levels on the lines may be sensitive to which set
of cross-section values is chosen.

The final contribution to atmospheric absorption of DF laser radia-
tion comes from the collision-induced vibrational band of N2. Since it is
centered around the N, fundamental frequency at 2331 ¢m-1, this band is
important only for the longest wavelength DF lines. The effective absorp-
tion cross section for this band in pure N scales with the density. (10, 15)
The temperature dependence has not been accurately determined beyond
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about 3,9 m, but apparently is small. (10) Because of the similar behav-
ior of N2 and O on the collision-induced vibrational band of O3, (12) the
eifect of Oy on the collision-induced band of N, is assumed to be the same
as that of Ny itself. Thus, the effective cross section is given by the ex-
pression

6 = P, TN, (4)

where piot is the total (essentially N2 + O2) density and 0 is a function
only of the wavelength A.

The absorption cross sections of the various absorbers are sum-
marized inoTable II for a total pressure of one atmosphere and a tempera-
ture of 300 K.

C. SELECTION OF CO LASER LINES

In contrast to DF chemical lasers, the CO molecules in electric CO
lasers are first excited to relatively low vibrational levels by the discharge.
They are then pumped to rather high vibrational levels by intermolecular
V-V transfer processes. Due to anharmonic effects the vibrational distribu-
tion function is generally strongly distorted from a Boltzmann distribution
in a manner which favors the higher vibrational levels. As a result, the

highest gain is usually observed in relatively high (evels (typically 7 < v < 15).

Recently, lasing has been observed on the lower levels (down to the 1-0
transition) in high gain - low loss systems,

As we shall see, the higher vibrational levels, which emit at longer
wavelengths, are more strongly absorbed by the H20 (v2) 6. 3-um band.
In addition, the kinetics of the lower levels take place more rapidly, offer-
ing the possibility of greater specific power., For these reasons it may be
desirable to suppress lasing on the high vibrational levels (with a grating or
passive HpO absorber, for example) and force lasing on the low vibrational
levels,

To assess the relative advantages of low and high vibrational levels
it is necessary to consider a wide range of transitions, The positions of
the CO laser lines used in calculating the results presented here are given
in Table III, The wavenumber positions for CO, listed in this table, were
calculated from spectroscopic constants given by Mantz. (13, 14) These
should be good to + 0.01 cm-!, The wavenumbers agree well with those
used by Long(l 5) znd McClatchey, (16)

D. SELECTION OF CO ATMOSPHERIC ABSORBERS AND ABSORPTION
COEFFICIENTS

Survey calculations have been made of absorption of CO laser lines
by H20O, CO2, O3, N20 and CH4. Compared with HyO, the absorption by
O3 N20O and CHgyg is negligible., The absorption of the 6P(9) CO line at
1977.28 cm-! by CO7 is also negligible, For the 2P(9) CO line at

-6~
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TABLE III

POSITIONS OF CO LASER LINES

v

Laser Line (cm-1)
zP(8) 2085, 343
2P(9) 2081. 285
2P(15) 2056, 047
3P(10) 2051, 075
3P(15) 2030, 158
3P(16) 2025, 875
4P(8) 2033, 143
4P(9) 2029, 128
4P(15) 2004, 337
5P(9) 2003, 167
6P(9) 1977, 277
6P(10) 1973, 299

Y
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¥ 2081.26 cm-1, the CO, absorption is down from that due to H,O by a factor ‘!E
;= of 6. The sub-Lorentz CO; line contour of Winters, et al., (9) was used. 1

4 In the remainder of this work we concern outselves only with absorption by -
H,O.

Extensive calculations of absorption of CO laser radiation by atmo-
N spheric HpO have been made by McClatchey. (16,17) However, this work i3
i has two limitations. First, the lLorentz contour, Eq. (2) was used for the }
% H7O spectral absorption coefficient. The experiments of Long, et al., (15)
] show that the absorption of CO laser lines in the wings of H>O lines is typi- ,
A cally 40-percent greater than given by Eq. (2). To fit their data they as- /
; sume that the absorption coefficient toliows the lorentz contour for e
|v - vol = v, but that outside this range it is given by

s (v_)% A !
£ oy = — 2 2 m |v B vo| " Vm® (5)
Ly T v_ ) + Av Iv - v |
.: m (o]
Equations (2) and (4) agree at |v - vol = vm- The best fit was obtained

using vpy = 3Avand m =1.77.

McClatchey(17) and Lon%(IS) consider absorption by H>O lines whose
centers lie within 20 or 25 cm-!, respectively, of the CO laser line. This
amounts to a cutoff; o(v) = 0, v > vmax or v < vphin. However, we find by
allowing vmin = vo - 350 cm-1, that in some cases half the absorption is
due to lines 150 cm-1 distant. The true contour in the far wings of HyO
lines cannot be determined from the available data. Unfortunately, HpO

3 does not form sharp band heads as does COjp, whose far wing line profile
may be determined more reliably. We consider the extrapolation of Eq. (5)
to be less arbitrary than cutting it off. Using the extended line profile we
find that Long's data may be fitted using vi; = 3Avand m ~ 1.88, Values
of m for various individual lines ranged from 1, 85 to 1.91.

In mixtures of water vapor and air, the H;O half-width is given by

Av = a_p[1 +(B-1) y], (6)

where a, is the half-width per atmosphere of air, p; is the total pressure
in atmospheres, y is the mole fraction of H2O in the mixture and B is the
self-broadening coefficient. Long, et al., (15) find B = 8 to 27. We use the

% value B =5 from Ref. 18. The difference is insignificant because y < 0. 01
in cases of interest,

e v

Our results are presented in Table IV, Equation (4) was used with
vm = 3Avand m = 1,88, The cutoffs were vijn = vo - 350 cm-1 and
vmax = Vo + 50 cm~l, Absorption at larger wavenumbers, farther away
from the center of the 6.3-ym HpO band is negligible. The absorption co-
efficients are larger than those scaled from McClatchey's calculations(16)
for pyg,0 = 3.3 Torr (mid-latitude winter case), due to the use of the

T T S
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TABLE IV

ABSORPTION CROSS SECTIONS FOR
CO LASER RADIATION BY HZO IN AIR

(Pressure = 1 atm; Temperature = 3000K)

Laser o o

Transition (cmz) (crn2

)
Present Ref. 19

10'24 .5x 10"

10'24 .2x 10

10-24

24

24

10-24

10-24

10-23

10-24

10-24

10'23

10-23

10-Z3

10-23




ar
"

"super-Lorentz'' profile and its extension farther into the wings of the H20
lines. There are no Ohio State(15) experimental or theoretical results for
many of these lines. Their work has generally been on lines at smaller
wavenumbers (higher CO vibrational levels) located nearer the center of the
6.3-pm band of 1120, for which the attenuation ccelficients are typically

larger.

Table IV shows the cross sections we have used for water vapor
based on the above discussion. They are in good agreement with the results

of Harris and Glowacki, (19)
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- [II. KINETICS OF ABSORPTION OF DF AND CO LASER RADIATION

The absorption of DF laser radiation is complicated by the number I
of atmospteric species which absorb this radiation and by the fact that the ]
upper level of the absorbing transition is ‘requently a high-lying vibra- }
- tional level, as in N2O and CHg. Thus, to describe the absorption kinetics
i it is necessary to include a large number of levels. A complete diagram
1 of all the important vibrationzl levels of the atmospheric species important /
for DF ard CO absorption kinztics is shown in Fig. 1. Itis important to )
keep in mind that each vibrational level shown actually consists of a mani- f
fold of vibration-rotation states. 1

]

A. ROTATIONAL RELAXATION

Because of the large number of levels, it is necessary to make ap-
E proximations in which groups of levels are lumped together and treated as
a single level. To begin with, it will be assumed that all the rotational
levels belonging to a given vibrational level remair in equilibrium with one
1 another at the translational temperature T. This assumption will be valid
‘i if the rotational relaxation time 7R is short compared with the time for a
radiatively induced transition, that is, if

@vov TR « 1, (7)

where @, is the flux of laser photons, and o, is the absorption cross sec-
_ tion. Both the rotational relaxation time and the absorption cross section
3! depend upon the pressure through the molecular collision frequeucy v..
Thus, the adequacy of assumption (7) will depend on the pressure. For a
purely Lorentz broadened line, the cross section at the frequency v is
given by Eq. (2). The line half-width Av is proportional to the pressure

and may be represented by the relation
Av = ap,
where p is the pressure.

The rotational relaxation time is more difficult to quantify precisely.
Since rotational relaxation involves a great many levels, it is inevitably a
complex process. For example, an extremely short laser pulse (shorter
than the time between molecular collisions) will affect only molecules in
specific quantum states. The population of the perturbed states will then
relax by reorientation of the remaining molecules having the same total
angular momentum and by tiansitions from nearby rotatioial energy levels,
The appropriate relaxation time for this case corresponds to the gain relaxa-
tion time measured following a Q-switched laser pulse. ) Longer laser
pulses will perturb the populations of all the rotational levels around the

-13-

~ PRECEDING PAGE BUANK.NOT FILMED




ENERGY (cm™')

Vibrational Energy Level Diagram for DF and CO Laser
Atmospheric Absorption Kinetics




'3

-

Sy, B

B

R Y

fd

e 1

5 camm

o

level from which the transition originates; in this case the time for the sys-
tem to relax to equilibrium will be considerably longer. Moreover, experi-
mental evidence indicates that the thermally averaged relaxation time '
(measured acoustically) may correspond to as small as a few collisions or ]
as large as 30 collisions or more Sfor rotationally light molecules, such as ’
HCI, at elevated temperatures). (21) Moreover, it has been found both o
theoretically and experimental.y that for molecules in high rotational levels ;
the rotational relaxation time increases exponentially with rotational energy.(zz) ‘*

e
R .

S

[y

To examine Lae importance of rotational relaxation it is convenient to ¢
express the relaxation time in the form

PTR = B, (8)

where B is independent of pressure. Equation (7) may then be expressed 5

- g 4B S

q)v VTR v 2 2
T (v-vo) + (ap)

« 1. (9)

When the laser lies in the wing of the absorber (|v - vo| /ap > 1) we obtain
the inequality

(v - vo)2

¢V < -_alr (10)

The right-hand side is a function only of the laser frequency and the absorb-
ing level and is independent of the pressure, The limiting fluxes for the
most important DF laser lines, calculated using this expression, are sum-
marized in Table V. At sufficiently high pressures (ap/ |v - vo | > 1) the
laser line will lie within the Lorentz width of the absorber. The limiting
flux @, will then increase as pz. At sufficiently low pressures, of course,
the line will become Doppler broadened and the cross section o, will be in-
dependent of pressure. The limiting flux &, at which rotational relaxation 3
becomes important will then be proportional to the pressure; at a sufficiently |
low pressure rotational relaxation will always become important. However,
as shown in Table V, this occurs only at very low pressures (< 0.01 atrn), |

When rotational relaxation becomes important the atmosphere wiil
begin to ""bleach", that is, molecules will be removed from the absorbing
level and deposited in the upper level faster than they can be relaxed by
collisions and the atmosphere will become transparent. Thus, by ignoring l
rotational relaxation we place an upper bound on the extent of absorption, |
The results shown in Table V indicate that rotational bleaching should not ]
be important for DF laser intensity levels below 1010 W /em?2, Although a
few isolated lines may be bleached at this power level, their contribution
to the total absorption on the vibrational bands to which they belong will not
be significant. Because of the high rotational bleaching fluxes calculated
for DF absorption and limitations of time, similar calculations were not

15- i
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TABLE V
3 DF LASER INTENSITY AT WHICH ROTATIONAL
R RELAXATION BECOMES IMFORTANT
; Relaxation Laser Pressure
DF Laser Absorbing Time Intensity Range
Transition Species (collisions) (W/cmz) (atm)
3 2P(8) CH, 10 8 x 10 0.01<p<0,2
: 2P(10) NZO 2 4 x 109 0<pc<l
10
2P(11) NZO 2 1x10 0<p<3
3P(8) N,O 2 1x10° 0.02 <p <0.04
NOTES:

At lower pressures the absorbing lines become Doppler broadened, and the

intensity at which rotational relaxation becomes important decreases lin-
early with the pressure.

At higher pressures the laser line falls within the
Lorentz width of the absorbing line and the intensity at which rotational re-

laxation becomes important increases as the square of the pressure.

Laser transitions and absorbing species not indicated in the above table

show no rotational relaxation effects at laser intensities below 1010 W/cmz.

-16-
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performed for CO absorption. It should be emphasized, however, that the
DF results cannot be simply extrapolated to all IR lasers. Al the impor -
tant absorbers for DF radiation have rather small absorption cross sections
because either the absorbing bands correspond to vibrational overtones (as
in the case of NpO and CHy), or the laser line lies in the far wings of the
absorbing line (as in COj), or the rotational structure of the band reduces
the contribution of individual lines (as in HDO and H20). For laser lines

overlapped by strong absorbing lines, rotational relaxation may become
important,

B. VIBRATIONAL RELAXATION

Even if rotational equilibrium is assumed, there remain a great
many vibrational levels of importance for the absorption kinetics, as indi-
cated in Fig, 1. Although it is not difficult to handle this number of levels
on the computer, it is appropriate to make some further simplifications
since there do not exist enough kinetic rate data to enable one to describe
the system in complete detail. The kinetics of the important atmospheric
absorbers are discussed in th2 following sections.,

1. Kinetics of Absorption of DF Laser Radiation by N,

DF laser radiation is absorbed b7 N2 on the collision-induced vibra-
tional continuum band centered around 4, 3 prre

N2(v=0)+hv+M—>N2(v=])+M+AE. (11)

The excess energy AE = hv - E; ~ 250 cm-1 appears immediately as
translational and rotational heating of the N> and M molecules.

The relaxation of Na(v = 1) by the dominant atmospheric species (N,
Oz, HO) has been extensively studied as a result of interest in the CO;p -
N2 laser,(23) T-V deactivation of Na(v = 1) by Ny and Oy and V-V transfer
to O2 are extremely slow. The most important relaxation path is provided
by H20. It has not been established directly whether the quenching of Np
by H7O proceeds by a T-V (or vibration-to-rotation) process, or by V-V
transfer to the v2 mode of H>O,

Nz(v =1) + HZO(OOO) - Nz(v =0) + HZO(OIO) + 735 cm~1. (12)

However, the subsequent relaxation of HZO(OIO) is so fast that for practical
purposes it does not matter.

These processes are summarized in Fig, 2. The time scales for
the 