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ABSTRACT

This report summarizes the work performed during the second year of an

- exper:Lmental and theoretical research program coneerning the self-induced

thermal distortion effects on cw COQ laser radieition propagating in absorbing

media. The research program is directed toward improving the understanding

of the possible limitations imposed by the atmosphere on the propagation of

high power laser radiation. The work presented is concerned with ess'rntially

the following three different areas: (1) wind simulation experiments using

a high pressure gas cell; (2) studies of the kiaetic cooling of a gas by

absorbing- of c02 laser radiation; and (3) studies of turbulence effects on t'ie

self-induced thermal distortion of laser beams.

preceding page Mlank
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SECTION I

INTRODUCTION

The United Aircraft Research Laboratories have been conducting an experiental

and theoretical research investigation of wie self-induced thermal distortion effects

on cw CO laser radiation propagating in absorbing media. For the past two years
2

this research has been under the joint sponsorship of the U.S. Army Electronics

Command and a parallel Corporate sponsored program. The research is directed to-

ward improving the understanding of the possible limitations associated with the

propagation of high power CO2 laser radiation in the atmosphere. During the first

year of this program considerable progress was made in obtaining an understanding

of the self-induced thermal distortion effects on laser beam propagation in an

absorbing medium in the presence of a uniform transverse wind.(Ref. 1) Experi-

mentaland theoretical results were obtained showing the thermal distortion to be

deteimined by the nondimensonal distortion parameter N and the Fresnel number,

which are defined in terms of the pathlength, the source wavelength and beam size,

and the properties of the propagation medium. Using liquid CS2 as the absorbing

medium experiments simulating a wide range of atmospheric conditions with wind were

carried out for values of the distortion parameter N up to -100, which represents

the strong nonlinear interaction regime where extremely sexere thermal distortion

and intensity reduction effects occur. These results clearly show the seriousness

of the convective thermal lens effects and through the use of the paramete. N the

results also provide a means for obtaining quantitative estimates for the atmospheric

limitations that may be encountered in a variety of high power cw laser applications.

This report describes the work carried out during the second year of the

) program, which covers the period from 30 April 1971 through 29 April 1972. During

this period the studies ,of thermally self-induced propagation phenomena have pro-

gressed in essentially the three different areas of (1) high pressure gas cell wind
*simulation experiments; (2) experimental and theoretical studies of the kinetic

cooling of & gas by absorption of CO2 laser radiation; and (3)'experimental and

theoretLal tudies of the effects of turbulence on the self-induced thermal dis-

7tortion o'f &-.sor radia.tion, Section 1I describes the high pressure gas cell

experiments .n which results obtained for th thermal lens effects of wind under

large h cQnditions are examined as functions of the focal range and the total path

attenuation. In addition to providing data for estimating the atmospheric limita-

tions on high power propagation for a wide range of thermal distortion conditions,

the experimental results in this section art, also important for providing a means of

checking the existing nonlinear propagation codes (Re. 2-6), in the large distortion

regime where errors and instabilities are likely to become important. The results

of the focusing studies indicate that the optimum transmitter focus can be modified

by the thermal distortion; and, in particular, it i. found that it is possible for

a higher target intensity to be achieved wi~h a collimated beam than with a focused

beam because of the thermal leius effects. This suggests the technique of varying

JI
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the transmitter focal range a , , .imple first step toward minimizing the thermal

distortion effects. In Appendix C a related experiment ij: described in which the
effects of astigmatism on the sooce beam phase distribution are examined as a

possible mnans for reducing the thermal distortion by a wind.

The first experimental observation of the kinetic cooling of a gas has been

achieved under the present contract using an electrically pulsed atmospheric pressure

002 laser. The details of this work have been published and are included here in

Appendix D. In Section III a - :ief theoretical treatment of the kzinetic cooling
effect is given for both the cases of pulsed and cw laser radiation. From these

considerations., expressions are derived for the magnitude and duration of the
transient density variations. Expressions are also derived for the steady-state

cooling effect that can arise with a cw beam in a transverse wind; and, results

obtained using them in the nonlinear propagation code are included.

Sectton IV describes the theoretical and experimental efforts to determine
the importance of atmospheric turbulence effects for the propagation of high

power ,w CO2 laser radiation. A theoretical model is described in which the

effects of velocity or mechanical turbulence are assumed to be dominant (in
comparison with temperature turbulence) an- are characterized by an eddy-diffusion

coefficient. Laboratory experiments with trtifically generated velocity turbu-

lence in a 2 m long cell are also described. The results, which were obtained

for the conditions of strong turbulent diffusion in comparison with the mean
flow velocity, are in qualitative agreement with the theoretical model. The

velocity turbulence provides a symmetric mode of heat transfer which tends to

reduce the thermal distortion effects and replace the asymmetric bending and

spreading by the mean wind velocity with a symmetric blooming. The importance
of the turbulence effects, however, is proportional to the gustiness, i.e., the

ratio of the rms-to-the mean wind velocity,, which in the atmosphere is typically

10-30% or less. Thus, mechanical turbulence effects are expected to represent
at most only a small perturbation on the thermal distortion of laser beams in the

atmosphere.

Experimental results showing a comparison of the distortion with beam trans-

lation with that obtained in flowing gas in the 50 cm wind tunnel are included in
Appendix A. These results indicate that the poor agreement with theory of some

of the previous wind tunnel data (e.g., see Ref. 1, Fig. 27) may be due to the
thick boundary layers associated with the low wind velocities rather than the

effects of conduction or gas heating cited earlier. Thus, because of the possible

interference of boundary layer and turbulence effects it is clear that beam trans-
lation experiments are preferred over the use of snmall wind tunnels for simulating

atmospheric propagation in a laminar wind.



L92lo4-8

In Appendix B the -correction factors to account for focused beam propagation

and beam slewing in the thermal distortion parameter N are derived. The previously

derived correction factor for the focused beam N(see Ref. 1, Eq. (17)), has been

found to be accurate only in the limit of small amounts of focusing. In the limit

of very large amounts of focusing (i.e., hen the ratio of the initial beam size
to the undistorted beam size at the target is large) the correct value of N is in-

creased by approximately a factor of two from the value obtained using only the

initial-to-target beam size ratio (Ref. I, Eq. (17)) to account for the i±cusing.

4
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SECTION II

Large N Wind Simulation Experiments

2.1 Introduction

In this section, experiments using a high pressure gas cell are described.

Results are obtained for the thermal lens effects of a laminar wind under condi-

tions -where the distortion 'parameter N becomes large. In these experiments the

thermal distortion is examined as a function of the focal range of the source and

the total path attenuation. The advantage of using a high pressure gas for

obtaining a large distortion effect with a wind has been discussed previously

(Ref. 1); and, is based on the reduction of effects due to thermal conduction

that can irterferewith the experiments at.the low wind velocities which are used.

In addition, difficulties with previous gas experiments using recirculating wind
tunnels have recently been shown to be caused by the boundary layer effects as

is discussed in Appendix A. The main objectives of the large N thermal distortion

experiments with the high pressure gas cell were to examine the influence of vary-
ing at and also to study more carefully the effects of focusing. Although

large N thermal distortion results have been obtained using liquid CS2 , it has

not been possible to obtain results for values of at less than - 2 due to the

large attenuation of CS2 at 10.6 p.

2.2 High Pressure Gas Cell Thermal Distortion Exper,ents

The experimental arrangement used to carry out the thermal distortion

experiments is shown in Fig. 1. The experiments consisted essentially of propaga-
ting a C02 laser beam through a moving cell of gas oriented vertically (to minimize

natural convection effects) which simulattz 'the effects of a transverse wind, and

then monitoring the resulting thermally distorted intensity patterns as a function

of the laser beam power., The laser used in the experiments produced approximately

20 watts in the TEM mode amd was stabilized to reduce amplitude fluctuation in

the output power. N the first series of experiments to be described, the dis-

tortion effects obtained with collimated and focused beams are compared. For the

focused beam case, a curved mirror (M1 ) of radius 2,15 m was used. The collimated

beam was obtained with a mirror curvature for (M1 ) of 6.78 m radius. The high-

pressure gas cell consisted of a 5 cm diameter by 103 cm long tube with 5mm thick
AR coated Ge windows at both ends. For all the experiments, except those examing t e

at dependence n Section 2.4, pure CO2 at a pressure of 150 psi[ was used in the

cell. The CO ibsorption cqeffjcient was found to increase from l.8 x lO'3cm'lat

atm pressure to A.l x 10 cmi at 150 psig or , 11 atm pressure. The increase in

the absorption coefficient is due to the effect of rotational line overlap (Ref.7)

and the measured increase by a factcr of - 2.3 for 11 atm is in reasonable agree-

ment with the value 9f 2.6 that has been reported by Christiansen,et.al., (Ref. 7).
The transmission of the cell windows was measured to be , 84 percent with N2 at-5

psig in the cell. The absorption coefficient of the CO2 was observed to increase
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somewhat with the laser beam power due to its temperature dependence and the

influence of gas heating. For example, with the cell stationary the C02 trans-

mission was reduced by - 7 percent with a laser beam power of 15 W. With the

amount of cell motion involved in all of the experiments and for the power levels
used, however, the variation of the C02 transmission with power could not be observed

within the accuracy of the power measurements and thus, is considered to be

negligible.

The types of data obtained in the experiments include photographs of the

distorted laser beam patterns obtained using Kalvar film and intensity profiles

measured by moving a detector equipped with a 35 micron diameter pin-hole across

the beam plong with the moving gas cell. The pertinent parameters for the

various experiments including the undistorted laser beam radii at the cell input

an output planes together with the cell velocity, absorption coefficient, path

length, etc., are shown in Table I with the experiments identified by the

appropriate dates and focusing conditioi.s.

In Figs. 2,3, and 4 are showin the data obtained with the collimated beam.

Fig. 2 conta-ins the undistorted intensity patterns and profiles along the wind

direction, i.e., the direction of cell motion. This data is shown to indicate
the deviation from the ideal symmetric gaussian beam shape which is assumed in

the theory. The distorted intensity patterns for the collimated beam are shown

in Fig. 3 for various values of the ,distortion parameter N, where

(-dn/dT) 3  11 zj(
T n p cp v a (l

Here, n, dn/dT, P, c , v and a are, respectively, the refractive index, index

change with respect %o temperature, density, specific heat at constant pressure,
velocity and absorption coefficient of the medium; zis the absorbing path length,

a and a are, respectively, the undistorted laser beam radii at the input (source)
and output (target) planes, and P is the power. The distortion parameter N is

used as measure for the strength of the thermal lens effects with wind and was

derived originally for a collimated gaussian beam. As shown in Appendix B the

effect of focusing is accounted for in N by the ratio ai/ao and the numerical
correction factor q (see Fig. B-l), which varies from I to 2 as ai/ao varies from

I (collimated beam case) to -. Although this form of the focusing correction to

N applies strictly only for az < < 1, it is also used for finite az in Eq. (1)

in the interests of keeping the expression as simple as possible. The values for

'he distortion parameter N in the present experiments are calculated using the

measured quantities P, aj) ao0, v, t, and z indicated in Table I. together with

the known properties of C02 which for convenience are tabulated in Table II.

Here t i- the cell length and to account for the small air path (for which i - 0)

between Lne end of the cell and the detector plane we distinguish between the total

path z and t and use at instead of az in the term inside the curly brackets in Eq.(1).

The collimated osam crescent patterns for N=1.35, 2.7 and 5.4 in Fig. 3 compare

favorably with computer results obtained by Wallace (see Ref. 5, Fig. 4) for the

cases z = , 1.5 zo nd 2 Zo , which correspond to N - 1, 2.25 and 4, since

N - (z/z 2 (Ref. 1, p. b'
0
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Quantitative data is obtained for the thermal distortion in terms of the
magnitude and deflection Of the peak intensity as found from the measured intensity
profiles shown in Fig. 4. The intensity profiles in Fig. 4 are grouped together
for the two eifferent velocities of v = 1 and 0.5 cm/s to show that the inverse
velocity dependence of N in Eq. '(1) correc.tly accounts f.r the observed thermal
distortion.

In Figs. 5-3, data obtained for the focused beam case are shown. The
undistorted beamo vatterns and Profiles given in Fig. 5 indicate tdat the beam
deviates someaat from an ideal gaussian. Comparison of the distorted intensity
patterns shown -LA Fig. 6 for the focused beam with the collimated beam data in
Fig. 3 shows a distinct difference in the nature of the distortion resulting
from the convective thermal lens effect. In particular, the small islands which
form in the distorted patterns for the focused beam at the larger values of N are
absent in the distorted collimated beam patterns which retain their crescent
shape and do not exhibit the tendency to break up. This aspect of the distortion
has also been found in numerical calculations of focused beam propagation as is
shown in Appendix E. In Figs. 7 and 8, the proper scaling of tbe thermal distor-
tion for the two different velocities of v = 1 and 0.5 cm/s is again clearly
shown by the measured intensity profiles

In Fig. 9 a series of distorted patterns and intensity profiles are shown
which indicate progressively the influence of natural convection effects as the
laser beam power increases from P = 7.2 W to 14.4 W for the wind velocity of
0.5 cm/s. The effects of natural convection are indicated by the filling in of
the crescent pattern. An estimate of the natural convection velocity for a
stationary cell oriented vertically can be obtained from the expression (Ref. 8)

[ g at p1 (2)
Vnc c2)h Cp p To ,

where g is the acceleration of gravity, t is the cell length, p is the viscosity co.
efficient and To is the~ambient temperature. For the conditions appropraite to Fig. 9,
we obtain v 4 l.2xlO PI, where P is in watts. Defining the characteristic natural
convection Hme Tnc =t/v,, and the time Tw= 2 at/v associated with the cell volocity
simulating a transverse wind, one expects the ratio Tnc/Tw to be near unity when
natura-i 2onvection effects are important. Indeed, for the power levels of
,7 - 14 W in Fig. 9, v = 0.5 cm/s and at = 0.25 cm, the ratio Tnc/Tw varies from
-3 to 2. Evidently, the onset of natural convection is associated with a critical
value for Tnc/Tw of about 2.5 since natural convecticn effects appear to be
unimportant in the P = 7.2 W case while they become dominant for P = 14.4 W in
Fig. 9.

In Figs. 10 and 11, respectively, the normalized peak intensity and beam

deflection dependence on N are shown for both the focused and collimated beam

K
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cases, The normalized peak intensity R is the ratio of the distorted peak
- - 'i4tensity to that intensity which would e obtained in the absence of thermal
distortion. The data shown in Fig. 10 for the focused beam differ considerably
:,o that for the collimated beam foi the values of 11 larer than three. For

!-the focused beam, I,-T decreases with 1N at a rate which is greater than 1/1.T, for

values of 17 reaterzthan N - 3. The rapid decrease of IREL with 11 does not
occur for V e llir ated beam until i becomes greater than 10. The difference
bet-ween the coll at ,d and focused bea. deflection dependence on N is less
Dronounced as shotn in Fig. ll. However, similar to the normalized peak intensity,
the -bean deflection for a collimated beam does not increase a rapidly with 1 as
it does in the focused beam case.

A different way of presenting data for the effect of the thermal distortion
on the laser bean intensity is shown in Fig. 12. -Here, the dependence of the
peak intensity on the laser beam power is given. At very small power levels, the
peak intensity increases nearly linearly with power as expected for propagation
in a linear medium. However, since the nonlinear thermal lens strength measured
in terms of N also increases with power, a maximum in peak intensity is eventually
reached. Any further increase in the laser beam power Lends to reduce the peak
intensity because of the severe spreading effects produced by the convective
thermal lens. It is interesting to note from Fig. 12 that the maximum target

* intensity is achieved with the collimated beam rather than the focused beam, but

at a considerably higher value of laser beam power. Also, it should be notedthat doubling the velocity from 0.5 to 1 cm/s simply doubles the power level at

which the maximum peak intensity occurs. This is reasonable since the maximum of
the peak intensity versus power curve should always occur at the same value of
N = 1 p for a given laser beam.

2.3 Liquid CS2 Cell Thermal Distortion Experiment

For convenience in comparing the high-pressure gas experiments with the
liquid CS2 experiments and also because the latter data (Ref. 1) has been replotted
to properly account for the effects of focusing in N as shown in Appendix B, the
CS2 data for the peak intensity and beam deflection dependence on N and the peak
intensity versus power are shown in Figs. 13, 14, and 15, respectively.
Comparison of these results with Figs. 10 - 12 shows thaz the thermal distortion
results follow essentially, the same trends in both the liquid and nigh-pressure

gas cases. It is also found from Fig. 15 that a higher peak intensity can beF achieved at a target with a collimated beam than for a focused beam as in the
high-pressure gas experiments. As in Fig. 12, the labell p indicates the value
of 1. for which the peak zarget intensity reaches a maximum with increasing power.
Later, it pill be shown that N corresponds to the points on the IREL clirves in
Figs. 10 and 13 whre the slope equals minus one.

7
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2.4 Dependence of Thermal Distortion on-cet

With the high-pressure gas cell, it is possible to vary the total attenuation

or, equivalently at, by varying the concentration of the absorbing gas in the cell.

To examine the dependence of the thermal distortion on at a series of focused

beam experiments with tlicee different absorbing conditions were performed. The

focused beam was obtained using the Ge lens telescope as shown in Fig. 1. The

objective in these experiments was to determiae if an additional dependence on

tyt existed beyond that implicit in the expression for the distortion parameter N

Oiven in Eq. (1). The results of the experiments are shown in Figs. 16-18. The

different amounts of total cell attenuation were obtained by using a mixture of
CO2 and nitrogen to give at = 0.1 ; pure CO,, for which at = 0.44; and a mixture of
nitrogen plus a small amount of propyieae ( 3 H6) was used to provide at = 2.3.

In all cases, the total pressure in the cell was 150 psig. From Figs. 17 and 18

showing the dependence of the normalized peak intensity and beam deflection on V,
it is clear that there is a dependence on at vhich becomes more pronouaced with
increasing values of N4 Generally speaking, for the smallest value of ot, the

thermal distortion effects are more proaounced than for the larger value of at

at the same value of N. This is borne-out in Fig. 16 where the distorted intensity
profiles for comparable values of N can be compared for the three values of at.

here it is seen that for et = 0.13 the thermal distortion is more severe than it
is for at = 0.44 and 2.3 at the same value of N. it is interesting to note the

axial peaks in the intensity profiles for N = 12 and 16 with at = 0.13, which
are larger than the peaks associated with the deflected portion of the beam.

Although ther, appears to be a tendency for axial peaks to be formed in the
intensity profiles fcr the larger values of at they are not as well developed.
A possible explanation for the at dependence evident in Figs. 16-18 is that the

values of U given by 3q. (1) do not properly account for the effects of focusing
whena z is large (see Appendix B). This makes sense physically since it is

clear that focusing will have little effect on the thermal distortion in the
limiz o-P large az because the intensity is reduced by attenuation at the focal
range where one expects the focusing to have the greatest effect on the distortion.

2.5 Focusing Effects on Thermal Distortion

To examine tho effects of focusing on the thermal distortion by a wind the

Ge lens telescope wao adjusted to focus the beam at approximately 0.75 z, z,
1.25 z and at some ranage between 1.25 z and c, the latter being the collimated
bteam case, where z is the range to the target, or detector plane. The differences
between the tterma listortion obtained with these focusing conditions are shown
qualitatively in Fir-. 19. The intensity profiles mea,,red as a function of laser

beam w ,er for the various focusing conditions are shown in Firs. 20 and 21.
Values of 11, wo re not computed for the focusing experiments sincr the concept of

.! in of quesitionable wv lue- for beams vhich dIo not follow the usival collimated

0," focilsed behavior. For this case, a much better comparison is obtained in
t-rnsi of te peak intonsity dependence on the laser beam pow.cr shown in Fig. 22.

Baed or tee data -!,own in 1gi. 22, the niaximxii target intensity is achieved with

8
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the beam focused at the target or when F/z = 1. With the beam focused in front
of the detector (F/z = 0.74) or with the beam focused beyond the detector

(F/z = 1.26) the maximum intensities are less than for the focused case. If the

beam is defocused even further, i.e., F/z > 1.26, the maximum peak intensity

appears to be slightly higher; and presumably for the collimated beam case, the

maximum peak intensity will be greater than for the focused beam case as found

earlier in Figs. 12 and 15. From Fig. 22, it is clear that the thermal distortion

by a wind changes the optimum focal range for the ixiser transmitter. For

example, under conditions in Fig. 22 where the 'laser beam power is 4 watts, a
greater target intensity can be adhieved by foclusing 25 beyohd the tairget than

by focusing at the target range, This suggests tr't a variable transmitter focus

can be used as a simple means of reducing the thermal distortion effects since

under extremely large distortion conditions (i.e., large power levels) Fig. 22

indicates an improvement in target intensity can be achieved by defocusing the

beam. This concept is related to experiments discussed in Appendix C, in which

the effects of astigmatism are examined as a possible means for reducing the

thermal distortion effects of wind.

2.6 Summary of Wind Simulation Experiments

The simulation of the tnermal distortion effects of a laminar wind with the

liquid CS2 and high pressure gas cell experiments provides results which can be

used to check nonlinear propagation codes and to develope models for predicting

the limitations imposed by thermal blooming on various high power applications.

The key to the use of the laboratory simulation results lies in th' use of the

dimensionless parameters N, k a2 /z and az, which refer, respectively, to the

thermal diitortion (i.e., the strength of the nonlinear interaction); the Fresnel

number based on the range z and the source beam radius a . , and wave number k -

2rr/4 where x is the wavelength; and the fractional attenuation factor yz. By

--valuating these parameters for the situation of interest one can then refer to

- I the normalized peak intens.Lty and beam deflection results in Figs. 10,11,13,14 or

17,18 depending on which are most appropriate in terms of the degree of focusingj and the total path attenuation.

The situation can best be s.marized as follows. The distortion parameter

N must be evaluated using Eq. (1) with the appropriate values for the properties

of the medium and the beam radius ai of the source, which, strictly speaking, is

assumed to be gaussian, and the beam radius ao at the target range z. The degree
of .ocusing is, of course, given by ai/ao which for a diffraction limited beam

focused at the range z is given to good approximation by the Fresnel number

k ai /z. The experimental rosults for focused beams indicate that IREL , which is

the peak intensity nonnalized by the undistorted value at the range z, drops off

9
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to 0.5 for valaes of N in the range of 3 to 6 and to 0.1 for U in the range of
9 to 18, depending on the magnitude of az. IREL decreases more rapidly with 11

when cz << 1 than when yz > 1 as shown in Fig. 17. When 0 < .1, the thermally
self-induced spreading, tending and distortion effects are probably too severe to
be tolerated for most applications and thus N should probably be less than - 10 - 20
for cases of practical interest. It is perhaps worthwhile mentioning that althoUgn
the degree of focusing has been limited in the experiments to only a relatively
small range the results mai, still provide a reas.onable esti.ate for .ore strongly
focused beams in view of tne uncertainties associated with ti effects due to
turbulence and deviations in the source beam profilc from he ideal symmetric

gaussian.

For the case of a collimated or diverging bean the size of the Fresnel number
is important since it determines if diffraction effects are strong enough to offsct
the self-focusing tendency of the convective thermal lens in the plane parallel
with the wind. For mos*t; situations of practical interest the Fresnel number is
expected to be < 1C, however,- and thus the self-induced intensification effect will

not be important (Ref. 9). The experimental results do indicate, however, that
IREL decreases mich less rapidly with N for a collimated beam than for a focused
beam, which, no doubt, is related to the greater spreading and the formation of
the central lobe in the distortion of the focused oeam. it is important to note
(see Figs. 12, 15 and 22) that for conditions where N is sufficiently large, it
is possible for the target intensity to be greater with the beam collimated (or
perhaps only defocused to a somewhat greater range) than when it is focused at
the target. This can occur since not only is the collimated beam N smaller by
the factor ao/q ai than the value for the focused beam but also IREL decreases
less repidly with N for the collimated beam as pointed out above.

The plots of IRE 5 v-.Asus N (see Figs. 10, 13 and 17) have an interesting and
useful interpretation if one considers the situation where only the laser power is
variabl- and the range, wind velocity, absorption coefficient and source beam size
and focus remains fixed. In this case, the ordinate on the 'EEL versus N plots
may be associated with the power since N is proportional to the laser power and
the remaining conditions are assumaed constant. The peak intensity at the target
rarge z is given by I (z) = Iu(Z) IREL(N) where Iu(z) is the undistorted peak
irtensity which is also proportional to the laser power. Clearly, the target peak
intensity Ip will increase vith power so long as IpEL does not deereate with N
(or, equivalently P) as 1/lI or faster. From the IRELversus N data shovn in
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figs. 10, 13 and 17 one can then see that I increases with the laser beara power
p1until the slope of the curve equals -1, or equivalently, IRL 1/P. Beyond this

point where T decreases more rapidly than 1/Ni the value of I actually decreases
with increasing power because of the influence of the nonlinear thermal distortion
effects. Thus, the value of N for which the log IRL versus log N plot has a slope
of -l corresponds to the point where the peak target intensity reaches a maximum
with power and is labeled Np in Figs. 12 and 15. The value of Np can be used to
determine the maximum power that can be used effectively for a given source beam
configuration and set of propagation conditions,. This power and the associated
value of IREL then determine the maximum peak target intensity obtainaLte utder
these conditions.

In Appendix E numerical results obtained by Bradley and Herrmann (Ref. 2)
for the thermal distortion of a focused beam are compared with a distorted laser
beam pattern measured in a liquid CS2 experiment. The distortion parameter N
is used to make t,,e comparison between the simulation experiment and the computer
calculation which is for high power propagation conditions in the atmosphere.
The good agreement of the results establishes the validity of the laboratory
simulation experiments and also provides evidence for the usefulness of N for
scaling the thermal lens effects of wind to account for a wide range of conditions.

11
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SECTION IT

KINEIC COOLING

3.1 Introduction

Tqe kinetic cooling of air by the absorption of C02 laser radiation was first
discussed by Gerry (Ref. 10) and has since been studied by Glass (Ref. 10) and
Wood, Catac and Gerry (Ref. 11). The cooling effect, which is transient in nature,
causes an increase in the gas density that tends to focus the laser beam and thus
the effect is generally regarded as being beneficial to Migh power propagation.
The kinetic cooling effect can be important for both pulsed and ew propagation.
In the cw case, however, a transverse wind or beam motion is required for the
kinetic cooling to produce a steady-state focusing effect. The first experimental
evidence for the kinetic cooling effect (Ref. 12) was obtained under the present
Army Contract and the details of the work are presented in Appendix D. The kineti,
cooling effects were observed on a transient basis in mixtures of CO and N using
an electrically pulsed atmospheric pressure C02 laser. Due to the effects of
saturation and the limited sensiti,7ity of the interferometer the cooling effects
could only be observed with C02 concentrationsgreater than 5 percent. As a result,
the characteristic cooling times observed were limited to several hundred micro-
seconds as compared with time3 on the order of 2-50 milliseconds predicted for
normal air with approximately 0.01 percent C02 (Ref. 11). Future experiments are
planned to observe the-kinetic cooling effect in normal atmospheric air using
either a nigher energy pulsed or a high power uw CO laser.-

In this section the theory for the kinetic cooling effect in air is briefly
summarized and expressions for the transient gas temperature changes resulting
from the cooling are derived for the cases of a short pulse and a cw C02 laser
source in stationary air. These expressions are needed to determine the optical
effects and the requirements for laboratory experiments investigating the kinetic
cooling process. The steady-state temperature expression for tho cooling effect
with a ew beam in a wind or with beam motion is also derived and the result is uso'd
to modify the nonlinear propagation code to account for kinetic cooling. Numeric,.l
results illustrating the kinetic cooling effect with wind are shown in Section 3.

3.2 Snmmary of Theory

The kinetic cooling effect is a result of the vibrational energy exchange
processes that are involved in the absorption of 10.6 p wavelength radiation by
the C02 in air. A detailed theoretical treatment of the absorption process has

led to a simple approximate model for the kinetic cooling in air (Ref, l1). Accord-
ing to this model, the laser >eam energy absorbed by COp is -toed in the combined
vibrational levels C02 (001) and 11 (v=l), for which the effD ctD, e collisional
rflaxation time is T. The relaxation time for the lower l2v l (C02 (l00) ) of tt'o
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- absorbing transition is essentially instantaneous in comparison with T. Thus,

equilibrium of the CO2 (100) level, which is depleted by absorption, is rapidly
restored by collisioral energy transfer from translation. In this way, the gas is
cooled until the stored vibrational energy heats the gas after the effective re-

laxation time T-.

An expression for the gas temperature at constant pressure is found from the
equation for energy conservation neglecting heat conduction (Ref. 13)

- + Vh) = t I(t) , (3)

where the enthalpy h = c T + Ev , I is the laser beam intensity ,and p, Cp , T, at

and v are respectively, he density, specific heat at constant pressure, temperature,
total absorption coefficient and velocity of the gas. E v is the change in the vibra-
tional energy of the combined C02 (001) and N2 (v=l) levels which results from the
absorption of 10.6 p radiation by the CO2 and is governed by the equation

j (Ev I , E 1
+v•VE = 2.44 a i(t -p - , (k)\t - c T

where ac is the CO2 contribution to the total absorption coeff iien,'* ct = Oc+ lh

and ah accounts for the absorption due to vater vapor. The energy absorbed by water
vapor does not appear in Eq. (4), since it is rapidly transferred to translation and
thus leads only to gas heating (Ref. 11). The factor 2.44 in Eq. (4) is the ratio
of the vibrational energy of the C02 (001) level to the 10.6 p photon energy hj,
hich accounts for the fact Vhat each absorbed 10.6 p photon with energy E00- E 0 ,
results in a vibrational quantum of energy E that is stored in the N2 ,. Using
the definition for b and Eq. (4) in Eq.. (3) RTes

6T + v vT at I t) 1 -2.4 ° c  E--t( - __ + - v (5)
tp c ~tJ cp -- '

p p T

which must be solved together with

at2r +  . h l" c I(t) - , (6)

P T

* Although this is true in air where the C02 concentration is typically -0.033 percent
the effect of the lower level relaxation time cannot be neglected when the C02 con-
centration is > 10 percent as in the experiments in Appendix D.

4-
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to obtain the temperature.

The transient temperature changes for pulsed and cw laser radiation are now
considered with the gas stationary (i.e., v = 0 in Eqs. (5) and (6) ). For the
pulsed case the pulse width T is assumed to be much shorter than the relaxation time
T. Thus, for I(t) = I T 6(t), where 6(t) is the unit impulse function and I T is0 p ' op
the energy density of the pulse, the change in gas temperature following the laser
pulse is given by

AT (t) = C1 J- 2.44 "2 et .

p cpt (7)

If 0 la > O.41 transient cooling of the gas will occur. The cooling effect is'Ct

greates , of course, if a, = c (i.e., a = 0) in which case the maximum temperaturec n
decrease, which occurs at t 0, is

IAT I (Pulsed) (8)

The time interval for which the gas is cooled is 0.89 T or less depending on whether
h/yc is equal to or greater than zero. It should be pointed out that the presence
of water vapor (i.e., ah 4 0) will not only reduce the magnitude of the cooling effect
but also decrease the relaxation time r.

For the case of a cw laser beam, we assume for the intensity I(t) = I u(t
where u t) is the unit step function, and from Eqs. (5) and (6) the temperature
change is

AT(t) t tc t 2.44 c  e (9)P c p C -e) 9

Assuning at = ec, the maximum temperature decrease occurs at t = 0.89 T, and its
magnitude is given by

I in 0-55 c (10)
P p

L. , . = =- . .
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Equations (8) ani (lO), can be used to detervine th(- requirements for experimentally
observing the k~netic cooling effect in dry air. In .:ornal atmaospheric -air the
relaxation tim ,- r is reduced by the presence of 0,, and Re ( .e. 11) and this t-z-
gether with tle absorption due to the water -- -por will decrease the magnitude of
the cooling effect as indicated by Eqs. CT) and (9).

For the case of a cw team with the uniform mind velocit : v ii4 the, x-dlrection
a steady-state solution for the gas temperatu e can be found from Eqs,. (5) ,td (6).
Taking the Laplace transform of Eq. (6) and using the boundary condition
E (r ;t = J) = 0 leads to the result

2_4 a.. x -(X-x')/vt
E - I(xyz) e dx . (1)

x-vt

Substituting this expression into Eq. (5) and setting BT/ t = 0,while letting
t 40 gives the equation to be solved for the steady-state temperature

- ____ (12.44 )
bx p c v

p 

t

x
2.44 a e-(X-X)/VT r (2L i .4.. C / I(x',y,z) e-(-')v dm' (12)

Integration of Eq. (12) from -, to x gives for the steady-state temperature

~t X-( -')

T(x) - T(. ) = f I(xly,z) (1 e 8 e X)/V3
PC v j(13)

where

2.44 C(14)

t

In zhe following section this expression is used to modify the nonlinear propagation
code to account for the kinetic cooling effect for a cv beam in a mind.

15
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3.3 Numerical Results

The computer code used to describe the nonlinear propagation effects for a
d beam in a transverse wind is described in Ref. 1, Section 3.6. To account for
kinetic cooling in the numerical procedure the appropriate changes must be made in the
expressions for e (z) and 'T(z) which appear in Eqs. (36) and (39), respectively.,
of Ref. 1. Sinceln general

Vtn

n(.z) = t z dn V T (15)
nt n 0 n 0dT t

where Vt is the transverse gradient operator, the effects of kinetic cooling
can be included by using the steady-state temperature expression in Eq. (13) to
evaluate Eq. (.15) with the result

O r(Z) = A [(1-6) I + _  Sx Is-(-X')/vT dx']

+ y a (-6 e (x-x,)/vT) dx , (16)

where

(dn/dT) t
nOP c pv (17)

Here, e is the same as in Ref. 1, except that at ac + 0h has replaced a. Also,
if 6 is set equal to zero, or equivalently ac = 0 and no cooling can occur,. Eq. (16)
reduces to same expression as in Ref. 1, Eq. (36), as required.

Te expression for i(z) from Ref. 1, Eq. (39) is

=() = -z (Vt 1-tI (z/2) (18)

ol : vhich after substitution of Eq. (16) and performing the indicated operations be-
comes

/
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2 
Ti(z) - 2(1-6) +6

2 ax VT

_T aj fx I -(x-x,lvVTa

-= (19)
2+ -1 (1-6 e dx'

+. I l 3- (1- e-(x-x V)/W ) dx t

Again, if 6 is set equal to zero in Eq. (19) the expression xeduces to the proper

result for pure beam heating. Equations (16) and (19) have beets used in the

numerical procedure to examine the convective thermal distortion associated with

kinetic cooling.

The two parameters 6 = 2.44 ac/ot and 8 = vT/a0 are used in connection with the

kinetic copling to characterize the nonlinear propagation effects in conjunction with

the distortion parameter N and Fresnel number F = ka
2 /z. The parameter 6, which
0

can vary from zero (pure heating) to 2.44 indicates the relative importance of the

transient cooling by the C02 absorption as compared with the gas heating due to

the absorption by water vapor. The parameter 0 is the ratio of the relaxation time

T to the gas transit time ao/V, where ao is the l/e intensity radius of the gaussian

beam source. The cooling effect will be most important when T is comparable to or

greater than a/v (i.e., for > 1), which means that the vibrational energy due to

CO absorption that is stored in N2 is removed from the vicinity of the beam before2
heating the gas after the relaxation time T. The distortion parameter N is evaluated

'n the same way vhen kinetic cooling is included as for the case of pare heating,
with the total absorption coefficient used in each case. With kinetic cooling the

parameters 6 and 0 must be specified in addition to the parameters N and F which

indicate, respectively, the strength uf the nonlinear interaction and the import-
ance of diffraction effects.

An example of the thermal lens effect of kinetic cooling with a wind is shown
in Fig. 23 for a collimated gaussian beam with 6 = 2.44 (i.e., for ah = 0) and 8
= 2.0. The constant intensity contours representing 40 percent of the peak

are shown for N = 0.52 and F = 6.67 for both the cooling and pure heating (i.e.,

6 = 0) cases. Comparison with the 40 percent contour for the undistorted beam
(i.e., for N = 0) shows that a strong self-focusing effect is associated with

the cooling. For this case the peak intensity is increased to approximately

three times the undistorted peak intensity and the beam dimension is decreased

roughly by a factor of two. It should also be noted that the distorted peak

intensity shifts in the wind direction under the influence of coolming rather than

into the wind, as is the case when beam heating occurs.

17
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In Fig. 24, the relative Peak intensities, are plotted as functions cf
N for both the cooling and heating cases.* The s ef-focusing due to the kinetic
cooling, which for the case plotted is -for the conditions 6 = 2.44 and 0 = 2, leads
to a more rapid change in the distorted peak intensity with N than in the heating
case, where both focusing and blooming effects are involved. The dashed curves in

Fig. 24 show the dependence on N of the normalized average intensity

,AVE =A

f J2 dA(20)
=2ra 2

where Aef f is the effective -beam area and fI dA is the total power. It is
interesting to note that although !AVE follows IREL fairly closely for the pure
heating case, there is a greater discrepancy between the two with kinetic cooling.
The reason for this can be traced to the beam distortion associated with cooling
which causes the central portion of the beam to contract more than the outer
portions. For example, with the N = 0.52 case in Fig. 23, the diameter of the
10 percent contour (not 'shown) is reduced by less than a factor of 1.5 as compared
with the factor of two decrease in the diameter of the 40 percent contour.

The normalized beam deflections are plotted versus N in Fig. 25 for
both the, cooling and heating cases. For small values of N, the deflection with
cooling is - 3N/2, which is equal in magnitude to the heating case but in the
opposite direction. As N becomes larger, the deflection with cooling increases
less rapidly than for the pure heating case.

The data in Figs24 and 25 represent essentially the extremes in the
behavior of the magnitude and position of the distorted peak intensity with
pure heating and strong cooling conditions. For smaller values of 6 and $ the
deflection and IREL curves will lie somewhere between the two extremes. In
particular, for the case 6 = 1.0, where the absorption due to C02 is - 41 percent
of the total, and with = 2.0, the kinetic cooling effectively balances the
heating and there is essentially no change in peak intensity or deflection as
the parameter N increases.

* The quantities Fo and zo shown in Figs. 24 and 25 refer, respectively, to the
Fresnel number and range for which N = 1.
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SECTION IV

TURBULENCE EFFECTS ON THEPAL BLOMING

4.1 Introduction

Previous studies of the self-induced thermal distortion of high power cw
C02 laser beams have ignored the possible influence of atmospheric turbulence.
To establish a realistic model for assessing nonlinear propagation effects in
the atmosphere it is necessary to be able to estimate how and to what extent the

turbulence will modify the thermal lens effects from those predicted on the basis

of a laminar wind. The temperature fluctuations associated with atmospheric

turbulence are r-sponsible for producing the so-called linear scattering effects
which can influence both low and high power propagation. The turbulent velocity

fluctuations, on the other hand, have no direct effect on low power propagation
but they may be important at high power levels because of their interaction with
the beam heating and self-distortion effects due to the absorption by C02 and

water vapor. The temperature turbulence effects on propagation have been
studied extensively and are reasonably well understood. Thus, since we are

mainly interested in the effect of the turbulence on the thermal lens, we assume
as a first approximation that temperature turbulence effects on the thermal dis-
tortion ,iay be accounted for by an appropriate spreading angle for the mean inten-

sity profile. The effects of the velocity fluctuations or mechanical turbulence

on the thermal distortion this remain and are the main subject of concern in This

section.

The principal results of this section are a theoretical model accounting
for mechanical turbulence effects and laboratory experiments with artifically

generated velocity turbulence. The experimental results are in qualitative

agreement with the theory and show that velocity turbulence tends to reduce
the thermal distortion effects and replace the asymmetric bending and spreading

by the mear. -wind velocity with a symmetric blooming. The magnitude of the
velocity turbulence effects depends, however, on the ratio of the rms fluctua-
tion-to-the mean veiocity, i.e., the gustiness. Since in the atmosphere the
gustiness is typically < 10-30%, it appears that mechanical tLCbulence effects

will represent at most only a small perturbation on the thermal distortion by

the mean wind velocity in the atmosphere.

In Section 4.2. the theoretical model is described together with an

approximate solutior for the mean intensity profile vhicr is used to show how
the turbulence modifies the thermal self-distortion effects from those based on

a laminar wind. The laboratory experiments using velocity turbulence gener;tec

in a 2 long cell are described in Section 4.3. The results presented in-
clude detailed contor measurements of the distorted CO beam patterns obtaineu

2

19
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in cooperative experiments with the Zontract monitor. The characteristics of

atmospheric turbulence and its expected importance for high power propagation

in the atmosphere are discussed in relation to the laboratory experiments in

Section 4.4.

4.2 Theoretical Model

A theoretical model to account for the influence of velocity turbulence on

the thermal self-distortion of a laser beam by a wind in the atmosphere is develop-

ed in this section. Since our interest is mainly in the effect. of the turbulence

on the thermal lens, several simplifying assumptions are made; First, the usual

linear scattering effects on the laser beam intensity which result from tempera-
ture turbulence are assumed to be negligible in the absence of absorption or beam
heating. This is a reasonable assumption for 10.6p wavelength propagation since
these effects tend to be small for paths less than several km. Moreover, under
strong scattering conditions due to normal atmospheric turbulence the eff -ts

as far as the beam heating is concerned can be approximately accounted for by

assuming an appropriate spreading angle for the mean intensity profile. The
second assumption is that the absorption Induced beam heating is sufficiently
small that it has a negligible effect on the structure or characteristics associated

with the normal mechanical turbulence in the atmosphere. Thus, we are consider-

ing only the weak interaction limit, which is reasonable for many cases of
interest. For example, with a 100 kW C0, beam 1 M in diameter propagating
through the atmosphere at sea level with a 1 1ii/h wind the absorption due to C0

and H20 produces a temperature rise across the beam of order AT - 0.02 OC, which
is smaller than the temperature fluctuations (typically - Oc) normally present
in the atmosphere. The third assumption is that the tarbulence is homogeneous and
isotropic and can be characterized by a scalar eddy-diffusion coefficient Kh.

With these assumptions for the theoretical model we are, in effect, saying that
any turbulence effects on the thermal blooming are predominatly due to the influence
of velocity fluctuations, i.e.,mechanical turbulence, on the heat transfer process.
The problem thus reduces to finding the mean temperature profile T for a given
turt-lence structure superimposed on a mean wind velocity transverse to the laser
beam a-i- The mean temperature T can, in principal, then be used to calculate a

distorted intensity profile using the same techniques as with a laminar wind. It
should be rointed out, however, that the intensity profile obtained in this way
is only a first approximation to the mean intensity which, in general, will also
depend on the higher order statistics of the random temperature fluctuations.

In the present model scattering effects which can arise from the temperature
fluctuations due to the interaction of the turbulence with the beam heating are
also ignored.
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The eouati o for the -ein temDerattire T can be found from the exnression for
or.z rvation vf entropy in an incompressible fluid by the usual linearization pro-

c ".nre. !ncluding the absorption heat source term U7i (where i is the mean intensity),
ve can write (,ef-. 15)

+ + = 92 
(2

0op

A
vhere T = T + 9 is the temperature* and V U x + u is the wind velocity. The overbar

indicates an average and 0 and u atre the random, zero-mean temperature and velocity

fluctuations, respectively. (X = K/poep is the thermal diffusivity of the gas).Equation
21 differs from the nonturbulent heat equation only by the presence of the tera,
u.,7). The usual procedure at this Doint is to make use of the fact that 7.Z 0 to
-4rite .VS = r.-t , and to assume that

u(i o (22)

,_here (Kh)ij is a second rank tensor in general. The coefficient (Kh).. has tne vamen j
dir.ensions as the Thermal diffusivity X and is known as the turbulence-or eddy-trans-
port coefficient. For homogeneous and isotropic turbulence the eddy-transport co-
efficient becomes a scalar constant Kh , and for the steady-state case Eq. (2) no,.,
becomes

- (K+X 7T

ax h PA) - (23)

The effect of turbulence on the mean temperature profile is thus accounted for
simply by a diffusion-like heat transfer term.

An order of magnitude estimate of the condition necessary for the turbulent
diffusion to be important in the formation of the thermal lens can be found by
comparing the heat transfer rates 1/rd and i/1c, associated, respectively. with
the diS-fusion and convection terms in Eq. (23). Thus, from Eq. (23) we obtain
for diffusion I/T , 2(Kh + Y)/a2 and for the convection due to the mean windvelocity l/Tc -U0a where a is the laser beam radius. Since for air the
thermal diffusivity X 0.2 cm /sec , which can usually be neglected in comparison
with the eddy diffusivity Kh , the importance of the turbulent diffusion in
relation to the mean flow is proportional to the ratio Tc/ 4Kh/Ua . The
eddy diffusion coefficient Kh is of the order a'tc, (Ref. I) where u' is the rms
velocity fluctuation and c is a characteristic scale length for the turbulence.

ot- that T represents the deviation fom the neutral vertical tempertu C
profile when dereaseq ',th altitude by the adiabatic lapse rate of 0" C/r.
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If the diffusion concept is to be applied to the heat transfer from the laser
beam of radius a by the velocity turbulence, the eddy diffusivity Kh can only
represent turbulent scale sizes 9 < a. Another way of saying it is that the

diffusion process is a valid description over the dimension of interest only
if there is an interaction between a- large number of eddies ocurring over this

dimension. The ratio of the turbulent diffusion heat transfer to that by the
mean flow velocity is then on the order of

T -- < ak
d Ua

which must be < 1 for the turbulence to be important. Since in the atmosphere
under typical conditions u'/U < U-1 - 0.3, we do iot expect the turbulence
to have a dominant effect over the thermal distortion associated with the mean

wind velocity.

According to Eq. (23), the problem of determining the mean temperature
profile for the laser beam in an absorbing turbulent flow is effectively that of

combined convection and conduction heat transfer. Aleshkevich and Sukhorukov

(Ref. 17) have considered this problem and obtained the solution for a gaussiam

beam in the form of an expansion in x and y near the beam axis. Taking the

wind to be in the x-direction and dropping the axial heat diffusion term

8 2T/ az2  their solution for Eq. (23) can be written

-" Khv v_.where KI = Khpo. + K, is the thermal conductivity, a is the 1/e intensity
' radius of the g4Ussian laser beam and*

T e 2 y2  [ K (2 y2) -K(2y) ] + l. , (26)
x

2 2 2)]e22
=[(4y 2 -_ i) K (2y7 ) _1~ K(47)' + 1(7227

102Txx =[4 2 I)K1(y2 K0(2y2 e2Y+2 1 2 (7

2? 2, 1
T = e K (2 y 2 (28)

yy 1 2 y{

* There is apparently an error in Ref. 17, regarding the signs of T, and T
Xx yyFor Eqs. (4) and (5) (in the same reference) to be consistent with Eq. (2) the

minuz signs in Eq. (2) should be changed to plus signs, It should also be noted
that the wind is taken to be in the y-direction in Ref. 17.
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Here, the parameter y = u-/ 4 (Kh+ X) is the ratio of the convection-to-eddy
diffusion heat transfer terms in -Ea. (23), whici- is simply the reciprocal of the
ratio TC/Td defined above. The quantities 'Tx, ,L and T_, which depend only
on-., are given in Eqs. (26) - (28) in terms of the modfied Dessel functions
K * (Ref. 18) and are shown in Fig. 26 for 0 <y < 6. When y - 0, diffusion
heat transfer, -which here we asslne to be due to the turbulence, becomes dominant
in comparison with convection. As y becomes larger than one the convective heat
transfer associated with the mean wind velocity becomes dominant.

It should be pointed out that the expression for the mean temperature in
Eq. (25) is only accurate for jx/aj.,jy/aj << 1; and, in add.-tion, Eq. '(25)
is not suitable for use in the iterative computer code for calculating thermal
distortion effects since it only applies for a gaussian beam while the computer
procedure requires a general solution for arbitrary intensity profiles. Equation
25 can be used, however, to derive a perturbation type of expressi.on and define
a scaling parameter to account for turbulence effects on the thermal distortion.

Assuming a collimated gaussian beam consistent with the mean temperature

profile in Eq. (25), a perturbation expression for the thermally distorted mean
intensity can be written as (assuming oz << I) (Ref. 19)

I(x,y,z) = i (x,y,z) e eu ' (29)
where I is the undistorted gaussian intensity and

- (dn/dT) z 4 2 2x 6' _ . y Y (30)
2 n 0 a2 a2 - (30)

which accounts for the thermal lens effects.

Making use of Eq. (25) in Eq. (30) the expression for the thermal distortionexponent 7 is

1'P = T (Y(') + T (Y) (1 -2_
aI xx 2 (31)

+ T (Y) (1  2 y

yy T i

* In Ref. 17, the Kn are referred to as Macdonald functions.

23



L921004-8

where 2

-(-dn/dT) 1 
(32)2

Y (32)

n T n cU a
oop

which is the familiar distortion parameter defined for the nonturbulent con-

vective thermal lens associated with the mean velocity U.

It can be seen qualitatively frcn Eq. (31) that for fixed values of N and
mean wind velocity U the effect of increasing the level of turbulence as measured

by Kh will lead to an increase in on-axis intensity since y , i/Kh-

Intensity profiles through beam center along the wind direction have been
calculated using Eq. (29) and result;s are shown in Fig. 27 for the case N = 1.

'The parameter y = qj.h/Ua - 4u/U provides a measure of the relative importance
of turbulent heat diffusion and since in Fig. 27 N is constant, if we consider
the laser beam parameters and mean wind U to be fifed, the changes in y may be

regarded as changes in Kh or ul. Por values of y < 1 there is little effect
on tihe intensity profiles which are decreased and shifted into the wind character-
istic of the wind or convection dominated thermal lens. As the value of y-1 (or

equivalently Kh or u') increases, the turbulent diffusion heat transfer reduces

the temperature gradients and tends to restore th intensity profile to the un-

distorted condition (N I= O) as shown in Fig.(27).

In Fig. 28, the dependence of IR , which is the on-axis mean iftensity

normalized b2 the attenuated unistorted value, on the parameter y - 4ut/U is
shown for the values of N = 0.5 and 1. As the turbulent diffusivity Kb (or
equivalently the rms velocity a') increases, so that y increases from - 1 to
10, the on-axis intensity is approximately doubled for the case N = 1 and for
the caxe N = 0.5 there is an increase by a factor of - 1.4. The increase in on-

axis intensity by the turbulent diffusion is due mainly to the reduction in
beam bending which can be seen in Fig. 27. If the turbulent diffusion parameter-l
y can continue to be increased beyond 10 the thermal lens effects can eventually
be eliminated as shogn inFig. 28.

* It should be pointed out that since the temperature expresssion (Eq. 25)
neglects terms higher than second order in x and y, the intensity profiles

in Fig. 27 are only accurate for Ix/aV<< 1; and, as N and y increase the curves
become increasingly inaccurate at the off-axis points. This is why the profiles

do not converge for y-1 << 1 to the perturbation results shown in Ref. 1% Fig. 2,
qs they should. The results in Fig. 27 are correct near the beam axis, however,
and are also useful for showing qualitatively the effects of turbulence on the

thermal distortion.
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4.3 Turbulence Cell Experiments

The approach used in the experimental program is to examine the thermal self-
distortion of a laser beam in a laboratory simulation using artificially generated
velocity turbulence. One of the considerations involved -in finding a suitable
method for generating the turbulende is the requirement of a small mean flow velocity
to enable strong thermal lens effects to be obtained with the small (- 30 W) laser

power available. Another constraint is that the structure of the turbulence should
include a range of scale sizes from much smaller to on bhe order of or larger than the
laser beam diameter to provide a significant interaction between the beam and the
turbulence. Although the use of grids was 'considered initially this approach was. not
pursued since it appeared doubtful that fully developed, homogeneous turbulence would
be obtained at the required low flow "elocities and, hence, small Reynolds numbers .
After investigating several types of nozzle 'arrays the necessary requirements appeared

-to be met in a turbulence cell consisting of a series of opposing jets enclosed in a
box with perforated walls on either side as shown by the sketch in Fig. 29. After

*, initial tests with a 3 in. long model this arrangement was extended to a 2 m long
cell for providing a region of nearly homogeneous and isotropic turbulence with
essentially zero mean velocity. The effect of a mean wind velocity is obtained by
moving the laser beam across the stationary turbulence cell as indicated in Fig. 29.
Self-induced thermal distortion experiments are conducted using pure C02 in the
turbulence cell with the turbulence level being monitored by measuring the gas
pressure at one of the plenum chambers feeding the tubes with a water manometer.
The turbulence cell initially was not enclosed. However, it was found necessary to
enclose it within a box with an open port at the top to prevent the stratification
and mixing of C02 with air vhich produced undesirable refraction or bending effects at
the lower turbulence levels.

In Fig. 3Q results for the turbulence, effects on a stationary beam are shown with
images of the C02 beam pattern recorded using Kalvar film. With no turbulence in the
cell, which was oriented horizontally, a vertical natural convection velocity is
established that leads to th! doinward deflection and characteristic kidney or crescent

* shape seen in Fig. 30. With turbulence in the cell and the same amount of absorption
and laser power, the beam patterns beccme symmetrical and decrease in area as the
pressures indicating the turbulence levels increase from 1.5 to 16 cm of H20. This
agrees qualitatively with what is predicted by the theoretical model in Sec. 4.2.

Figure 31 shows photographs of the patterns near the exit window of the turbulence
cell of a HeNe bcam that is superimposed on the C02 beam. The HeNe beam was well
collimated and about the same diameter as the C02 beam at the exit window of the
turbulence cell. The HeNe beam patterns in Fig. 31 show that the turbulence effects
on the stationary C02 beam lead to the symmetric spreading effects that are
associated with conductio., or diffusion dominated thermal blooming. The nearly
symmetrical patterns which represent 5 see exposures indicate that the turbulence
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structure is stationary and nearly homogeneous and isotropic across the beam. The

pronounced ring structure in the HeNe beam patterns for the strong thermal blooming

case with 27 W in the CO2 beam are believed to be due to interference effects that

are enhanced since the CO2 beam is about one-half the size of the collimated HeNe

beam at the entrance window of the turbulence cell. Thus, the central rays of the

HeNe beam that are spread by blooming eventually intercept and incerfere with the

outer rays that are unaffected by the CO2 beam induced thermal lens.

Figure 32 shows intensity profiles of a stationary C02 beam with the same (6 cm H2 0)

turbulence level for different laser beam powers. A 35 p pinhole was used with the
detector which was scanned slowly (typically 1 - 3 minutes in duration) across the
,beam to" provide an estimate of the mean intensity profile with the turbulence. With

no mean wind velocity or beam motion the thermal lens effects with turbulence should
be the same as the pure conduction blooming case but with the thermal diffusivity
of the gas, X = K/pocp replaced by the turbulent diffusion coefficient, Kh. For

this case the intensity expression, Eq. (29), becomes (Ref. 20)

I(r) = Iu(r)e-uZ expf-Nc[2e-r 2 -l]] , (33)

where r = (x 2 + y2)F/a,

P r
Iu (r) = e - r2  (3k)

and

N = (-dnP/dT)Pz "ez)

According to Eq. (33), the mean intensity profile with a staticnary beam in
turbulence (or, also in toe case .here thermal. conduction is dominant) is re-

* duced near the axis for r < (tn2)2 , 0.835;and, for r > 0.835 the intensity is
increased, which, as the thermal blooming becomes stronger, tends to change the

gaussian profile to a donut shape. The changes in the distorted intensity

profiles with increasing power (which for fixed turbulence intensity increases
N0 ) are seen in Fig. 32 to be in qualitative agreement with this predicted behavior.

26



L921004-13

Pie mean on-axis intenrsity normalized by the attenuated undistorted valie,
IR(O), is found from Eq. (33) for the stationary beam in turbulence to be
given by

)R(o) -ti1 = • (36)

Although Eq. (33) is a perturbation expression, the result for the mean on-axis
intensity in Eq. (36) agrees with the exact analytic expr9ssion (0) = sech2N

(Ref. 21) within 12% for N < 1. In Fig. 33 measured values are shown for the
mean on-axis intensity as a function of power at the turbulence level associated
with the pressure of 1.5 cm of H20. The results are seen to follow an exporential
decrease as predicted on the basis of Eqs. (35) and (36). This provides a con-
venient optical method for determining the eddy-diffusion coefficient of the
turbul(.ce since everything in the expression for Nc in Eq. (35) is known except
Kh . For the data shown in Fig. 33 with a "turbulence level" of 1.5 cm of H20
the value Kh , 3.5 cm2 /sec is obtained. This value can be compared with the
estimate of Kh 1.2 cm2/sec for the 10 cm H2 0 turbulence level which i6 based
on data obtained with a single 3/8 in. long hot wire probe. The rms velocity
fluctuation measitred for this case was u' - 2 cm/sec and' a crude estimate for
the outer scale length of the turbulence, tt - 0.6 cm was obtained from the hot
wire anemometer signal with the probe mechanically scanned at 25 cm/sec through
the turbulence. Additional studies comparing values of Kn obtained optically
with hot wire anemometer measurements are in progress to check the theoretical
model and establish the nature of the turbulence structure as a function of the
different pressure settings given in cm of H20. The pertinent experimental
parameters for the stationary beam turbulence results of Figs. 32 and 33 are
given in Table III.

The results for turbulence effects on the thermal distortion with beam motion or,
equivalently, wind are shown in Figs. 34 and 35. The intensity profiles were measured
through beam center along the direction of beam motion which in this case was in the
downward direction (see Fig. 29). Several traces were obtained for each case ane
the results indicate both the repeatabilfty of the experiments and the low level of
intensity fluctuations produced by the turbulence. For the no turbulence css.s in
the lower left-hand corners cf Figs. 34 and 35, the peak intensity is shbVn to be
reduced to , 36 percent of the undistorted value and shifted into the wind - 1.65 ao.
For the same laser power and beam motion conditions but with veloci.1 turbulence,
the measurel intensity profiles on the right-hand side of Figs. 34 and 35 show
the distortion and beam deflection being reduced with the on-axis intensity in-
creased as the pressure setting for the turbuletce increases from L.5 to 20 cm
of H 2 0. The only important difference between the data in Figs. 34 and 35 is
in the "wind" or beam motion velocities, which are 2 and 1 cm/sac, respectively.
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Since the power level used in Fig. 34 is twice that in rig. 35, the same

value of N - 11 is obtained for each case, however, as is also indicated by

comparing the laminar wind (i.e., ,beam motion only) cases in each figure.

For the maximum turbulence level of 20 cm 120 with U := 2 cm/sec (Fig. 34)

the peak iatensity is increased to - 60 percent of the undistorted value. With

= 1 cm/sec (Fig. 35) and the maximum turbulence level of 16 cm H2 0 the peak

intensity is increased-to - 75 percent of the undistorted value. The greater

increase in the peak irtensities observed at alJA turbulence levels with U = 1

cm/sec in Fig. 35 as compared with U = 2 cm/sec is consistent with the thecreti-

cal results of Figs. 27 and 28 since y-1. Kh/ua - 4 ut/U for Fig 35 is twice

that for Fig. 34 at the same turbuience level. Based on the optically determined

value of Kh - 3.5 cm7see from Fig. 33 for the 1.5 cm H0 turbul,-nce level and

usihgthe average bea-m radius, a - 0.26 cm one obtains or the parameter y-=

4 Kh/Ua the values of 27 and 54, respectively, for the 1.5 cm H11O case in

Figs. 34 and 35. If we assume that K - u'a, the rms velocity associated with

the 1.5 cm of H20 turbulence level is . 13.5 cm/sec, which is much greater than

the 1 or 2 cm/sec beam motion or "wind" velocities used in Figs. 34 and 35.

It should be pointed out for consideration in future experiments that natural

convection effects may be a problem i'nder experiment&I conditions similar to those in

Figs. 34 and 35 without turbulence. This is suggested by the relatively small beam

deflection observed for the laminar wind case which for this value of N(, 11) should

be about %a,4a o instead of - 1.65a o . Indeed, if the natural convection velocity is

estimated (assuming the beam to-be stationary) using the expression (Ref. 20)

/d, g P

-3 -1 2 -2 -

with the conditions: u = 2 x 10 cm- , g = 9.8 x 10 cm sec- P - 1.73 x 10"

g J., c' = 0.86 J g- l, T = 90 0K, we obtain v n 1.66 P 1/3 cm/sec, with
'pP given in watts. Thus, for P = 8.8 W (Fig. 35) Vnc - 3.4 cm/sec which, since

the beam motion is downward and at a velocity of only 1 cm/sec, may account for

the smaller beam deflection because N is effectively reduced by the influence

of v C. The natural convection effects may be reduced by orienting the cell

vertically or possibly by making the beam motion in the horizontal plane.

More detailed results for the hermal distortion effects with velocity

turbulence have been obtained in cooperative experiments with the contract monitor.

A high speed (- 800C rpm) rotating mirror su&nr was used in conjunction with a

liquid nitrogen cooled Hg Cd Te detector equipped with a 0.0039 in, diam. aperture

to obtain time resolved ( , 100 Psec scan dtration) intensity profiles across

the beam, The beam motion across the scanner was provided by the same mirror
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used to simulate a mean wind velocity (see Fig. 29). The intensity profiles
were displayed on a 545 B Tektronix os1illoscope with a 1A7A differential pre-
amplifier and were recorded on 35 14. movie film at 3600 in/min. Detailed
constant intensity contours were obtained from the measured intensitty profiles
approximately 39 cm beyond the exit window of the 2 m turbulence cell and are
shown in Figs. 36-46.

The undistorted beam contours were obtained with air in the cell (i.e.,
no absorption) and are shown in Fig. 36. The input and output l/e beam radii
measured from individual scans through beam center, -perpendicular to the direction
of beam motion, (the beam motion is from right-to-left in 3igs. 36-46) are
a. = 0.21 cm at the cell input and a = 0.38 cm in the output or detector plane.
The contours snown in Figs. 37-46 were obtained with pure CO in the cell and

based on a transmission measurement with P - 2 W and a low turbulence level
( - 6 cm H20) the value at = 0.37 i obtained for the cell absorption coefficient-
length product. The laser beam power entering the turbulence cell in Figs. 37-40

is P = 21 W and the beam translation velocity .s r = 2 cm/sec, which gives the
value N = 11 for the convecticn dominated dist,rtion parameter (Eq.(1)). The
distorted contours are shown in Fig. 37 with the CO2 stationary in the cell
(i.e., the laminar wind case),, and with lOw (6 cm H20), medium (10 cm H2 Q) and

4- high (16 cm 120) turbulence in the cell in Figs. 38, 39, and 40, respectively.

In Fig. 37, with no turbulence the familiar crescent shaped distortion is evident
with the peak intensity (denoted by the x)k shifted - 2.6 ao in the direction of
beam motion. The convective thermal distortion spreads the beam as can be seen
by comparison with the dashed i/e contour obtained with air in the cell, and the

resulting reduction in intensity can be expressed as

I AREA l/e CONTOUR-AIR= .F (38)
AREA i/e CONTOUR

For the no-turbulence case in Fig. 37 = 0.24. With velocity turbulence
superimposed on the same 2 cm/sec beam moton ihe distorted beam patterns become
more symmetrical with the peak intensity shifting back to the undistorted beam
axis N ith increasing turbulence in Figs. 38-40. Also, in Fig. 40, with high
turbulence IEFF = 0.175, which represents approximately a 55% increase as a
result of the reduction in thermal blooming by the turbulent diffusion.

In Figs. 41 and 42, the cases of stationary C02 and medium turbulence are
compared for the conditions, P = 21 W and the beam translation velocity of v = 1

5 c-1/sec. For the.e conditions N = 4.3, and for the no-turbulence case (Fig. 4!"
the peak intensity is shifted - 2ao and IM = 0.33. With medium turbulence
(Fig. 42) the beam deflection is reduced and the crescent shape is no longer
ovident. However, no increase in IEFF is obtained with the turbulence.

In Figs. 43-46, the cases of stationary C02 and low, medium and high tur-
bulence are compared for the conditions of P = 11W and a beam translation velocity
of 5 cm/sec. For this case N = 2.25 and with no turbulence (Fig. 43) the peak
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intensity is shifted - 1.75 ao and the effective intensity is 1 0.54.
With low, medium or high turbulence the beam deflection is redu' as expected and
the thermal distortion tends to beccme somewhat more symmetrical. It is interest-

ing to note, however, that for the low turbulence case (Fig. 44) *FF is reduced

24% below the stationary CO2 case. Although increases to about the same
value as in the Lonturbulent case with medium tUrulence there is no further
increase in I at the high turbulence level (Fig. 46). The relative ineffective-
ness of the t gulence in increasing T for this case as compared with the
2 cm/sec contours in Figs. 37-40 can be attributed to the higher beam translation
velocity of 5 cm/sec, which for the same turbulence conditions (i.e., the same
value of h) reduces the parameter y11 = 4 Kh /Ua by a factor of 2.5.

The results obtained for the convective thermal diLtortion in the presence
of velocity turbulence show that the effect of the turbulence is to change the
asymmetric wind type distor tion, which is a combination of focussing and defocus-
ing distortion. The experimental results also indicate, in qualitative agreement
with the theory in Section 4-2, that for a given turbulence level its influence
on the thermal distortion is inversely proportional to the mean velocity; and,
that the rms velocity u' must be much larger than the mean U for any appreciable
reduction in the thermal blooming to result from the turbulence diffusion.

4.4 Discussion

The experimental results shown in Sec. 4.3 are in qualitative agreement
with the theoretical model developed in Sec. 4.2 in which an eddy diffusion
coefficient Kh is used to account for the effects of mechanical turbulence on
thermal blooming. Based on these results, it is found that velocity turbulence
in the presence of a mean wind across the laser beam has the tendency to destroy
the combined focusing and defocusing of the pure convective thermal lens and
-eplace it with a symmetric two dimensional blooming or spreading. Also, accord-
ing to the theoretical model, the velocity turbulence can reduce the thermal
distortion and spreading effects if conditions are such that the parameter
Y-1 = 4K/Ua is much larger than one. In the laboratory turbulence experiments
relatively large effects on the thermal distortion were. observed which is in
agreement with the preliminary estimates for values of y 11 1 that are based on
the value of Kh determined optically for one of the turb.,lence levels. Measure-
ments of Kh for all the different levels of cell turbulence used in the experi-
ments are i, progress which will be used in the quantitative evaluation of the
thermal distortion results in terms of the parameter y- l .

Although the cell turbulence structure clearly does not accurately simulate
that found in the atmosphere the laboratory experiments together with the eddy
diffusion model can provide a qualitative estimate of tha relative importance
and effect of velocity turbulence on atmospheric propagaticn. By asing typical

-1
values for Kh in the atmosphere the parameter y can be used to relate the
experimental results to atmospheric propagation conditions. The eddy diffusion
coeff.rcient K h -u'l,, as indicated in Sec. 4.2, where u' is referred to as the
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mixing velocity and t is the mixing length. Using this definition for Kh, the
parameter y-1 z 4(u'/U) (t/a). Since the length 1, can be > 103cm corresponding

to the largest eddy sizes of the order of the outer scale length Lo, and 4(u'/0)

is typically of order unity, it would appear that Y- can indeed be >> 1 for the
typical beam radius a - 10 cm. Thus, on this basis, our original predictions
(Ref. 14) were that vt.ocity turbulence in the atmosphere could be expected to be
an important factor in reducing thermal blooming effects. It has been pointed
out by Bradley and Hermann' (Ref. 22), however, that the effects of eddy sizes
t , greater than the beam radius a cannot be represented by an eddy diffusion

Of~icient since the diffusion model implies the interaction of many eddies over
the dimension of interest. The effect of the larger eddy sizes .1 > a must be
viewed simply as a slow variation in the wind velocity vector that can be accounted
for approximately by summingthe squares of the long wavelength components with
the square of the mean velocity. Thus, if we assume that turbulent eddy sizes 4
exist that range frcm much smaller to much larger than the beam radius a, which
is typical for atmospheric propagation, the maximum t, producing a diffusion
effect on the laser beam is of order a, the beam radius. The parameter y-is
thus simply of the order 4 (uJi), which, if the dependence of u' on t, is ignored

and ul is taken to be the rms velocity, give6 y- < 1 for typical conditions in
the atmosphere.

A somewhat more precise estimate ofy-l for typical a~mospheric propagation
conditions may perhaps be obtained by examining published data for Kh . Lettau
(Ref. 23) for example, indicates that up to 1 km altitude K can range from 1
to l05 cm /sec depending on the mixing length t,, as shown inhFig. 47. Also shown
in Fig. 47 is the molecular diffusivity x 0.2 cm2/sec for air, which is clearly
unimportant in comparison with turbulent diffusion. If we assume for the laser
beam radius a = 10 cm, and take for the mixing length . = a, the corresponding
mixing velocity u' varies from -1 to 10 cm/sec as shown by the vidth of the
shaded region in Fig. 47. Since the velocity fluctuations are known to be pro-
portional to the mean velocity U, the range in mean velocity associated with this

'1 variation in ua is given approximately by the mixing velocities of the largest
eddy sizes which, from Fig. 47, vary from 10 to 200 cm/sec. Using these extreme
values Lor U and taking Km 10 to 10 cm /sec for , = 10 cm in Fig. 47, we find
that y- < 0.4 - 0.2 forA 10 cm radius beam. The less than or equal condition
accounts for the fact that the mean velocity must either be larger than or at
ieast as great as the largest scale length velocity fluctuations.

If, as an alternate approach, we consider the Kolmogorov similarity theory
tof turbulence (Ref. 24) we find that except for the smallest eddy sizes of order

t. , the inner scale of turbulence, the velocity fluc+uations u'(t) associated

with the eddy size 1, are proportional to t.1/ 3 . Taking the mean velocity 0 as an
upper limit for the velocity fluctuations of the largest eddy sizes L° ,we then
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have that u' U (f,/Lo)l 1 3. Since t, must be < a for the eddy diffusion mode3

to be valid for the laser beam of radius a, the diffusion co fficient is then

- u(i ) t, < uI(a) a, and thus y < 4 u'(a)l 0~ (al'o) which for the

va'lues a =;10 cm and L o= lo3cm gives y-l< 4 (lO) - / 3 - 0.86. Although

this give-z an estimate of y somewhat larger than the data shown in Fig. 47, the

differenc'e is not significant since according to Figs._ 7 and 28 the turbulence

effects, on the thermal distortion are negligible for y < 1.

From these considerations it appears then that velocity turbulence effects

on thermal blooming in the atmosphere will usually be insignificant. This con-

r'iusion is, of course, in agreement with the intuitive feeling that the velocity

fluctuations, which are usually smaller than the mean, cannot be as effective in

removing heat from the beam as the mean flow and, hence, have proportionately

less effect on the thermal lens. Possible exceptions when velocity turbulence

may become important are when the mean velocity U of the air relative to the beam

approaches zero with finite turbulent velocity fluctuations remaining. Although

it is doubtful if such conditions can occur with a stationary beam in the
atmosphere except, possibly, under strong free convection mixing conditions near

the ground, they can occur with beam translation or slewing when the beam or

points along the beam move with the mean flow velocity. In this case, the tur-

bulent diffusion may reduce the thermal blooming and distortion effects from

thosepredicted solely on the basis of natural convection and thermal conduction

in the regions of low or zero relative velocity.
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TABLE I

EXPERIMTAL PARAMETERS
HIGH MIESSURE GAS CELL

x = 1O.6 
z = 114 cm (Total Pathlength)
t = 103 cm (Cell Length)

F = Focal Range

Date F/z a~j.a o  a. inm v cm/s Of,

6/23 Focused 1 2.6 3.1 0.5, 1 0.415
7/6 Collimated C 0.9 2.4 0.5, 1 0.415

8/8 Focused 1 7.4 3.4 1 0.415
8/8 Colliuated - 0.97 3.4 1 o.415

I 8/9 Focused 0.74 2.4 3.6 1 o.415

8/9 Focused 1 7.5 3.6 1 o.415

- 8/17 Focused 0.774 2.12 3.4 1 o.415
8/17 Focused 1 7.1 3.4 1 o.415
8/17 Focused 1.26 4.47 3.4 1 o.415
8/17 Focused >1.26 2.83 3.4 1 0.415

8/26 Focused 1 7.1 3.4 1 0.13, 0.44) 2.3
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TABLE It

MATERIAL PROPERTIES

CS2  Air (1 atm) C02 (1 atm)
(2930 K) (3000k) (3000 K)

n 1.6319 (D) 1.000263 i. 00417

-dn/dT, °K-i 0.72 x 10-3 0.875 x 10-6  1.39 x iO- 6

p, g cm- 3 1.26 1.175 x 10-3 1.79 x 10-3

Cp, J/g°C 0.95 .006 o.86

K, W/cm°C 1.61 x 10-3 2.6 x 10-4  1.66 x 10- 4

X, cm2/sec 1.35 x 10-3 2.2 x 10-1 1.08 x !0-1

p, p poise 3.66 x i03 1.82 x 102 1.46 x lo2
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TABLE III

EXPERIMENTAL CONDITIONS FOR FIGURES 32 & 33

STATIONARY BEAM IN TURBULENCE

Cell Length t = 2 m
Total Path z = 2.08 m

t= 0.371 (100% CO2 )
T = 2900 K

Turbulence

Level-CM H2 0 a , m a., mm

Fig. 32 6 1.23 2.42

Fig. 33 1.5 1.2 1.9

• 3
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APPENDIX A

Com arison of Beam Translation with[ Wind Tunnel Flow

As a result of some previous disci on ..rdng th e -poor agreement vitn
theory of the beam deflection results obtained in gases (see Ref. 1, Fig. 27),

it was decided to compare the thermal distortion effects obtained with beam
translation iiA a quiet gas with those obtained using the gas flow in the cir-
culating, 50 cm path wind tunnel. The wiaid tunnel was filled with a mixture
of air and propylene which provided enough absorption to give a value of N - 4
with a 5 cm/sec wind or translation velocity and a 10 watt laser beam power. The
distorted profiles were measured first with the laser beam translating across the
quiet gas and then with the laser beam stationary in the wind tunnel gas flow.

The hot wire anemometer used to measure the wind tunnel flow velocity was calibrated
I by placing the probe on the mechanical scanner used for beam translation. in Fig. A-l,

the results are shown comparing the thermal distorted intensity profiles as obtained

by the two different methods. There is a significant difference between the distortion
obtained with beam translation at 5 cm/sec and the 5 cm/sec wind tunnel gas flow
velocity. With beam translation, the shape and deflection of the distorted
intensity profile appear to be in reasonable agreement with theoretical predic-
tionp. In the wind tunnel flow case, however, the distorted intensity profile
has two peaks and is broader than with beam scanning at 5 cm/sec. Although
increasing the wind velocity and laser beam power by a factor of two leaves the
distortion parameter, U, unchanged, the resulting distorted intensity profile in
FPi.A-lis clearly seen to more closely approximate the distortion obtained using

* beam translation. increasing the wind tunnel velocity further decreases the
the distortion parameter, N, while improving the agreement of the distorted
intensity profiles with theory. Thus, the discrepancy between the case of beam

translation and the use of wind tunnel gas flow appears to be associated with
the magnitude of the flow velocity.

To investigate the wall boundary layer as a possible cause for the
observed discrepancy, the wind velocity profiles near the wall were measured
for the two free-stream velocities of 5 and 20 cm/sec. The results, shown in
Fig.A-2, indicate an increase in the boundary layer thickness from I. to l inches
as the velocity decreases from 20 to 5 cm/sec. This suggests that the reduced
velocity associated with the boundary layer near the wind tunnel entrance window
may be responsible for the difference between the gas flow and beam translation
cases.

.4

A
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Turbulence effects do hot appear to be important in these wind tunnel

gas flow experiments since the distorted profiles are observed to be very

repeatable te.g., the data in Fig.A-l, representseveral scans of the distorted

beam) with essentially no random fluctuations.

Based on the results of this experiment, the relatively poor agreement

with theory of some of the previous data obtained using wind tunnel flow
(e.g., see Ref. 1, Fig. 27) may be attributed to the boundary layer thickness

rather than the effects of condution or gas heating as cited earlier. Thus, for

the largest values of N, where thiie largest deviat.ions from theory were observed,

the wind tunnel velocities were ':ecoming very small with an accompanying increase

in the boundary layer dimension..

In summary, it is now clear that thermal distortion experiments using

wind tunnel gas flow must be carefully monitored to avoid boundary layer and

possibly turbulence effects. It also appears that with beam translation, the

experiments can be carried out much more simply and with accurately simulated

ccnditions for large values of N, even in gases.
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APPENDIX B

The Distortion Parameter for Focused and
Diverging Beams and for Beam Slewing

The form of the distortion parameter N derived previously (Ref. S nec. 3.3)
to account for focused beam propagation has been found to be correct only in the
limit of a very small amount of focusing or divergence of the beam. The general
form of the distortion parameter for focused or diverging gaussian beams in a
uniform laminar wind is derived in this appendix. The form of N appropriate
for the slewing of a collimated gaussian beam is also given.

The change in intensity of a laser beam due to gr,,dients in the refractive

index can be written (R-P. 19)

I(X,y"z) = exp M (B- 1)

where

f7(V +  "'tt dz ' ' dz' t (B-2)

I u is the indistorted intensity, i.e., the intensity in a homogeneous loss-free

medium, n = no + 6n is the eefractive index with 16n/noI assumed to be <<,
a is the linear attenuation coefficient, z is the propagation direction and V
is the transverse gradient operator. For the case of a convection dominated
thermal lens (i.e., a transverse wind or beam motion from slewing or a moving
source) the normalized refractive index gradient is (Ref. 19)*

V(z ( I + dx) (B-3)

where where(dn/dT) a

C (z) =n O p cp v' (B-4)

*Although kinetic cooling is not included here to simplify the derivation it could
easily be incorporated in Eq. (B-3) by comparison with Eq. (15) and (16). The
expression for N is the same in both cases, however.

B-1
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which is written as a function of z to account for changes in the properties of

the medium along the propagation, path. For example, the altitude dependence
of the absorption coeitficient and the properties of the air could be accounted

for along a non-horizontal propagation path; or, the wind velocity may be non-
uniform along the propagation path. The distortion parameter I1 is essentially
the dimensionless factor that multiplies the geometric terms in Eq. (B-2) if a

perturbation expression is obtained by assuming I Iu e Here we wish to
obtain the general form for Y that applies for an uncollimated gaussian beam with
a nonuniform transverse wind or beam motion, eig., *such as slewing along a

horizontal Propagation path.

Thus, assuming for the undistorted beam the uncollimated gaussian intensity

profile

2 22
,u (x,y,z) e-) (B-5)

rr a2(z)

The beam radius a(z) can be written

a(z) = a f(z) (B-6)

where a is the beam radius in the source plane z=O. For the velocity we assume0

v(z) = v g(z) (B-7)
0

where v. is the velocity at z=O. Changing to the normalized variables

u = x/a(z)
(B-8)

v = y/a(z)

and using Eqs. (B-5) - (B-7) in Eq. (B-3) gives

V tn P h oh u,-

00

where o = e (z=O) is a constant and
-(u 2 2

h(u,w) e (B-I)

(B10
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Using Eq. (B-9) in Eq. (B-2) leads to the general expression for the thermal
distortion exponent

C oP z 1 h i
0 f ~~ +( ~+_7T a3 0u au aUw h av f(z)

f z? h + fu,, h du'] e dz" 2z (B-11)
o -L g(i) f2(z")

J

To obtain a tractable expression for the distortion parameter it is necessary to
ignore-the z- dependence in h and the coordinates u,,w, so that the terms withih
the square brackets can be removed from the z- integrations. This can be regarded
as being equivalent to evaluating T near the axis (i.e., for u. v 0) wherF. it
becomes simply a constant indicating the change in on-axis intensity. Equation
(B-il) thus becomes

N -h 1 2h du h u- 6h dul (B-12)
CO f

vhere
2 f Zf Z ' - z IOIZ 'z

N N c  1_f__ e dz, (B-13)
Z 00 g(¢P) f0(z")

is the general expression for the -stortion parameter for the case of an un-
collimated beam with a varying velocity along the propagation path. N is the
familiar (e.g., see Ref. 19 Eq. (2j / collimated beam distortion parameter given
by

2"Co P z
N =

C (B-l,)

0

2
(-dn/dT) P C? z

Tno p c v O a3

which is valid for az <<I ifor a laser beam of radius ao with the uniform vind
velocity v. . The term in brackets in Eq. (B-13) can be regarded as a correction
factor that modifies Nc to account for finite oz, focusing and a variable wind or

B-3
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slewitig velocity.

The form of the correction factor for focused beam propagation with a uniform
wind velocity is derived first. Thus, taking g(z) = I and assuming the linear
beam profile

f(z) az) = I (I _ af z (B-15)
a a z

0 f

where a = a(z ) is the beam radius at the focal range z , and also assuming
f * f f4az << 1, the evaluation of Eq. (B-13) is straight forward and yields the resul.

N =Ne (-a°) q , (B-16)
a
f

w ith N evaluated for z = z andc f

,2x tXn x- [ --_ I (B-17),
X-1 -

where x = ao/af . The focused beam N in Eq. (B-16) differs from the incorrect
expression derived previously (Ref. 1, Eq. (17) ) only by the factor q which is
plotted as a function of ao/af in Fig. B-1. For the case ao/af < i, tht. beam
is diverging while for ao/af > 1, the beam focuses. In the limit of Qr9ry strong
focussing , i.e., ao/af - , the factor q approaches 2 and hence - R N
(ao/af). C

Next, the case of slewing is considered for a collimated beam (i.e., for
f(z) = 1) with -z << 1. For this situation the velocity can be written

iB- 18)
v(z) = vo + Qz

where. as shown in Fig.B-2,the slewing rate is~(B- 19)

= (vt - vo)/z f

and vf v(zf). From Eqs.B-7 and B-18 we have that

-(z) += . "z ,

(B-2o)

LI. B-4
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and thus Eq. B-13, (with z replaced by zf) becomes

2 fzf z dz'dz (B-21)

The evaluation of the integrals is straight forward giving the result

2 (B-22)e= (x-l7[xlin x -(x -1)] ,

where x = vf/vo is the ratio of the final to initial velocities. The ratio
Ile/N c (with 11, = N,(vo)) is plotted in, FigB-3 as a function of vf/v.. Thus,
with vf = 10 vo, the effective distortion parameter Ne is - 0.35 times the value
associated with the initial .velocity, vo . For some situations it may be more
convenient to express Ne in terms of N1 = N(v ), where vi. is the velocity at

2 -
zf/2. In this case we can obtain from EA. B-222 the expression

_x+l[xn-(-)

Nle/NI; x (x - (B-23)

which is plotted in FigB-4 as a function of x = vfiv o

B-

I-,

rir
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BEAM SLEWING EFFECT ON DISTORTION PARAMETER
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Influence of Mirror Aberration on the
Thermal Blcoming in a Wind

by

Frederick G. Gebhardt
United Aircraft Research Laboratories
East Hartford, Cov-ecticut 06108

ABSTRACT

Experiments comparing the thermal distortion effects of wind for laser

beams with and without astigmatism are described. The astigmatism, which is

obtained by using a spherical mirror at a 5 ° angle of incidence, produces

significant ellipticity in the undistorted beam that, in addition, varies

continuously along the propagation path. The results obtaihed with the aberrated

beam show an 20% higher maximum peak intensity as a function of laser power

than the unaberrated beam.
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Influence o0 Mirror Aberration on the
TheriA2. Blooming in a Wind

by

Frederick G. Gebhardt
United Aircraft Research Laboratories
East HartfqY%, Connecticut 06108

A high power cw CO2 laser beam propagating in the atmosphere can be

severely bent, distorted, and spread by the self-induced thermal lens zeffects

of a transverse wind. Thus, it is of interest to examine techniques for

reducing or minimizing the deleterious effects of thdridl bloiiiing on the

propagation of CG laser radiation in the atmosphere. One approach to this

problem is to look for source distributions for the laser transmitter which

experience less beam degradation than say, the focused gaussian source. For

example, numerical calculations have shown that the form of the initial

intensity 1,ofile has a significant effect on the de~bails of the thermal distor-

tion of the laser beam. (1) The use of a specially contoured mirror to modify

the source wave ftont shape is also being considered as a possible way of

reducing thermal blooming effects. (2) In this report we describe an experiment

in which the effect of a mirror aberration on the thermal distortion by a wind

i§ investigated. The astigmatism of a tilted spherical mirror was used as a

simple means for modifying the source wave front shape. The objective of the

experiment was simply to determine if the astigmatic phase distortion can

provide any reduction in the thermal distortion effects over the unaberrated

beam case.

C-2
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Description of Experiment

The thermal distortion effects of wind were examined experimentally by

propagating CO2 laser radiation through liquid CS2 . The CO2 laser beam was

directed downward through a 5 cm-diameter by 12.7 cm-length glass cell contait.•

Ing CS2 and equipped with NaCl wondows at each end. The liquid cell was moved

across the beam with a mechanical scanner at the velocity of 1 cm/sec to

simulate the effect of a wind. The laser beam was, focused on the detector.

which was situated near the cell exit window, with a spherical copper mirror

of 68 cm radius of curvature. As shown in Fig. 1, the plane of incidencc

(dififie. :-- -tife- incidC-ht aseir 16eam and* the& z~ibi1i to ffi- mrf- t is i rp§di-~

to the direction of motion of the liquid cell. As the angle of incidence @,

between the laser beam and the normal to the mirror increases from zero, the

aberration known as astigmatism increases in strength. (3) For § = 80, the

astigmatism is negligibly small for our purposes, and' we refer to this as the

unaberrated case. For the aberrated case, as shown in Fig. 1, @ = 450 , which

4 results in a significant amount of astigmatism.

To insure that differences observed in the thermal distortion between the

aberrated and unaberrated cases could be attributed solely to the astigmatism,

special care was taken to keep the distance between the laser output mirror and

the curved focusing mirror the same for each case. The 18 cm distance between

the curved mirror and the liquid cell was needed to allow clearance between the

laser beam and cell for the small (80) angle of incidence for the unaberrated

case.

0-3
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The cross hatched patterns shown in Fig. 1 represent the undistorted laser

beam -shapes at the planes indicated. These were deteimined from measured

intensity profiles (1gs. 3 and 4) and photographs of -he bea' taken with KalvarIl
film (See Ref. 1, p. 36). For the unaberrated case,, the laser beam is circular

and focuses slightly through the ,moving lLZquid cell. For the aberrated case,

on the other h'nd, the astigmatism pr6duces a pronounced ellipticity in the

laser beam shape at the cell entrapd. The major axis of the elliptical pattern

is parallel with the cell motion simating the wind. As the beam propagates

from the cell entrance to the detector the beam shape becomes circular and the

diameter is approximtely equal to the mean diameter of the elliptical input

beam. The effect of astigmatism is to focus rays lying in the plane of incidence

at the distance Y)/2 (known as the tangential focus), while rays lying

in the plane Y ormal to th-i e 'are focused at the distaice r/ (2 cos )(the saggital

focus), where r is the mirror radius of curvature. (3) 'Tne observed beam patterns

are consistent with this since for . = 450, the minimum beam dimension transverse l

to the wind should occur at the tangential focus, which is approximately midway

through the cell. Beyond the detector, which is located neaily at the "circle

of least Ponfusion," the beam again becomes elliptical but with the major axia

normal to the cell motion. The maximum ellipticity with this orientation should

occur about 13.5 cm boyond the detector, at the saggital focus.

Experimental data for the thermal distortion for both the aberrated and

unaberrated beams were obtained by measuring the intensity profiles through

beam center along the "wind" direction. This was accomplished by scanning the

detector across the beam along with the liquid cell. The detector was equipped

c-4
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with a 5q pin hole aperture and has been described in Ref. 1. The pertinent

experimental parameters are sunmrized in Table, for both the abeiTated and

unaber;. ed beam cases.

Ek-erimental Results

Imagez !pf the thermally distorted laser beam patterns were obtained using

Kalvar film and are shown ixn Fig. 2 for input powers varying from 0.5 to 7.0 W.

Xx .The "wind" direction is from right-to-left and the relative beam deflections

can be measured f-om the right edges of the pieces of film. The most striking

feature of the distortion obtained with the aberrated beam is the narrow width

and small curvature of the patterns as compared with the unaberrated case.

The measured intensity profiles for the unaberrated, and aberrated beams

_ are shown in Figs. 3 and 4, respectively. The "input beam" profile 'refers to

the beam at the cell entrance and the remaining profiles were measured -3 cm

from the cell exit window. The various profiles are labeled with both the

input laser beam power, P, as well as the value of N, which is evaluated using

the relation:

N= (dn/dTl)Pz i l - e-t)1
, no  Pc p  "a bt at'

where no, dn/dT, , Cp, a and v are, respectively, the refractive index, the

index change with respect to temperature, density, specific heat, absorption

coefficient and velocity of the medium. The remaining quantities are defined

in Table I where the material properties of CS2 are also included. The factors

at/bt and at/a o are included to account for the ellipticity and focusing of the

beams, respectively, (1)



-1

The case N = 0, in Figs. 3 and 4, corresponds to-the undistorted profile

obtained without the absorbing liquid cell in place. Two scans of each of Le

distorted patterns are shown in Figs. 3 and 4 and the repeatability of th- d-tsa

is clearly evident. Comparison of the data for the aberrated beam with the

unaberrated case shows that the detailed structure in the distorted patterns is

very similar. It should be pointed out that the anomalously small profile for

N = 1.2 with the unaberrated beam (Fig. 3) is probably due to error in alignment

of the detector with the center of the beam. As the distortion effects, or

equivalently, the values of N, become larger, the large thermally indudd beam

spreading transverse to the wind (c.f., Fig. 2) tends to make this slight

misalignment unimportant as indicated by the remaining results in Fig. 3.

Data for the peak intensity of the distorted patterns have been taken from

the profiles in Figs. 3 and' 4, and are shown in Fig. 5 as functions of the laser

power. The dashed lines indicate the peak intensity dependence upon power for

the linear propagation case, i.e.., in the absence of any thermal distortion.

Note that the linear attenuation has been included in these curves so that they

are readily compared with the values for the distorted peak intensity. The

different slopes of the two dashed lines simply reflect the fact that the spot

at the detector is larger for the aberrated beam than for the beam with no

aberration (c.f., Figs. 1, 3 and 4). With thermal distortion, the peak intensity

increases with power until the beam spreading due to blooming begins to increase

in proportion to the power. The peaks of the solid curves in Fig. 5 correspond

to this condition. For larger power levels the increase in thermally induced

beam spreading with power becomes dominant and the peak intensity decreases

c-6
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monotonically. Except for very low power levels, where the thermal lens

effects are weak, the aberrated beam peak intensity is greater than for the

'unaberrated case. In particular, the maximum peak intensity achieved by the

aberrated bcam is -20% greater than that for the unaberrated beam and, in addi-

tion, this maximum occurs at one-half the power. Thus, according to Fig. 5,

there is a range of power levels, or equivalently, values of N, for which the

aberrated beam provides a greater peak intensity at the target than the beam

with no aberration.

In Fig. 6, the relative peak intensities (i.e., the peak intensity

normalized by the undistorted value) are plotted versus N. This shows the-

advantage of the aberrated beam over the unaberrated beam in terms of the

amount of distortion relative to the respective undistorted beams. The low

data point for the unaberrated beam at N = 1.2 is believed to be due to the

detector misalignment; and, as noted earlier, the alignment error becomes less

important with increasing values of N.

The normalized beam deflection dependence on N is shown in Fig. 7. Again,

the aberrated beam is somewhat less affected by the thermal distortion than the

unaberrated beam. The reduced deflection and spreading of the aberrated beam

as indicated by Figs. 5, 6 and 7 is clearly consistent with the distorted

beam patterns shown in Fig. 2. It is perhaps worthwhile to point out that the

use of the parameter N, for characterizing the thermal distortion of the

aberrated beam, is not particularly helpful if comparison is to be made with a

significantly different type of beam, e.g., the unaberrated beam. In this

instance it is more convenient to make the comparison on an absolute basis as
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done, for example, in Fig. 5. The use of N in presenting the thermal distortion

results in Figs. 6 and 7 indeed shows that the distortion effects for the

aberrated and unaberrated beams do not depend on N (is defined in Eq. (1)) in

a universal way.

Although the aberrated beam offers some relief from thermal blooning effects

in these experiments it is not clear to what extent the elliptical beam shape

associated with the astigmatism is responsible. Referring to earlier work with

a collimated elliptical gaussian beam (ignoring diffraction effects) one expects

a greater amount of transverse beam spreading if bt/at < 1, as in the present

case. (4) This is consistent with the nearly straight aberrated beam patterns

(c.f., Fig. 2) as compared with the more curved crescent patterns of the un-

aberrated beam. With bt/at <.I i it is also predicted, however, that the

intensity reduction and beam deflection is increased over that of a circular

beam of radius ai vith the same power. This appears to be inconsistent with

the present results. No doubt diffraction effects (because of the small

Fresniel numbers involved) and the complicated combination of beam ellipticity

and the aberrated wave front are all important here in the thermal distortion

process.

Summary

Experiments comparing the tiermal distortion effects of wind for laser

bea s with and without astiiatism have been described. The astigmatic beam

was obtained by use of a spherical mirror at an angle of incidence of 450 .

The astigmatic mirror aberration produces significant ellipticity in the un-

distorted beam which, in addition, is continuously varying along the propagation
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path. Although the aberrated beam showed an -20% higher maximum peak intensity

as .a function of. laser power than the unaberrated beam, the results are diffi-

cult to analyze or explain. Without a better understanding of the mechanism

by which the astigmtism modifies the thermal lens. effects, it is di2.°icult

to draw any firm conclusions of a general nature from these experiments. If

further experiments along this line are to be carri.d out, it is reccumended

that a simpler situation be considered together with the support of an analytical

effort.

Helpful discussions with Dr. D. C. Smith and the assistance of

Mr. A. Guardiani with the experiments are gratefully acknowledged.
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TABLE I

EXPERIM71ETAL PARAMETERS

Cell length t= 12.7 cm
Total path length z = 16 cm (cell input to detector)

Velocity v = 1 cm/sec
at = 2.2

Cell transmission T = 0.1 (includes -10% NaC1 window reflection loss)
CS2 Properties: dn/dT= -0.79 x 10-3 Oc'l; no = 1.63;

p = 1.26 g/cm3 ; cp =,0.95 J/g°C

UNABERRATED BEAM ABERRATED BEAM

* at, mm 0.67 0.86

bt, mm 0.67 0.38

a0, r 0.44 0.67

2**F at /z 2.5 4.1

N/P, W"1  12.2 10.9

A

* at = input I/e beam radius - parallel with wind

bt = input l/e beam radius - perpendicular to wind
ao = output 1/e beam radius

> **ke = (2r/Xz) zn(z)dz' - effective propagation constant

C-11
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Kinetic Cooling of a Gas by Absorption Of CO2 Laser Radiation

Frederick G. Gebhardt and David C. Smith

United Aircraft Research Laboratories, East Harord, Connecticut 06108
(Received 11 October 1971)

The effect of kinetic cooling due to the absorption of 10. 6-y CO2 laser radiation In the at-
mnosphere has recently-beein predicted. In this letter, experimental evidence for this effect

C is presented. Transient-density increases due to the kinetic cooling have been observed In
C02-N2 mixtures following the propagatlonof an - I-psec 0. 54 CO2 laser pulse through the
gas. The experiments were performed with varying concentrations of CO2 and the observed
cooling and subsequent heating effects are explained using the usual three-level approxinma-
tion for vibrational, energy transfer in C02-N2, together with known relaxation rates. C

The propagation of high-power CO2 laser radiation in 'been presented by Wood, Camac, and Gerry. 4 For the
the atmosphere can lead to various self-;induced thermal present experiment where gas mixtures of varying con-
lens effects which distort or-oth~rwise alter the beam centrations of CO2 with N2 havebeen used rather than
itself. 1- These effects are caused by the changes in natural air, the kinetic model must be changed some-

* temperature, and hence, refractive index that result what from that in Ref. 4, particularly with regard to
from the absorption of 10. 6-pL radiation, -by C02, and the rates involved. Also, the use of a pulse width
water vapor. The absorption process inivolves vibra- shorter than the important relaxation times alters the
tional, transitions and the increase in vibrational energy effects in the experiment somewhat from the proietions -

is transferred by collisional relaxation processes to of Ref. 4. In order to discuss the absorption of 10. 6-I'
translation causing the gas to eventually be heated. In radiation and subsequent relaxation processes in a CO2p.
the case of P.20, as with many other absorbers, the re- Ng mixture, the familiar three-level approximation for
laxation processias.a~eso rapid that for all practical the CO2 laser? in Fig. I s convenient. Group (C) is the
purposes the abs~orbed energy is transferred instanta- ground level with no vibrational energy; level (1) !it-
neously into heat. For C02, on the other hand, the re- cludes the bending (v2) and symmetric stretch (v,)

&laxation processes are much slower and the-possibility modes of C02 with the lower level (100) of the 10. 6-ji
of a,,nonequilibrium cooling of the gas by absorption has transition; and the level (2) includes the first vibra-
been reported. 3,4 With cooling, the gas density and re- tioigal level of N2 together with the upper level (001) of
fractive index increase, which tends to focus the laser the absorbing transition, which is the asymmetric
beami in contrast with the usual defocusing or "bloom- stretch mode (V3) Of COP. Within the limits of the three-
ing" effects due to heating. Although the cooling is dis- level approximation the vibrational levels within the in-
tinctly a transient effect and is thus Important for pulsed dividual groups are assumed to be closely coupled by
propagations 4 Wallace and Camac' have shown its im- rapid relaxation processes; and, the only important re-
,p'ortance also for cw propagation with a wind or beam laxation times are T.1 and T10 which govern the energy
slb-wing. transfer between the levels (2)-(1) and (1)-(0), respec-

tively. The absorption of a 10. 6- 11 CO2 laser photon
in this letter, experimental evidence for the kinetic [the absorption coefficient for T= 300 'X and 1-atm
cooling of a gas by the absorption of CO2 laser radiation pressure Is a =Xcol (2X 10"~) cm1", where Xco, is the
is presented. Transient-density increases have been miole fraction of CO2 (Ref. 7)] produces a 001 vibra-
observed in 00 2-N2 mixtures following the propagation tionally excited molecule and eliminates one molecule
of an - 1-p~sec 0. 5-J CO2 laser pulse through the gas. in the 100 state. The nearly resonant energy transfer
The observed cooling interval and delay In gas heating between the CO2 (001) and N2 (v= 1) levels rapidly es- -
increase with decreasing CO? concentration in accor- tablishes vibrational equilibrium and the combined en-
dance with known relaxation rates. ergy levels (2) relax through collisions to (1) at the rate

Til. Level (1), which has been depleted by the absorp-
A detailed theoretical treatment of the energy-exchange tion process, Is restored to thermodynamic equilibrium
processes Involved with 10. 6- iA absorption In air has either through the ground state (0) at the rate 7j', or (he

-- D-.q~.Appi. Phys. Lett., Vol. 20, No. 3. 1 February 1'972
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- .... - scope and used to illuminate the interferometer. A ger-
E 0 " I manium lens L with 25-cm focal length Is used to focus

20 /oo 21  - the 10.6-;L radiation into the gas. cell through an anti- '
- h, - 9I0 , reflection-coated germanium window; W that also serves

I as a mirror for the visible beam in the interferometer.

1390 p020 100 The density changes inithe gas cell that result from the
<- / t absorption of CO2 laser radiation are measured with a

0 -" lotodiode placed in the fringe field at the interferom-

,- ,01_ eter output. With the interferometer adjusted to pro-
" To duce an infinite fringe,- a change in gas density modifies

>_o __(0) , ._. . the interferometer intensity and a signal is obtained
" 2  lV1  V3  2 from the photodiode that is amplified (Tektronix 1121,

5-Hz 17-MHz bandwidth) and displayed on an oscillo-
Co2  scope. The combined photodiode-amplifier rise time

is <2 Asec as measured with a spark gap. Rotation of.
FIG.- 1. Simplified vibrational-energy-level) diagram showing the optical flat F is used to bias the interferometer for

the three-level approximation for CO -Nz gas mixtures. - maximum sensitivity and for calibration by establishing
the magnitude and direction of the phase change. The
CO laser beam was measured from burn patterns on

depending on thermofax paper to be - 2 X 5 mm at the cell entrancew sfe teprcess (i.e. < and exit windows, and the focused spot size midway

vibrational equilibrium is established at the expense of through the cell was estimated to be -0.2 mm. The
translational energy, andthe gas is cooled until level

thelater ase(i~., u< ,~)no ool photodiode aperture was 4 mm in diameter.(2) -can relax. In the latter case (i.e., 1'21< rTI) no cool- ,

the gas is heated following the collisional The experiment consisted essentially of monitoring the
deactivation of levels (2) and (1). In both cases, gas

heat othe absorbed energy occurs on a time density changes in the C02 -N mixture following the ab- .1
scale of - TzI+ or. The relaxation times T2. and rTo have sorption of a portion of the CO2 laser pulse energy. The

been calculated using the expressions and rates given experiments~were performed with Xco2 varied from

in Ref. 6. The results are shown in Fig. 2 as functions 0.05 to 1.0 at a total pressure of 1 atm, and the results

of Xco e the mole fraction of COz, for a pressure of 1.
atm. The characteristic heating time rT21+ TIO is in-
cluded in Fig. 2 as the broken curve. Decreasing Xco - I r- - T--

or equivalently increasing the N2 concentration XI2 sig- 1000

nificantly increases the upper level (2)'lifetime ,2 1,while
slightly decreasing the tower level (1) lifetime T10 . Ac- 2 ,1
cording to Fig. 2, the kinetic cooling effect should
occur for X U2 < 0. 6, since under these conditions
T21> TIo. As Xco2 decreases, the cooling effect becomes
more pronounced since T?,1 increases. The magnitude of -

the cooling and subsequent heating, however, depends
on the absorption coefficient which is proportional to 100 ...- 1 4 10
Xco2 . It should be pointed out that the kinetic model O-
used for air in Ref. 4 differs somewhat from the three- \
level CO2 -N2 model because of the low (- 0. 03%) C02 p\0

concentration and the presence rf H20 and 02 in air. z
Although this modifies the various relaxation rates in- 0 201
volved, essentially the same vibrational-energy-trans- \0,Xfor processes in C02 and N2.are responsible for the
cooling effect in both cases. The main difficulty In ob- o
serving experimentally the cooling effect in normal air _ _

is, of course, due to the small absorption coefficient. 1o

In addition, while H20 :lters he relaxation rates in-
volved in the cooling process, it also absorbs laser
radiation and causes beam-heating effects that compete 0 . MEASURED THERMAL SE TIME
wuith the cooling.

The experimental arrangement is shown in Fig. 3, A " I
1-Msec 0. 5-J pulse from an electrically excited C0 0.01 o.1 1.0
laser8 is passed through a gas cell, 12 cm long by 3.8 Xco 2
cm in diameter, containing a mixture of CO2 and Nz.
The gas cell is equipped with NaCI windows and is FIG. 2. R1claxation times calculated using data from Bef. 6 for
placed in one arm of a Maci-Zehnder interferometer. the three-level approximation in COr-N2 mixtures are shown
A lie-No laser beam at 6328 I ts expanded by a tole- together with experimentally determined thermal rise times.L __ .... D-2
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mined by rotating the optical fiat F. Thus, the photo-
diode signal is assumed to be nearly proportional to the

. -interferometer path difference and, hence, the gas den-C0 2 LASER PULSE C .I L -ity. Since the laser pulses are short compared with
-_--.- .... =the relaxation times shown in Fig. 2, the gas-tempera-

--- -,--Y/-W ture changes fullowing the laser pulse occur on the

same time scale as these vibrational decay processes.
The ps-density change, and hence the interferometer
signal, on the other hand, are delayed by the acoutctic

1PH10 DIO0 transit time r,=D/v, where D is the beam diameter
a F and v, the sound velocity. Following this time the gas-

density change with temperature for a constant pressure
AMPLIFIER is observed. Thus, considering the case of pure COz

(i.e., Xco= 1.0), the gas heating should occur after 'i
+ T10- 17 pisec (see Fig 2), and the acoustic time pre-

OSCILIOSCOPE ceding the gas density change is -- 13 gsec, where we
have assumed D= 3.5 mm and v,=2. 8X 10 cm/sec for

? FIG. 3. Experimental arrangement for the interf~rometric ob- CO2 at 21 *C. The - 10-15-/tsec rise time of the inter-
servation of kinetic cooling. L: Ge lens, 25-cm focal length; ferometer signal for Xcoz= 1. 0 in Fig. 4 is consistent
W: Ge-windowAr coated for 10. 6 p; B: beansplitter; M: mir- with this estimate for 7,. That the rise time is asso-
ror: F: optical flat; C: gas cell, 3.8 cm in diam; P: vacuum dated with the acoustictime has been established bygauge. atdwtth cutctmhabenetbihdygreducing the pressure to - 0.5 atm and observing only

a small change in the signal rise time in spite of the
for Xco = 0. 1, 0.2, 0.3, 0.4. 0. 6, and 1. 0 are shown doubling of the relaxation times at the lower pressure.
in Fig. 24. The photodiode signals in Fig. 4 show the As the COz concentration decreases below 60, r10 be-
normalized density changes with time (horizontal scale comes shorter than ri, and the gas cools after the time
= 50 gsec/div), and a density increase corresponding to T10-6 psec. The rise time of the interferometer signal
the cooling effect is observed for the cases where showing the density increase is, of course, delayed by
Xco, < 0.6 as predicted. For Xco, > 0.6, only a density the acoustic transit time. Since the heating time
decrease due to heating is observed with essentially no (?,,+ T1 0) increases with decreasing Xcoz, becoming
change in the signal as Xcoz is increased. The density much greater than the acoustic transit time, this time
change can be expressed in terms of the photodiode- eventually dominates the time for the gas density to de-
signal voltage since it is small compared with that re- crease to the minimum value after the cooling interval.
quired to change the optical path length by 12A, as deter- The thermal rise time, which is defined as the time for

APIfr. 0.4 x 103/div A PIP.= 1.0 10
3 /div

XC0 2 =0.1 + XC 0 2 0.

+ X 2 02 
FIG. 4. Photodiode signals showing Inter-
ferometrically determined density changes• Zu in CO2-N2 gas mixtures following the prop-
agation of an - 1-psec 0. 5-J C02 laser

pulse.

X 0.3 X =10
CD2 XCD2

SOPYsec/dlv sOpec/dlv
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the density to reach 90% of the total change from maxi- The observed density decrease in Fig. 4 for pure COz

mum to minimum density, has been measured-from the corresponds to a temperature rise of AT-0.5 C. As-
oscilloscope traces and the results are shown in Fig. 2. suming saturated conditions and using the energy equa-
The beginning of the time interval is taken as the break tion, we find that E, - 0.38 J/c 2i2 for pure CO: which
in the oscilloscope trace which is caused by an electri- is in good agreement with the 'calculated value.
cal noise transient associated with the spark gap used It should also be noted that the small pulses appearing
to trigger the CO2 laser. The measured thermal rise or in the interferometer signals in Fig. 4 are associated
heating time is seen to be in close agreement wth the with repeated reflections of the acoustic wave from the
calculated heating time (721+ T0. It should be pointed walls of the gas cell. Their occurrence in pure CO2 at
out, however, that this agreement is somewhat fortu- iinterv/als of -- 125 Psec after the initial density change
itous and probably due to the effect-of the finite acoustic corresponds well with the 3.8-cm tube diameter. For
transit time. For the case where the acoustic time ;" the case of Xco = 0. 1, the pulse interval is reduced to
and 'o become negfgible compared with T21, the so- about 100 jusec, which can be explained by the increase
called thermal rise time should in theory approach in sound velocity to v5,. 3.4X 104 cm/sec due to the ad-
-2rT1. Also, in this lim~it, the density increase for very dition of N2.
short times (t <<r,) should be 1. 44 times the density
decrease for I >> T ,i which is the ratio of the 100 vibra-* In summary, these results have shown the first experi,-
tional energy to the photon energy h.'0.6, mental evidence of kinetic cooling by absorption of lase'r

radiation. The cooling and subsequent heating occur on-
For very long times the decrease in gas density must the time scale of known vibrational relaxation rates,
eventually decay to zei., due to thermal conduction.
The thermal-conduction time T' of - 50 msec has been appears to be adequate for modeling the effect. In the

measured~for iare C02 , and since ra -D2 /16x, where ,ease of atmospheric propagation, the times associated
X= 0. 11 cmr/sec Is the thermal diffusivity for C02, we with the cooling will be increased to milliseconds or
obtain D - 3 mm for the effective beam diameter within greater becduse of the longer lifetime, T2 1 associatd

the gas cell. with the lower CO 2,concentration. The kiuetic cooling
It is interesting to note that the density-change with can be a beneficial effect for propagating pulsed beams
Xco= 0. 1 is roughly about one-half that obtained with which have a pulse width comparable to Tt, or for cw

pure CO2 rather than one-tenth as expected. This ifidi- beams propagating with a cross wind such that the tran-
cates that the CO2 laser pulse energy density exceeds sit time across the beam is comparable to T,.
the saturation value for pure C02 , and when Xco2 is re-
ducdbdingthe saturation valuefor r e ny den s n- The authors gratefully acknowledge helpful discussionsduced by adding N 2 the saturation energy density in- wt r .J i c e n r . .K v c n h

creases to compensate somewhat for the reduction in th r ssican d D A. Kovas athtechnical assistance of A. Guardiani. This research
the~absorption coefficient. For a laser pulse shorter wassupported in part by the United States Army Elec-
than the upper-level relaxation processes, as in the tronics Command, Institute for Exploratory Research,
present case, the absorbed energy density under
st-.ongly saturated conditions is aeE$=njhvjo.6/2, where
Pil is the number density of CO2 molecules in the lower
absorbing (100) level and o is the unsaturated absorp- 'D.C. Smith, IEEE J. Quantum Electron. 9E-5, 600 (1969).
tion coefficient. That is to say, E, is the energy per 2F.G. Gbhardt and D.C. Smith, IEEE J. Quantum Electron.
unit area required for one-half of the (100) CO2 mole- QE-7, 63 (1971).
cules to be excited by absorption to the ()leveland 3A.J. Glass, Opto-Electron. 1, 174.(1969).

(001) 4A.D. -Wood, M. Camac, and E .,T. Gerry, Appl. Opt. ,10,
thus approximately saturate the transition. For pure 1877 (1971).
CO2 at T= 300 K and 1-atm pressure.with an= 2x 10"  J. Wallace and M. Camac, J. Opt. Soc. Am. 60, 1587 (1970).
cm" and n,=7.25x 1iO1 cm "3 , we obtain for E, the value 6C. Bradley Moore, R.E. Wood, B.L. 11u, and J.T. Yardley,

0. 34 J/cm2 . The laser pulse energy of 0. 5 J together J. Chem. Phys. 46, 4222 (1967).
?T.K. McCubbin and T. R. Mooney, J. Quant. Spectrosy.

with thebeam radius of 1. 5 mm (based on the measured Radiative Transfer 8, 1255 (1968).
thermal-conductioh signal decay) gives -7 J/cm2 , which 8D.C. Smith and A.J. DeMarla, J. Appl. Phys. 41, 5212
clearly exceeds the estimated saturation e~nrgy density. (1970).
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APPENDIX E

Comparison of Numerical and Experimental

ThekrAl Distortion Results

In this appendix a measured thermally distorted laser beam pattern is compared
with results obtained numerically. In Fig. E-l, the distorted CO2 beam pattern-
obtained with Kalvar film in a liquid CS2 experiment simulating a wind is shown on
the right-hand side. The value of N as computed using Eq. (1) and the appropriate
experimental conditions (Ref. 1, Figs. 36 and 37, P= 2 W case) is 20 for the measured
pattern. On the left-hand side of Fig. E-1, numerical results obtained by Bradley
and Herrmann (Ref. 2)-with the iLincoln Laboratories nonlinear propagation code are
shown for a case with N = 16, which is roughly comparable to the distortion parameter
for the liquid experiment. in each case the beams were focused, and a close similarity
between the numerical and experimental results can be seen, particularly with regard
to the overall shape of the patterns and the presence of the small central lobes.

In particular, both the values of IR and Ax/af, which are, respectively, the peak
intensity normalized by the undistorted intensity and the normalized beam shift into

the wind, are in agreement as. shown in Fig. E-1. The calculated constant intensity

contours are labeled to indicate the values of intensity normalized by the peak.

The constant intensity contour represented by the edge of the measured pattern

corresponds to 14 percent of the peak which is indicated by the x. This was
determined by comparing the measured intensity profile (Ref. 1, Fig. 37, P = 2 W
case) with the Kalvar image of the beam pattern. The dashed circles represent the

undistorted l/e intensity contours of the focused spots for each case.

The thermal distortion results are shown in Fig. E-1 in terms of normalized

dimensions and intensity levels; and the physical parameters for each case are also

given in normalized fashion in terms of the distortion parameter N, the fractional

absorption, cz, and the ratio of initial to focused spot sizes, aL/af of the beams

in the absence of distortion. Of these parameters, the values for cyz differ the

most between the numerical and experimental cases. in view of the results showing

the az dependence of the distortion in Sec. 2.4, the larger cz in the liquid experi-

ment may be responsible for the good agreement between the numerical and experimental

results in spite of the fact that the values of N differ between the numerical

(N = 16) and experimental (N = 20) cases.

Perhaps the most important point to be made by the comparison in Fig. E-1 of
the numerical results with those obtained experimentally concerns the vastly different

conditions between (a) the laboratory simulation of wind with a small (- 5 in. long)

cell of liquid CS2 moving across the beam, and (b) the numerical calculations which

were performed using conditions typical for high-power propagation in the atmosphere.

The actual conditions associated with the liquid CS2 experiment and also for which the

numerical result in Fig. E-1 was obtained are given in Table E-I. Thus, from the

rather good agreement indicated by the results in Fig. E-l, there should be no

question about the validity of the liquid simulation of atmospheric propagation in

a wind. In addition, Fig. E-1 provides convincing evidence for the usefulness of

the parameter, N, for the scaling or comparison of the convective thermal lens

effects under widely differing conditions, e.g., as in Table E-I.

E-1
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TABLE E-I

C0MPARISON OF CONDITIONS FOR FIG. E-1

x=10. 6

Numerical Results Liquid CS2*

(Lincoln Labs.) Experiments

Power, P 100 kW 2 W

Source radius, a. 10 cm 1 mm

Focused radius, af 3.6 cm 0.22 mm

Range, z 2 km 15.5 am

Wind Velocity, V 2 m/s 1 cm/s

N 16 20

UO .134+ 2.2

knoa./z 3 5.7

a,/a 2.,8 4.5

* Liquid CS2 results have been taken from Ref. 1, Figs. 36 and 37. To

avoid confusion the distinctions between the cell length, t and z,
and the effective propagation constant, ke and kno, are omitted here.

E-2
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