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ABSTRACT

This report summarizes the work performed during the second year of an
experamental and theoretical research program converning the self-induced
thermal distortion effects on cw COé laser radietion propagating in absorbing
media. The research program is directed toward improving the understanding
of the possible limitations imposed by the atmdsphere on the propagation of
high power laser radiation. The work presented is concerned with eszentially
the following three different areas: (1) wind simulation experiments using
a high pressure gas celly (2) studies of the kizetic cooling of a gas by
absorbing of COy laser radiation; and (3) studies of turbulence effects on tue
self'-induced thermal distortion of laser beams.
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SECTION I
INTRODUCTION

The United Aircraft Research Laboratories have been coniucting an experimental
and theoretical research investigation of wue self-induced thermal distortion effects
on cw CO_ laser radiation propagating in absorbing media. For the past two years
this res€arch has been under the joint sponsorship of the U.S. Army Electronics
Command' and a parallel Corporate sponsorad program., The research is directed to-
ward improving the understanding of the possible limitations associated with the
propagation of high power €Oy 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 bzam propagaticn in an

absorbing medium in the presence of & uniform transverse wind. (Ref. 1) Experi-
mental and theoretical results were obtained showing the thermal dis*ortion to be

determined by the nondimensdional distortion parameter N ard 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 082 as the absorbing
medium experiments simulating a wide range of atmospheric conditions with wind were
carried nut for values of the distortion parameter N up to ~100, which represents
the strong nonlinear interaction regime where exbremely severe thermal distortion
and intensity reduction effects occur, These results clearly show the serfousness

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 cv laser applications.

This report describes the work carried out during the second year of the
pregram, 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 (L) high pressure gas cell wind
simulation experiments; (2) experimental and theoretical studies of the kinetic
cooling 6f & gas by absorption of CO, laser radiation; and (3) experimental and
theoreti.al -tudies of the effects of turbulence on the self-induced thermal dis-
itortion of I.sor radiation., Section II describes the high pressure gas cell
experiments .a which results obtained for th» thermal lens effects of wind under
large N conditions are examined as functions of the focal range and the total path
attenuation. In addition to providing data for estimating the aimospheric limita-
tions on high power propagation for a wide range of thermal distortion conditions,
the experimental results in this section ar: also important for providiug a means of
checking the existing nonlinear propagation codes (Re”. 2-6), in the large distortion
regime where errers and instabilities are likely to become important. The results
of the fucusing 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 lens effects. This suggests the technique of varying




B aaamudh e ey

L921004-8

the transmitier focal range as = cimple first step toward minimizing the thermal
distortion effects. In Appendix C & related experiment iz described in which the
effects of astigmatism on the source beam phase distribution are examined as a
possible means for reducing the thermal distortion by a wind.

The first experimental observation of the kinevic 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 kinetic 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, resuits
obtained using them in tne nonlinear propagation code are included.

Section IV describes the theoretical and experimental efforts to determine
the impovtance of atmospheric turbulence effects for the propagation of high
pover ¢w CO, 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” ure characterized by an eddy-diffusion
coefficient. Iaboratory experiments with irtifically generated velocity turbu-
lence in a 2 m long cell are also described. The results, which were obtained
for the conditions of strong twurbulent 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 bheam trans-
lation with that obtained in flowing gas ir the 50 cm wind tunnel are included in
hppendix 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 effectsit is clear that beam trans- :
lation experiments are preferred over the use of small wind tunnels for simwlating
atmospheric propagation in a laminar wind.
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In Appendix B the correction factors to account for focuséd 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 amcunts of focusing (i.e., when 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 cize ratio (Ref. 1, Eq. (17)) to account for the tocusing.

| o
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- SECTION II
Large N Vind 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 CS, , it has
riot been possible to obtain results for values of ot less than ~ 2 due to the
large attenuation of CS, at 10.6 p. '

2.2 High Pressure Gas Cell Thermal Distortion Experitents

The experimental arrangement used to carry out the thermel distortion
experiments is shown in Fig. 1. The experiments consisted essentially of propaga-
ting a COp laser beam through a moving cell of gas oriented vertically (to minimize
natural convection effects) which simulaves the effects of a transverse wind, and
then monitoring the resulting thermally distorted intensity patterns as a function
of the laser heam 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. %g 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 (Ml) of radius 2.15 m was used. The ¢ollimated
beam was obtained with a mirror curvature for (Ml) 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 1 .
ot dependence 1 Section 2.k, pure CO, at & pressure of 150 psi¢ was used in the
cell. ‘he 002 wsorption ggefficient vas found to increase from ~1.8 x 10"3cm"lat {
atm pressure to ~#.10 x 10 “em at 150 psig or ~ 11 atm pressure. The increase in
the absorption coefficient is due to the effect of rotational line overlap (Ref.T)
and the measured increase by a facter of ~ 2.3 for 1l atm is in reasonable agree-
ment with the value »f 2.6 that has been reported by Christiarsen,et.al., (Ref. 7).
The transmission of the cell windows was measured to be . 8L percent with Naax-5
psig ir the cell. The absorption coefficient of the €O, was observed to increase

h
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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 CO, trans-
nission was reduced by ~ T 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 CO, transmission with power could not be observed

within the accuracy of the power measurements and thus, is considered %o be
negligible,

The types of data obtained in the experiments include photographs of the
distorted laser beam patterns obtained using Kalvar f£ilm and intensity profiles
measured by moving a detector equipped with a 35 micron diameter pin-hole across
the beam slong with the moving gas cell, The pertinent parameters for the
various experiments including the undistorted laser beam radii at the cell input
and output planes together with the cell. velocity, absorption coefficient, path
length, etec., are shown in Table I ‘with the experiments identified by the
appropriate dates and focusing coniitions,

In Figs. 2,3, and L are shown the data obitained with the collimated beam.
Fig. 2 contalns 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

(-an/aT) 2 P 2 (1-e*yz

¥ o= 3 1 -——O{-Z-—l (_j.i.)q (1)

Thp evay .
P "p 0

Here, n, dn/dT, p, c. , vand @ are, respectively, the refractive index, index
change with respect go 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
derivod originally for a collimated gaussian beam, As shown in Appendix B the
effect. of focusing is accounted for in N by the ratio aa/ao and the numerical
correction factor q (see Fig. B-1), which varies from 1 to 2 as a /a varies from
1 (collimated beam case) to », Although this form of the focueing correctlon to

N applies strictly only for wz < < 1, it is also used for finite oz 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, ay, v, at, and z indicated in Table I. together with
the known properties of COp which for convenience are tabulated in Table II.

Here t i~ the cell length and to account for the small air path (for whicha ~ 0)
between bthe end of the cell and the detector plane we distinguish between the total
path z and t and use ot instead of oz in the term inside the curly brackets in BEq.(l).
The collimated os=am crescent patterns for N=1l.35, 2.7 and 5.4 in Fig. 3 compare
favorably with computer results obtained by Wallace (see Ref. £, Fig. L) for the
cases z = Zy 5 L. 25 And 2 %, , which correspond to N~ 1, 2.25 and k, since

N~ (Z/Zo)2 (Ref. 1, p. b).
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Quantitative Jata 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 different velocities of v = 1 and 0.5 cm/s to show that the inverse

velocity dependence of N in Eq. (1) correctly accounts {r the observed thermal
distortion.

In Figs. 5-3, data obtained for the focused beam case are shown. The
undistorted bewn vatberns and profiles given in Fig. 5 indicate t:dat the beam
deviates somewazt from an ideal gaussian. Comparison of the distorted intensity
patterns shown ia Fig. 6 for the focused beam with the collimated beam data in
Fig. 3 shows a distinet difference in the nature of the distortion resulting
from the convective thermal lens effect. 1In 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. 1In Figs. 7 and 8, the proper scaling of the 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 1lht.h 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 orierted vertically can be obtained from the expression (Ref. 8)

L

v |.eetr 1* (2)
ne ™ |2k ey p T,

where g is the acceleration of gravity, t is the cell length, p is the viscosity co.

efficient and T, is the,ambient temperature. For the conditions appropraite to Fig. Y,

we obtain v o ~L.2x10 P2, where P is in watts. Defining the characteristic natural
convection %1me 'rnc=t/vnc and the time v 2 ai/v associated with the cell volocity
simulating a transverse wind, one expects the ratio 7 /r,, o be near unity when
natural convection effects are important. Indeed, for the power levels of

~T - 14 W in Fig. 9, v = 0.5 cm/s and a; = 0.25 cm, the ratio 7hc/7w varies from
~3 to 2., Evidently, the onset of natural convection is associaked with a critical
value for Thc/Tw of about 2.5 since natural convecticn effecis 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 intensibty and beam
deflection dependence on N are shown for both the focused and collimated beam
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cases. The normalized pezk intensity IﬁEL is the ratio of the distoried peak
intensity fio that intensity which would be obtained in the absence .of thermal
distortion. The data shown in Fig. 10 for the focused beam differ considerably
from that for the collimated beam for the values of I larger than three. For

the focused beam,IRE, Gecreases with Il at a rate which is greater than l/H, for
values of N greater than I ~ 3. The rapid decrease of IRy, With I does not

occur for the collimated beam until I becomes greater than 10. The difference
setween the collimat:d and focused besm deflection dependence on N is less
vronounced as shown in Fig. 11. However, similar to the normalized peak intensity,
tha beam deflecdtion for a collimated bezm does not increase as rapidly with W as
it does in the focused beam case.

A different way of presenting data for the effect of the thermal distortion
on the laser beam 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 propagaticn
in 2 lirear 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 itends o reduce the peak
intensity because of the severe spreading effects produced by the convective
thermal lens, Ib is interesting to note from Fig. 12 that the maximum target
intensity is achieved with the collimated beam rather thun the focdused beam, but
at a considerably higher value of laser beam power. Also, it should be noted
that Jdoubling 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 = Np for a given laser beam.

2.3 Liquid ¢Sp Cell Thermal Distortion Experiment

TFor convenience in comparing the high-pressure gas experiments with the
liguid CSp experiments and also because the latter data (Ref. 1) has been replottzd
to properly account for the effects of focusing in N as shown in Appendix B, the
CSo 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 that the thermal distortion
results follow essentially the same trends in both the liquid and nigh-pressure
gas ceses., It is also found from Fig. 15 that a higher peak ixtensity can be
achieved at a target with a collimated beam than for a focused beam as in the
hirh-pressure gaz experiments. As in Fig. 12, the label il indicates the value
of N for which the peak varget intensity reaches a maximum with increasing power.
Later, it will be shown that N, corresponds to the points on the Igpp curves in
Firs. 12 and 13 where the slope equals minus onz.
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2.4 Dependence of Thermal Distortion on-at

¥With the high-pressure gas cell, it is possible to vary the total attenuatiou
or, equivalently ot, by varying the concentration of the absorbing ges in the cell.
To examine the dependence of the thermal distortion cn ¢t a series of focused
beam experiments with three different absorbing conditions were performed. The .
fecused 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 ‘
at existed beyond that impliecit in the expression for the distortion parameter H
given in Eq. (1). The rssults of the experiments are shown in Figs. 16-18. The
different amounts of total cell attenuation were obtained by using a mixture of
€0y and nitrogen to give ot = 0.1% pure CO, for which ¢t = 0.hl;and a mixture of
nitrogen plus a small amount of propyiene (C H5) was vsed to provide ot = 2.3.
In all cases, the total preqeurp in the celL vas 150 psig. From Figs. 17 and 18
showing the dependence of the normalizedl peak intensity and beam deflection on N,
it is clear that there is u dependence on ¢t which becomes more pronouaced with
increasing values of N: Generally speaking, for the smallest value of «t, the
thermal distortion zffects are more proaounced than for the larger value of ot
at the same valtie of N. This is borne-out in Fig. 16 where the distorted intensity
profiles for comparables values of N can be compared for the three values of aot.
Her~ it iz seen thet for ot = 0.13 the thermal distortion is more severe than it
is for gt = 0.4k and 2.3 at tue same value of N. Tt is interesting to note the
axial peaks in the intensity profiles for N = 12 and 16 with ot = 0,13, which .
are larper 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 gt they are not as well developed.
A possible explanation for the ot dependence evident in Figs. 16-18 is that the
valucs of N given by Eq. (1) do not properly account for the effects of focusing
vwhen ¢z is large (seec Appendix B). This makes sense physically since it is
clear that feocusing will have libtlle effect on the thermal distortion in the
limit o laree ooz because the intensity is reduced by atvenuation at the focal
ranpe where one expects the focusing to have the greatest effect on the distorticen,

2.5 Focusing Effects on Thermul Distortion

To examine the effects of focusing on the thermal distortion by a wind the
Ge lens telescope was adjusted to focus the beam at approximately 0.T5 z, %,
1.25 z and at some range between 1,25 z and o, the latter being the collimated
beam case,where z is the range to the target, or detector plane. The differencer .
tatween the thermal Jdistortion obtained with these focusing conditicns are shown
qualitatively in ¥Fig., 19, The intensity profiles mearured as a function of laser
beam pover for the varions fTocusing conditions are shown in Fips, 20 and 21, -
Values of Il were not computed for the focusing experiments since the concept of
i1 g or quentionable value for beams which do not fellow the uswal collimated
or focused behavior, For this case, a much better comparison is obtained in
tiems of the peak inlensily dependence on lhe laser beam pow~r zhown Iln Fig, 22.
Raced on trn data chown in Fig. 22, the saximun target intenslty is achieved with

o
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the beam focused at the target or when Ffz = 1. With the beam focused in front
of the detector (F/z = 0.Tk) or with the beam focused beyond the detector

(F/z = 1.26) the maximum intensities are less thar 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 cese as found
earlier in Figs., 12 and 15. From Fig. 22, it is clear that the thermal distortion
by a wind chahges the optimum focal range for the laser transmitter. For
example, under conditions in Fig, 22 where the laser beam power is 4 watts, &
greater target intensity can be afhieved by focusing 25% beyond the target than
by focusing at the ftarget range. This suggests tmat 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 improvemert in target intensity can be achievad 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 rzducing 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 the use of the
dimensionless parameters N, k aj /z and oz, which refer, respectively, to the
thermal @istertion (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 =
gnji where ) is the wavelength; and the fractional attenuvation factor wz. By
avaluating these parameters for the situation of interest one can then refer to
the normalized peak intens.ty and beam deflection results in Figs. 10,11,13,1k or
17,18 depending on which are most appropriate in terms of the degree of focusing
and the total path attenuation.

The situation can best be s.mmarized as follows. The distortion parameter
N must be evaluated using Eq. (1) with tha appropriate values for ihe properties
of the medivm and the beam radius ay of the source, which, strietly speaking, is
assumed to be gaussian, and the beam radius a, at the target range z. The degree
of .ocusing is, of course, given by ai/ao which for a diffraction Limited beanm
focused at the range 2 is'given to good approximation by the Fresnel number
k a€ /z., The experimental results for focused beams indicate that Igg; , which is
the neak intensity normmalized by the undistorted value at the range z, drops off
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to 0.5 for valaes of N in the range of 3 to 6 and to 0.1 for Il in the range of

9 to 18, depending on thz magniitude of wz. IREL decreases more rapidly with I
when @2 << 1 ‘than when yz > 1 as shown in Fig. 17. Vhen < 0.1, the thermally
self-induced spreading, bé;ding and distortion effectc are probably too severe to
be tolerated for most applications and thus N should probably be Less than ~ 1G-20
for cases of practical interest. It is perhaps worthwhile mentioning that althouzn
the degree of focusing has been limited in the experiments to only a relatively
small range the results mav stili provide a reaconable estinmate for ..ore strongly
focused beams in view of tne uncertainties associated with tnc effects due to

turbulence and deviations in the source beam profilc from ihke ideal symmetric
gaussian,

For the case of a collimated or diverging beam the size of the Fresrel number
is important since it determines if diffraction effects are strong enough to offset
the self-focusing tendency of the convective thermal lens in the plane parallel
with the wind. TFor mosw 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, howaver, that
IREL decreases mach less rapidly with W 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 irtensity to be greater with the beam collimated (or
perhaps only defocused to a somewnat greater range) than when it is fecused at
the target. This can occur since not only is the cnllimated beam N smaller by
the factor ap/q aj than the value for the focused beam but also I decreases
less repidly with N for the collimaied beam as pointed out above.

The plots of Igpy vursus N (sce Figs. 10, 13 and 17) have an interesting and
useful interpretation 1f one considers the situation where only the laser power is
variable and the range, wind velocity, absorption coefficient and source beam size
and focus remains fixed. In this case, the ordinate on the . versus N plots
may be associated with the povwer since N 1s proportional to the laser power and
the remoining conditions are assumed constant. The peak intensity at the target
rarge z 1s given by I (z) = I, (z) IREL(N) where I (2) is the undistorted peak
intensity which is also proportional to the laser power. Clearly, the target peak
intensity Ip will increase with power so long as Ipp, does not decrease with N
(or, equivalently P) as 1/H or faster. From the Igppversus ¥ data shown in
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Figs. 10, 13 and 17 one can then see that Ip increases with the laser beam power
until the slope of the curve equals -1,or equivalently;IREﬁ& l/P. Beyond this
point where I___ decreases more rapidly than 1/ the value of I_ actually decreases
with increasing power because of the influence of the nonlinear thermal distortion
effercts. Thus, the value of N for which the log IREL versus log 1l plot has a slope
of -1 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 thet can be used effectively for a given souwrce beam
configuration and set of propagation conditichis. This power and the associated

value of IpEr, then determine the maximum peak target intensity obtainalle under
these conditions.

In Appendix E numerical results obtained by Bradley and Herrmann (Ref. 2)
Tor the thermal distortion of a focused beam are compared with a distorted laser
beam pattern measured in a liquid CS, 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 latoratory
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 ¢f conditions.

1l
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SECTION IIX
KINETIC COOLIIG
3.1 Introduction

The kinetic coocling of air by the absorption cf €0, laser radiation was first
discussed by Gerry (Ref. 10) and has since bean studied by Glass (Ref. 10) and
Wood, Camec 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 tThus
the effect is generally regarded as being beneficial to high pover propagation.
The kinetic cooling effect can be important for hoth 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 COp laser. Due to the effects of
saturation and the limited sensitivity of the interferometer the cooling effects
could only be observed with COs concentrationsgreater than & percent. As a resuli,
the characteristic cooling times observed were limited to crevéral hurdred micro-
seconds as compared with times on the order of 2-50 milliseconds predicted for
normal &ir with approximately 0.02 percent COp (Ref. 11). Future experiments are
planned to observe the kinetic cooling effect in normal mimospheric air using
either a nigher energy pulsed or a nigh power cw COp 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
Trom the cooling are derived for the cases of a short pulse and a cw CO, laser
source in stationary air. These eXpressions are needed to determine the optical
effects and the requirements for laboratory experiments investipgating the kinetic
cooling process. The steady-state temperature expression for the cooling effect
with a ¢w beam in a wind or with beam motion is also derived and the result is used
to modify the nonlinear propagation code to account for kinetie cooling. Numerical
roesults illustrating the kinetic cooling effect with wind are shown in Section 3. .

3.2 Summary of Theory

The kinetic cooling effect is a result of the vibrational enerpy exchange
processes that are involved in the absorption of 10.6 ,, wavelength radiation by
the €Oy in air. A detailed theoretical treatment of the absorption process has
led to a simple approximate model for the kinetic cooling in air (Ref,11). Accord-
ing to this model, the laser “eam energy absorbed by (0, is stored in the combined

vibrational levels CO, (001) and I, (v=l), for which the effective collisional
rolaxation time is 7.° The relaxatfon time for the lower level (CO? (100) ) of the




*
absorbing transition is essentially instantanecus in comparison with v.  Thus,

equilibrium of the CO2 (100) level, which is depleted by absorption, is rapidly
restored by collisional 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 .

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

.2h -
Pl— + v, vn}l= o, I{t 3)
‘at t () 3 (
where the enthalpy h = ¢ T + E,, , I is the laser beam intensity and p, Cp T, oy
and v are respecbively, ihe density, specific hea¢ at constant pressure, temperature,

tot2l absorption coeffizient and velocity of the gas. E, is the change in the vibra-
tional energy of the combined COp (001) and No (v=1) levels which results from the
absorption of 10.6 p radiation by the C02 » and is governed by the equation

BE E‘
p(-—-——+ v-vE)=2hha I(t) - p — s (&)
ot v T

where @, is the CO_ contribution to the total absorpiion coefficien’ Ty =y,
and @y accounts for the absorption due to water vapor. The energy absorbed by water
vapor does not appear in Eq. (4), since it is rapidly trensferred to translation and
thus leads only to gas heating (Ref. 11). The factor 2.h4 in Eq. (%) is the ratic
of the vibrational energy of the CO, (001) level to the 10.6 y photon energy hy,

which accounts for the fact that each absorbed 10.6 p photon with energy EOOl— E100

results in a vibrational quintum of energy E that is stored in the Ny . Using
the definition for h and Eq. () in Eg. (3) §%%es

é% + V9T = d_t__I_.{.t____)‘ 1-2.a5 %\, 2 E (5)

— ?

8 9 Cp ¥ p T
which mus% be solved together with

o8,

v > _ 2.y E

e e = (6)

T

P T T R N Ll L

* Although this is true in air where the CO2 concentraticn is typically ~0433 percent
the effect of the lower level relaxation tlme cannot be neglected when the CO, con-
centration is > 10 percent as in the eXperiments in Appendix D.
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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 Egs. (5) and £6) ). For the
pulsed case the pulse width ¢_ is assumed to be much shorter than the relaxation time
7. Thus, for I(t) = IT &Gt)f where 6(t) is the unit impulse function and IOTP is
the energy density of the pulse, the change in pgas temperature following the laser
pulse is given by '

o, I o

T ~t/7 §

AT () = ———= |1 - 2.4 2 -t )
P Sy @y

(7
If o /a > 0.41 transient cooling of the gas will oceur. The cooling effect is
greatest, of course, if o, = ¢, (i.e., @ = 0) in which case the maximum temperature
decrease, which occurs at t =0, is

a I
:pr . (Pulsed) (8)

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

| 0T |= 1.4

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 Egs. f5) and (6) the temperature
¢henge 'is

o1 o t/r
AT(t) = _to [t-2.1ﬂ+_.c_ T (1-e /)J . (9)

p Cp &

Assuriing o = °5> the maximum temperature decrease occurs at t = 0.59 T, and its
magnitude is given by

'Aim i =0.55 _¢o . (ew) (101
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Equations (8) ani (10) can be used to determine itne reguivementsfor experimentally
observing the kinetic cooling effect in dry air. In .cwmal atmospheric -air the
relaxation tim 1 is reduced by the presence of 0, and H,™ (Ref. 11) and this -
gether with tle absorpbtion due to the water w=por will decrease the ragnitude of

. the cooling effect as indic&'ted by Bys. () and (9).

For thé case of a cw beam with the uniferm wind velocit:s v ii The x-direction
a steady-state solution for the gas temperature can be found from Eaus. (5) 28d (5.
Teking the Iaplace transform 6f Eg. (6) and using the boundary condition
{ Ev(f 3 = 0) = 0 leads to the result

2.#& X ~(x-x")/vt

E (ft) = —_ ¢ f Ikt y,5) e AL (11)

v Ve -
“x-vt

Substituting this expression into Eg. (5) an@ setting aiyat = 0 while letting
t > ® gives the equation to be solved for the steady-state temperature

P oI o
3T . _t (1L - 2.4 _C)

X
e P va c{t
X
201"’1‘“ ' '_(x_x')/v,r
b —-—-‘-;-5-0——/ I (x‘,y,z) e ax’ (12)
p e ©

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

[+4 X t
T(x) - T(- ®) = v J/~ I(x!iy,z) (L - 6 e-(x—x )/VT) ax!' (13)

c v
P

Where

lo

6 = 2.k , . (14)

2

In vhe following section this expression is used to modify the nonlinear propagation
code to account for the kinetic cooling effect for a cw beam in a wind.

15
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3.3 HNumerical Results

The computer ¢ode used to describe the nonlihear propagation effects for a
€% beam in & transverse wind is described in Ref, 1, Section 3.6. To account for
kinetic cooling in the numerical precedure the appropriate changes must be made in the
expressions for § (z) and ¥(z) which appear in Egs. (36) and (39), respectively,
of Ref, 1. Sincen&n general

- vn [
em(-t"a) = z :’1 -2 @ g, (15)
. o A aT

Wwhere vy 1is the transverse gradient operator, the effects of kinetic cooling
can be included by using the .steady-state temperature expression in Eq. (13) to
avainate Eg. (I5) with the result

§n&(z) = ¢ zl 2 [(1-6) T + %% fx I e-(X-x')/VT dx']

- |
*Y LA (g GO dx} , (16)
oy
where
_ (anfam) %%
¢ " npecv . (17)
o" p

Here,¢ is the same as in Ref. 1, except that oy =, Foy has replaced ¢. Also,
if & is set equal to zero, or equivalently o, = O and no cooling can occur, Eq, (16)
reduces bo same expression as in Ref. 1, Eq.’ (36), as required.

The expression for ¥(z) from Ref. 1, Eq. (39) is

I
¥(z) = -z (v, + YL;___) L8, (3/2) (18)

which after substitution of Eq. (1.6) and performing the indicated operations be-
comes y

P P
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2 g s -
¥(z) = - = ] 2(2-8) 2= +__ I

2 9x VT
b vT -(x-x')/wv ?{
N A
2 I ¥ . o
(vr ‘ (19) 13-

- -‘! b
(x-x )/V‘r) ax! ,

> 21
+L} Qy? (1-8

4 ——

1 I Ix 3 (14 e-(x-x')/v'r
Iy ™ oy

) ax'

Again, if 6 is set equal to zero in Eq. (19) the expression ceduces to the proper
result for pure bean heating. Equations (16) and (1) have beeu used in the ot
numerical procedure to examine the convective thermal distortion associated with
kinetic cooling.

The two parameters § = 2.hh-dcﬁyt and B = v1-/a0 are used in connection with the
kinetic cooling to characterize the nonlinear propagation effects in conjunction with
the distortion parameter N and Fresnel number F = ka2 /z. The paremeter §, which
can vary from zero (pure heating) to 2.k indicates The relative importance of the
transient cooling by the COp absorption as compared with the gas heating due to
the absorption by water vapor. The parameter p is the ratio of the relaxation time
T to the gas transit time a,/v, where ag is the 1/e intensity radius of the gaussian
beam source. The cooling effect will be most important when T is comparable to or
greater thanag/v (i.e., for g > 1), which means that the vibratioaal energy due to

v

CO2 absorption that is stored in N2 is removed from the vicinity of the beam before by
heating the gas after the relaxation time v. The distortion parameter N is evaluated i
’n the same way when kinetic cooling is included as for the cuse of pure heating, £
with the total absorption coefficient used in each case. With kinetic cooling the
parameters § and p must be specified in addition to the parameters N and F which

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

An .example of the thermal lens effect of kinebtic cooling with a wind is shown
in Fig. 23 for a collimated gaussian beam with 6 = 2,4l (i.e., for ay, = 0) and g
= 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.,
§ = 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 inecreased to approximately
three times the undistorted peak intensity and the beem dimension is decreased
roughly by a factor of two., Tt should also be noted that the distorted peak
intensity shifts in the wind direction under the influence of cooling 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 8T plotted as functions cf
~ N Por both the cooling and heating cases.¥ The self-focusing due to the kinetic
cooling, which for the case plotted is for the conditions § = 2.4% and B = 2, leads
to a. mora 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
) ﬁig, 2% show the dependence on N of the normalized average intensity

Tave = 7

12 ah (20)

e

where Agpp is the effective beam area and [I dA is the total power. It is

interesting to note that although IavE follows IREL fairly closely for the pure

heating case, there is a greater disc¢repancy 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 4O percent contour.

The normalized beam deflections are plotted versus N in Fig. 25 for .
both the cooling and heating cases. T7or small values of N, the deflection with
cooling is ~34/2, 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 Figs 24 and 25represent essentially the extremes in the
behavior of the magnitude and position of the distorted peak intensity with
pure heating and strong cocling conditions. For smaller values of § and B the
deflection and Ippy, curves will lie somewhere between the two extremes. In
particular, for the case § = 1.0, where the absorption due to CO, is ~ U1 percent
of the total, and with B = 2.0, the kinetic cooling effectively balances the
heating and there is essentially no change in peak intensity or deflection as
the paremeter N increases.

% The quantities F, and z, shown in Figs, 2l and 25 refer, respectively, to the
TFresnel number and range for which N = 1,
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SECTION IV

TURBULENCE EFFECTS ON THERMAL BLOOMING

4,1  Introduction

Previous studies of the self-induced thermal distortion of high power cw
€O, 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 t=sponsible for producing the so-called linear scaitering effects
which can influence both low and high power propagation. The turbulent velocity
fluctuations, on the obther hand, have no direct effect on low power propagation
but they may be impertant al high power levels because of their interaction with
the beam heating and self-distortion effects due to the absorption by CO, 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 & first approximation that temperature turbulence effects on the thermal dis-
tortion uay 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 dis®ortion thus remain and are the main subject of concern in this
section.

The principal resulis of this section are a theoretical model accounting
for mechanical turbulence effects and laboratory experiments with artifically
generated velocity turbulence. The experimental resul.s 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 mean wind velocity with a symmetric tlooming. 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 tucbulence effects
will represent at mozt 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 inlensity profile whirm is used to show Low
the turbulence modifles the thermal self-distortion effects from those based on
a laminar wind. The laboratory experiments using velocity turbulence generateda
in a 2 ° long cell are described in Section 4.3. The results presented in-
clude detailed contovr measurements of the distorted 002 beam patterns obtaineaq

15
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in cooperative experiments with the contract 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 L.k, .

L.2 Theoretical Model

A theoretical model to account for the influence of velocity tlurbulence on
the thermal self-distortion of a laser beam by a wind in the atmosphere is develop-
ed in this szction. Since our interest is mainly in the effect of the turbulence
on the thermal lens, several simplifying assumptionc are mede: 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 absorpticn or beam
healing. This is a reasonable assumption for 10,6y 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 lnduced 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 kKW CO2 beam 1 M in diameter propagating

‘through the atmosphere at sea level with a 1 mi/h wind the absorption due to CO *
and HyO produces a temperature rise across the beam of order AT ~ 0.02 °C, whic

is smaller than the temperature fluctuations (typically ~L °C) normally present

in the atmosphere. The third assumption is that the *turbulence is homogeneous and
isotropic and can be characterized by a scalar eddy-diffusion coefficient Ky.

With these assumptions for the theoretical model we are, in effect, saying that

any turbulence effecis 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
turklence structure superimposed_on a mean wind velocity transverse o the laser
beam aric  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. Tt
should be rointed out, however, that the intensi®y 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 lurbulence with the beam hesting are ’

also ignored.
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tion for the rmezn temperaturs T can be found from the expressioan for

Tha aguatl :
rorsarvaetion Sf entropy in an incompressible fluid by the usual linearization pro-
Ircluding the absorption heat source term ®I (where I is the mean intensity),

.
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we can write (Ref. 15)
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1 =% +q is the temperabure* and ¥ = U X + ¥ is the wind velocity. 'The otnar\ba.r
rdieates an o . oy -mean temperature and velocity
indicates an average and g and @ zre the random, zero mva.nf --p.t i ) s

i i ivity o . Tl
fluctuations, respectively. (x = K/p o%p 18 the thermal diffus ¥ q

8 o,

21 differs from the nonturbulent heat equation only by the presence of the term §
T-¥8. The usual procedure at this point is to meke use of the fact that V-7 = 0 to ﬁ
writz W9 = V-3, and to a3sume that 5%
oF
P CR (22) .
BT Wy a }

vhere (Kp).. is a s=cond rank tensor in general. The coefficient (Kh)ij has the same
dimensionslas the thermzl diffusivity X and is known as the turbulence-o6r eddy-trans- ‘;
port coefficient. For homogensous and isotropiv turbulence the eddy-transport co- 2
afficient becomes 2 scalar constant Kh , and for the steady-state case Eq. (23 now ‘
bocomes i
&
if

T, , 2- of

U—E-(K+X)VT=__ . g
dx h 6 ¢ (23) £
o'p i

[
X

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 5
diffusion to be important in the formation of the thermal lens can be found by
comparing the heat transfer rates 1/;, and 1/t o) associated, respectively, with
the diZfusion and convection terms in Eq. (23). Thus ; from Eq. (23) we obtain
for diffusion 1/t q 2(1(.h +X)/a® and for the convection due to the mean wind
veloclty 1/r ., U/e, vhere a_is the laser beam radivs. Since for air the
thermal aiffusivity x ~ 0.2 cm/sec » Which can usually be neglected in comparison
with the eddy diffusivity Ky, , the importance of the turbulent diffusion in
relation to the mean flow is proportional to the ratio 1 c/q- ~ {LKh/Ua . The
eddy diffusion coefficient K, is of the order u'&c, (Ref. lg) where u' is the rms
velocity fluctuation and I,C is a characteristic scale length for the turbulence.

* Lote that T reprosents the deviation from the neutral vertical temperetuge
profile whicn decreases with altitude by the adiabatic lapse rate of 10 QC/m.
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If tne diffusion concept is to be applied to the heat transfer from the laser
beam of radius a by the velocity turbulence, the eddy diffusivity can only
represent turbulent scale sizes £ <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 aumber of eddies ccurring over this
dimension. The ratio of the turbulent diffusion heat transfer to that by the
mean flow velocity is then on the order of

Te Lx; TLEN
< _ *n L .
= 2 < B (2l)
Ta Ua [ ’
which must be < 1 for the turbulence to be important. Since in the atmesphere
under typical ‘conditions u'/U < U.l - C.3, ve do a0t expect the turbulence

to have a dominant effect over tbe thermal distortion associated with the mean
wind velocity.

According to Eg. (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 sclution for a gaussiam
beam in the form of an expansion in x and y near the beam axis. Taking the
windg to be in the x-direction and dropping the axial heat diffusion term

3257 352, their solution for fq. (23) can be written

— _ a P 2 2
! T(x,y; - T0,0) = ° Jam (x) - /x) - Ty (Z) * o .} . (25)
bk ’ a a '

where X' = p,C, T K K is the thermal conductivity, a is the L/e intensity
radius of the gzlissian laser beam and®

2
2 2 -1
To=oye | [K(2Y7) -K@y)] Y, (26)
/ o a 0 EYE .
T o= [(hyP-1)K 2y ) -hy K@y )] Y , @D
XX 1 2 y2
2
To= e K (2y) - . (28)
yy 1 2\{2

% There is apparently an error in Ref. 17, regarding the signs of T and T

For Egs. (%) and {5) (in the same reference) to be consistent with Eq (2) the
minus signs in Eq. (2) should be clhanged to plus signs, It should also be noted
that the wind is ‘taken o be in the y-direction in Ref. 17.
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Here, the parameter y = Ua/L(Ky+ X ) is the ratic of the convecticn-to-eddy
diffusion heat transfer terms in Ha. (23), whicr is simply the reciprocal of the
ratio Tc/Td defined above. The quantities‘ﬂk,&%i and T__, which depend only

on -, are given in Egs. (26) - (28) in terms of the modi¥ied Iessel Pfunctions
K%* (Ref. 18) and are shown in Fig. 26 for 0 <y < 6. Wheny - 0, diffusion
" heat transfer, which here we assume to be due to the turbulence, becomes dominant
in comparison with convection. As vy becomes larger than one the conveétive heat
transfer associated with the mean wind velocity becomes dominant.

It should be pcinted out that the expression for the mean temperatvre in
Eq. (25) is only accurate for |x/a],|y/al << 1; and, in addstion, Eq. (25)
is not suitahle 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 gemeral solution for arbitrary intensity profiles. ZEquation
25 can be used, however, to derive a perturbation type of expression 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 << 1) (Ref. 19)

- az Y
I(x,y,2z) = Iu (x,¥,2) e e s (29)
where Iu is the undistorted gaussian intensity and
2 - y
dn/aT) z 2 . o 37
¢' = - (_—/__‘__.-.. VJ‘ T-2 ie .- 2 { . N (30)
2 n, a dx 2% dy

which accounts for the thermal lens effects.

Meking use of Eq. (25) in Eq. (30) the expression for the thermal distortion ,
exponent ¢ is

Y « i x'&
Vo= Sz T () (5) + T (V) (1-2 ) -
2
v () (r-27 [,
yy ;2)

* In Ref. 17, the Kn are referred to as Macdonald functions.
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which is the familiar distortion parameter defined for the nonturbulent con-
vective thermal lens associated with %he mean velocity U.

Tt can be seen qualitatively frcm 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 m,l/Kh.

Intensity profiles through beam center along the wind direction have been
calculated using_Eq. (29) and resulks are shown in Fig. 27 for the case N = 1.
The parameter y — = hﬂﬁ/ﬁa'v hu'/ﬁ 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 fixed, the changes in y ~ may be
regarded as changes in K or u'. For values of Y- < 1 there is little effect
on the intensity profiles which are decreased and shifted into the wind character-
istic of the wind or convection Jominated thermal lens. As the value of Y’l (or
equivalently ¥, or u') increases, the turbalent diffusion heat transfer reduces
the temperature gradients and tends to restore thg intensity profile to the un-
distorted condition (N = 0) as shown in Fig.(27).

In Fig. 28, the dependence of I, , which is the on-axis mean }Etensity
normelized b, the attenuated undistorted value, on the parameter « A.hu‘/U is
shown for the values of N = 0.5 and 1. As the turbulent diffusivity Ky (or
equivalently the rms velocity ') increases, so that Y Tincreases from ~. L 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.k, 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

y- can continue to be incrensed beyond 10 the thermal lens effects can zventuslly
be eliminated as shosn in.Fig. 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 |x/a|<< 1; and, as N and y increase the curves
become increasingly inaccurate at the off-axis points. This is why the profiles
do not convergs for y"l << 1 to the perturbation results shown in Ref. 19, Fig. 2,
as they should. The resulits in Fig. 2T 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

Tne 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 turbulence is the requirement of a smell mean flow velocity
to enable strong thermal lens effects to be obtained with the small (. 30 W) laser
. power aveilable. Another constraint is that the structure of the turbulence should

include & range of scale sizes from much smeller to on the order of or larger than the
laser beam diameter to provide a significent 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 velocities 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 perforsted 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 @ 2 m long
cell for providing a region of nearly homogeneous and isotropic turbulénce with
essentially zero mean veloscity. The effect of a mean wind velocity is obtained by
moving the laser beam across the stationary turbulence cell as indicated in Fig. 29.
Gelf-induced thermal distortion experiments are conducted using pure COo, 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 COp with air which produced undesirable refraction or bending effects at
the lower turbulence levels.

In Fig. 30 results for the turbulence effects on a stationary beam are shown with
images of the CO, beam pattern recorded using Kelvar film. With no turbulence in the
cell, which was oriented horizontally, a vertical natural convection velocity is
established that leads to the downward 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 HoO. 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 & HeNe bcam that is superimposed on the COy beam. The HelNe beam was well
collimated and about the same diameter as the CO, beam at the exit window of the
turbulence cell. The HeNe beam patterns in Fig. 31 show that the turbulence effects
on the stationary COo beam lead to the symmetric spreading effects that are
associated with conductio.. or diffusion dominated thermel blooming. The nearly
symmetrical patterns which represent ., 5 sec exposures indicate that the turbulence
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structure is stationary and nearly homogeneous and isotropic across the beam. The
proncunced ring structure in the HeNe beam patterns for the strong thermal blooming
case with 27 W in the CO, beam are believed to be due to interférence effects that
are enhanced since the CO, 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
Helle beam that are spread by blooming eveniually intercept and incerfere with the
outer rays that are unaffected by the,CO2 beam induced thermal lens.

Figure 32 shows intensity profiles of a stetionary CO, beam with the same (6 cm HEO)
turbulence level for different laser beam powers. A 35 p pinhole was used with the
detector which was scanred 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
he the same as the pure conduction blooming case but with the thermal diffusivity
of the gas, ¥ = K/poc replaced by the turbulent diffusion coefficient, K,. For
this cese the intenéigy expression, Eq. (29), becomes (Ref. 20)

I(r) = I,(r)e™ @ exp{-NéC2e“r2-—l]} s (33)
where r = (x2 + ye)%/a’
P
Iu (r) = vy~ e ’ (3,4)

and

- flass [1- o] »

¢= MopeCpKye

According to Eq. (33), the mean intensity profile with a staticnary beam in
turbulence (or, also in the case yhere thermal conduction is dominant) is re-
duced negr the axis for r < (Ln2)§,~ 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
Nc) are seen in Fig. 32 to be in qualitative agreement with this predicted behavior. .
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The mean on-axis intensity normalized by the attenuated undistoried valie,

R(0), is found from Eq. (33) for the stationary beam in turbulence to be
given by

Ip(0) = 20 Te

p
e (36)

Although Eq. (33) is a perturbation expression, the result for the mean on—axi§
intensity in Eq. (36) agrees with the exact analytic exprassion iR(O) = sech21v§
(Ref. 21) within ~ 124 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 H,0. The results are seen tc follow an exporential
decrease as predicted on the basis of Egs. (35) and (36). This provides a con-
venient optical method for determining the eddy-diffusion coefficient of the
turbulc ace since everything in the expression for N in Eg. (35) is known except
K,, - For the data shown in Fig. 33 with a "turbulence level" of 1.5 cm of H,0
the value K ~ 3.5 cm2/sec is obtained. This value can be compared with the
estimate of K ~ 1.2 cm /sec for the 10 ca HoO turbulence level which is based
orn data obtained with a single 3/8 in. long hot wire probe. The rms velocity
fluctuation measured for this case was u' ~ 2 cr/sec and a crude estimate for
the outer scale length of the turbvlence, £+ ~ 0.6 cm was obtained from the hot
ire anemometer signal with the probe mechanically scanned at 25 cm/sec through
tbp turbulence. Additional studies comparing values of K obtained optically
With hot wire znemometer measurements are in progress to check the theoretical
model and establish the nature of the turbulence struciure as a function of the
different pressure settings given in cm of Hzo. The pertinent experimental

parameters for the stationary beam turbulence resulis of Figs. 32 and 33 are
given in Table III.

The resulis 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 directicn of beam motion which in this case was in the
downward direction (see Fig. 29). Several traces were obtained for each case an¢
the results indicate both the repeatability of the experiments and the low level of
intensity fluctuations produced by the turbulence. For the no turbulence cazes in
the lower left-hand corners cf Figs. 34 and 35, the peak intensity is shcwn to be
reduced to ~ 36 percent of the undistorted value and shifted into the wind ~ 1. 65 84
For thc same laser power and beam motion conditions but with velocity 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 turbulence increases frum L.5 to 20 em
of Heo. 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/szc, respectively.
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Since the power level used in Fig. 3% is twice that in Fig. 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 H.0 with U = 2 cm/sec (Fig. 3k) ~
the peak iatensity is increased to ~ &0 percent of the undistorted value. With

U = 1 cm/sec (Fig. 35) and the maximum turbulence level of 16 cm Hp0 the peak

intensity is increased o ~ 75 percent of the undistorted vaive. The greater

increase in the peak irtensities observed at all turbulence levels with =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'l =l Kh/Ua ~ b u'/U for Fig 35 is twice

that for Fig. 34 at tge same turbuierce level. PRased on the optically determined

value of Kh ~ 3.5 em/sec from Pig. 33 for the 1.5 cm H,0 turbulznce level and
using_the average beam radius, a ~ 0.26 cm one obtains for the parameter Y'l =

L Kh/Ua the values of 27 and 5k, respectively, for the 1.5 em H.O case in

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

the 1.5 cm of HQO 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 under experimentél conditiodns similar to thouse in
Figs. 34 and 35 without turbulence. This is suggested by the relatively small bean
deflecticn observed for the leminar wind case which for this value of N{~ 11) should
be about 3@5hao instead of ~ 1.65a,. Indeed, if the natural ccnvection velocity is
estimated (assuming the beam to be stationary) using the expression (Ref. 20)

o g Q);1/§

V: ~r, a

(37)

with_ghe conditions: o = 2 x lo-3cm'1, g=9.8x 1020m sec—a, p.5.1.73 x lO"3
g m ~, S = 0.86 J g‘l K'l, T = 290°K, we obtain Voo ~ 1.66 P /3 em/sec, with
P given in watts. Thus, for P = 8.8 W (Fig. 35) Voo~ 3.k 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 vnc. The natural convection effects may be reduced by orienting the cell
verbically or possibly by making the beam motion in the horizontal plane.

More detailed results for the .hermal distortion effects wiilk velocity
turbulence have been obtained in cooperative ~xperiments with the coriract monitor.
A high speed (~ 800C rpm) rotating mirror scainer was used in conjunction with a
liquid nitrogen cooled Hg Cd Te detector equipped with a 0.0039 in, diam. aperture
to obtzin time resolved ( ~ 100 psec scan duration) intensity profiles across
ihe beam. The beam motlon 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 5kS B Tektronix oscéilloscope with a 1ATA differential pre-
amplifier and were recorded on 35 M{ 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 angd are
shown in Figs. 36-L6.

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 i/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 Figs. 36-46) are
a; = 0.21 cm at the cell input and 2, = 0.38 cm in %he output or detector plane.
The contours shown in Figs. 37-U6 were dbtained with pure 002 in the cell and
based on a transmission measurement with P~ 2 W and a low turbulence level
( ~ 6 cm Hy0) the value ot = 0.37 is 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 v = 2 cm/sec, which gives the
value N = 11 for the convecticn dominated distortion parameter (Eq.(l)). The
distorted contours are shown in Fig. 37 witn the CO, stationary in the cell
(i.e., the laminar wind case), and with low (6 cm H,0), medium (10 cm H,0) and
high (16 cm Hao) turbulence in the cell in Figs. 38, 39, and 40, respectively.
In Fig. 3T, with no turbulence the familiar crescent shaped distortion is evident
with the peak inten.ity (dencted by the x) shifted ~ 2.6 a, in the direction of
beam motion. The convective thermal distortion spreads the beam as can be seen
by comparison with the dashed l/e contour obtained with air in the cell, and the
resulting reduction in intensity can be expressed as

AREA 1/e CONTOUR-AIR
Yo = - . (38)
AREA 1/e CONTOUR,

For the no-turbulence case in Fig. 37 I = 0.24h. With velocity turbulence
superimposed on the same 2 cm/sec beam mot*on the distorted beam patterns become
more symmetrical with the peak intensity shifting back to the undistorted beam
axis with increasing turbulence in Figs. 38-40. Also, in Fig. 40, with high
turbulence I = 0.375, which represents approximately & 55% increase as &
result of the reduction in thermal blooming by the turbulent diffusion.

In Figs. bl and 42, the cases of stationary 002 and medium turbulence are
conparad for the conditlons, P = 2L W and the beam translation velocity of v =1
5 cu/sec. For thece conditions N = 4.3, and for the no-turbulence case (Fig. 4L}
the peak intensity is shifted ~'2a0 and Ippp = 0.33. With medium turbulence
(Fig. 42) the beam deflection is reduced and the crescent shape is no longer
ovident. However, no increase in IEEF is obtained with the turbulence.

In Figs. h3-46, the cases of stationary CO, and low, medium and high tur-
bulence are compared {or the conditions of P = 11W and 2 beam translation velocity
of 5 cm/sec. For this case N = 2.2% and with no turbulence (Fig. 43) the peak
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intensity is shifted ~ 1.75 a, and the effective intensity is = 0.5b.

With low, medium or high turbulence the beam deflection is reduced 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. hl) Tp iS Teduced

~ 2% below the stationary Co, case. Although increases to about the same
value as in the ronturbulent case with medium turbulence there is no further
increase in I___ at the high turbulence level (Fig. 46). The relative ineffective-
ness of the t%ggulence in increasing for this case as compared with the

2 cm/sec contours in Figs. 37-40 can be attributed to the higher bteam translation
velocity of 5 cm/sec, which for the same turbulence corditions (i.e., the same
value ofIKh) reduces the parameter y“l =L Kh /Ua by a factor of 2.5.

The results obtained for the convective thermal distortion in the presence
of velocity turbulence show thdt the effect of the turbulence is to change the
asymmetric wind type distortion, which is a combination of focussing and defocus-
ing distortion. The experimental results also indicate, in qualitative agreement
with the theory in Section k-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.

L.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 Ky 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
veplace 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'l = bx /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 preliminery estimates for values of Y";> 1 that are based on
the value of determined opticelly for one of the turkb lence levels. Measure-
ments of Ky for all the different levels of cell turbulence used in the experi-
ments are .n 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 the relative importance
and effect of velocivy turbulence on atmospheric_propagaticn. By using typical
values for K in the atmosphere the parameter y ~ can be used to relate the
experimental results to atmospheric propagation conditions. The eddy diffusion
coeffinient K ~ u'%, as indicated in Sec. 4.2, where u' is referred to as the
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mixing velocity and 4 is the mixing length. Using this definition for Kh’ the
parame‘{:tery'l,8 h(u‘/ﬁ) (t/a). Since the length 4 can be > 107cm corresponding
to The largest eddy sizes of the order of the outer scale length L,, and 4(u'/U)
is itypically of order unity, it would appear that Y‘l cen indeed be >> 1 for the
typical beam radius a ~ 10 cm. Thus, on this basis, our original predictions
(Ref. 1) were that velocity 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

4 greater than the beam radius a cannot be represented by an eddy diffusion
coefficient since the diffusion model implies the interaction of many eddies over
the dimension of interest. The effect of the larger eddy sizes & > a must be
vieved 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 1,
exist that range frcm much smaller to much larger than the beam radius a, which
is typical for atmospheric propagation, the maximum { producing a diffusion
effect on the laser beam is of order a, the beam radius. The parameter Y-‘ is
thus simply of the order L (u'/ﬁ), which, if the dependence of u' on { is ignored

and u' is taken %o be the rms velocity, gives y'l‘s 1 for typical conditions in
the atmosphere.

A somewhat more precise estimate of y’l for typical aumospheric propagation
conditions may perhaps be obtained by examining published data for . ILettau
(Ref. 23)é Tor example, indicates that up to L km altitude K can range from 1
to 10° e /sec depending on the mixing length 4, as shown in'Fig. 47. Also shown
in Fig. U7 is the molecular diffusivity X ~ 0.2 cma/sec for air, which is clearly
unimportent in comparison with turtulent diffusion. If we assume for the laser
beam radins a = 10 ecm, and take for the mixing length £ = a, the corresponding
mixing velocity u' varies from ~ 1 to 10 cm/sec as shown by the width of the
shaded region in Fig. 47. Since the velocity fluctuations are known to be pro-
portional to the mean velocity ﬁ, the range in mean velocity associated with this
variation in u' 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 {or U and taking Ké = 10 to 107 cm /sec for § = 10 cm in Fig. 47, we find
that y"" < 0.4 - 0.2 for & 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
Least as great as the largest scale length velocity fluctuations.

If, as an alternate approach, we consider the Kolmogorov similarity theory
of turbulence (Ref. 24) we find that except for the smallest eddy sizes of crder
% 5 ‘the inner scale of turbulence, the ve%7§ity fluctuations u'(4) associated
with the eddy size # are proportional to 4, Taking the mean velocity U as an
upper limit for the veloclity fluctuaiions of the largest eddy sizes LO ,Wwe then
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have that u' ~ U (L/Lo)l/3. Since 4 must be < a for the eddy diffusion model

to be valid for the laser beam of radius a, the diffusion cg fficient is then *
=u'(1) 4 < u'(a) a, and thus Yyt <k ua'(a)/ I'I~l/t (a/1,) 3, which for the
values a = 10 em and L = 103cm gives y-i< (10)"2/3 . 0.86. Although

this gives an estimate of Y- somewhat larger than the data shown in Fig. L7, the
difference is not significant since according to Figs._%? 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-
riusion 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 excepticns 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
those predicted 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

] EXPERIMENTAL PARAMETERS
. . HIGH PRESSURE GAS CELL

A =10.6 4
z = 114 cm (Total Pathlength)
t = 103 em (Cell Length)

F = Focal Range

Date 7z a;fagy a; me v cmfs at
6/23  Focused 1 2.6 3.1 0.5, 1  0.415

7/6 Collimated o 0.9 2.k 0.5, 1  0.415
8/8 Focused 1 7.4 3.4 1 0.415

8/8 Collimated = 0.97 3.4 1 0.415
8/9 Focused 0.74 2.4 3.6 1 0.h15

8/9 Focused 1 7.5 3.6 1 0.415
8/17  Focused 0.74 2.12 3.4 1 0.415
8/17  Focused 1 7.1 3.4 1 0.415
8/17  Focused 1.26 4.47 3.k 1 0.415
8/17  Focused >1.26 2.83 3.4 1 0.415
8/26  Focused 1 7.1 3.4 1 0.13, 0.kl 2}3
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TABLE II
MATERTAL PROPERTIES
cs, Air (Latm)  COp (1 atm)
(293°K) (300%) (300°K)

n 1.6319 (D) 1.000263 1.00417
-an/ar, okl  0.72 x 103 0.875 x 106  1.39 x 106
p, & cm™3 1.26 1.175 x 103 1.76 x 1073
Cps J/eg°c 0.95 1.006 0.86
K, W/emoC 1.61L x 103 2.6 x 10°% 1.66 x 10°%
xs cmé/sec 1.35 x 10-3 2.2 x 107t 1.08 x 10-1
1, p Poise 3.66 x 103 1.82 x 102 1.46 x 102
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TABLE T1I
EXPERIMENTAL CONDITIONS FOR FIGURES 32 & 33

STATIONARY BEAM IN TURBULENCE

Cell Length t = 2 m
Total Path z = 2.08 m
ot = 0.371 (100% COo)
T = 290°K
Turbulence
Level-CM HyO a,, m 8y, MM
Fig. 32 6 1.23 2.h2
Fig. 33 1.5 1.2 1.9
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NORMALIZED PEAK INTENSITY DEPENDENCE ON N
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PEAK INTENSITY, arbitrary units
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INFLUENCE OF ot ON THE
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COMPARISON OF BEAM DISTORTION WIT:d AND WITHOUT KINETIC COOLING
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RELATIVE PEAK AND AVERAGE INTENSITY V§' N
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NQRMALIZED PEAK INTENSITY SHIFT VS N
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L921004-8 FIG. 28

CALCULATED ON-AXIS INTENSITY DEPENDENCE ON TURBULENT DIFFUSION
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TURBULENCE EFFECTS ON STATIONARY BEAM
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1921004-8 - FIG. 33

NORMALIZED MEAN ON-AXIS INTENSITY VS. POWER

STATIONARY BEAM
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MEASURED CONSTANT INTENSITY CONTOURS
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FIG. 37
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L921004-8 FIG. 38
MEASURED CONSTANT INTENSITY CONTOURS
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MEASURED CONSTANT INTENSITY CONTOURS ~

BEAM MOTION

FIG. 41

T T H
CO, — STATIONARY
Y=5cm/sec
P=21 W
Lo =0:332
FF
L AlR-e+}
B .
] ! 1 ]

15

MM

g/

15




19210048 FIG. 42
MEASURED CONSTANT INTENSITY CONTOURS
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MEASURED CONSTANT INTENSITY CONTOURS
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MEASURED CONSTANT INTENSITY CONTOURS
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APPENDIX A

Comparison of Bram Translation with
Wind Tunnel Flow

As a result of some previous discussions regarding the poor agreement witn

“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 in 2 guiet gas with those obtalned using the gas flow in the cir-

culating, 50 cm path wind tunnel. The wiud tunnel was filled with & mixture

of air and propylene which provided enough absorption to give a value of N ~ L

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
by placing the probe on the mechanical scanner used for beam translation., In Fig. A-1,
the results are shown comparing the thermal distorted intensity profiles as obtained
by the itwo 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 j
velocity. With beam translation, the shape and deflection of the distorted
intensity profile appear to be in reasonable agreement with theoretical predic-
tiong. 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, N, unchanged, the resulting distorted intensity profile in
Fir.A-Llis 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
ohserved 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 % to 1% 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.

R £
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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 (e.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 previcus data obtained using wind tunnel flow
(e.g., see Ref. 1, Fig. 27) mey be attributed to the boundary layer thickness
rather than the effects of condurtion or gas heating as cited earlier. Thus, for
the largest values of N, where tlhe largest devialions from theory were observed,
the wind tunnel velocities were mecoming 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
cenditions for large values of N, even in gases.
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j APPEIDIX B
§
3 ;ﬁt The Distortion Parameter for Focused and
' gﬁ} Diverging Beams and for Beam Slewing
. §”Q The form of the distortion parameter N derived previously (Ref. 1L, Sec. 3.3)
1 & to account for focused beam propagation has been found to be correct onlj 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 leminar wind is derived in this appendix. The form of N appropriate

for the slewing of a collimated gaussian beam is also given.

SSN

e, 1 -.a-
A
’ A
N - EANES -

The change in intensity of a laser beam due to gridients in the refractive
index can be written (Ref, 19)

_KELZL_)_ exp (Y) (B-1)

I e

where

z
Vi I

Y = - b 22 ) vin az*t dz? -2

fO (Vt I J‘O no 2 (B )

I, is the indistorted intensity, i.e., the intensity in a homogeneous loss-free
medium, n = ny + §n is the refractive jindex with |6n/n l assumed to be <1,

o is the linear at’enuation coefficient, z is the propagatlon direction and v
is the transverse gradient operator. For the case of a convection dominated
thermal iens (i.e., a transverse wind or beam motion from slewing or a moving
source) the normulized refractive index gradient is (Ref. 19)*

Vi = e(z) (i I+§ JX él dxt) (3_3)
n -0 oy
o
where
(dn/aT) «
¢ (2) =—— (B-k)
l’lo 0 Cp v

*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 I is the same in both cases, however,

1 | , B-1
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which is written as a function of 2z to account for changes in the properties of
the medium along the propagation path. For example, the altitude dependencz

of the absorption coefficient and the properties of the air could be accounted
for along a non-horizontal propagation path; or, the wind velocity may be non-
urniform along the propagation path. The distortion parameter N is essentially
the dimensionless factor that multiplies the geometric terms in Eg. (B-2) if a
perturbation expression is obtained by assuming I = I, e ¥?, Here we wish to
ohtain the general form for ¥ that applies for an uncollimated gaussian beam with
a nonuniform transverse wind or beam motion, e.g., -such as slewing along a
horizontal propagation path.

Thus, assuming for the undistorted beam the uncollimated gaussian jintensity
profile

- 2 2 2
I (x,¥,2) = _1<)_.2____ e"(x +y7) a%(z) . (B-5)
n a“(z)

The beam radius a(z) can be written
a(z) = aof(z) , (B-6) .
where a, is the beam radins in the source plane z=0. For the velocity we assume

v(z) = v_eg(z) v (B-T)

where Vv, is the velocity at z=0. Changing to the normalized variables

u = x/a(z)
(B-8)
v = y/a(z)
and using Egs. (B-5) - (B-T) in Eq. (B-3) gives
v.n N ~ oY 7%
LA (x he§ [ o8 du‘) ——Te p (B-9)
n T ag - ® ¥ g1
0
where ¢ = ¢ (2=0) is a constant and
o
2 2
¢ -(u +w )
h{u,w) = e (B-10) .

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

- - 1 3h . 1 ah
j[ s 2 sy (2l L
u 3% h 3w £(z)
«xz" ,
- Xh+¥ J on du'] az't izl ., (B-11)

S v g(z") 2(z")

To obtain a tractable expression for the distortion parameter it is necessary to
ignore_the 2z- dependence in h and the coordinates u,w, so that the terms within
the square brackets can be removed from the z- integrations. This can be regarded
as being equivalent to evaluating ¥ near the axis (i.e., for us W=~ 0) where it
becomes simply a constant indicating bthe chsnge Jn on-gxis intensity. Equation
(B-11) thus becomes

h 2 , ‘
y=x|2 T U . AL (B-12)
Ju "% Wl 2h I T
where
N = I fzn e—azr, ' ;‘ (5.13)
- —2 ——— @ i
M=) o e £

is the general expression for the 4istortion 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. (2.Y, collimated beam distortion parameter given
by
-eOPZ
c nas
o (B-1k)

( -dn/dT/ Po g

3
T o p cp v, ag

vwhich is valid for wz <<l for a laser beam of radius ao witk the uniform wind
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

T T T s R o ? O 1, JONIEIIN
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slewing velocity.

The form of the correction factor for focused beam propagation with a uniform

wind velocity is derived first. Thus, taking g(z) = 1 and assuming the linear
beam profile

a(z) a 2z
£(z) = =1-(1-1Ly 2, (B-15)
ao [} zf
vhere a_ = a(z_) is ‘the beam radius at the focal range z_, and also assuming

oz << 1, the evgluatidn of Eq. (B-13) is straight forward and yields the resulb

a
N=N () q |, (B-16)
a
f
with Nc evaluated for z = zf &and
2x in x
qa = — 1- -17).
a tlo—1 (B-17)

where X = a /a.f . The Zocused beam N in Eq. (B-16) differs from the incorrect

expression derived previously (Ref. 1, Eq. (17) ) only by the factor g which is

plotted as a function of ay/as in Fig. B-l. For the case ao/ar < 1, the beam

is diverging while for ao/af > 1, the beam focuses. In the limit of very strong
focussing ; i.e., ao/a,f - w, the factor q approaches 2 and hence % - Q‘Nc

(ao/af).

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

‘B-18)
v(z) = vy + 0z
where. as shown in Fig.B-2,the slewing rate is
(B-19)
2= (vp - vo)/zf )
and vp = v(zp). From Eqs.B-7 and B-18 we have that
~(z) =1+ %% z
(B-20)

B-b
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H

and thus Eq. B-13 (with z replaced by zp) becomes

2 Zg o2 dz'dz
i, =N f ——t. B-21)
e c {221 Yo .fo (l.;.‘&ro zn)} (

The evaluaticn of the integrals is straight forward giving the result
2 (B-22)
He = 1 =-i)2 [x1inx-(x-1)] ,

where x = vf/vo is the ratio of the final to initial velocities. The ratio

le /N o (with o= N(vy)) is plotted in FigB-3as a function of ve/v,. Thus,
with vp = 10 v,, the effective distortion parameter N, is ~ 0.35 times the value
associated with the initial wvelocity, v,. For some situations it may be more
convenient to expréss Ng in terms of NL = N (vi), where vl is the velocity at
zf/2. In this case we can obtain from E. 3-222 the expression

X + 1
(x-1)2

which is plotted in FigB-4as a function of x = vp/jvy

/Ny = [xlnx-(x-1)] ,

(B-23)

B-5
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FIG. B-2
BEAM SLEWING EFFECT ON DISTORTION PARAMETER
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Influence of Mirror Aberration on the
Thermal Blceming in a Wind
by
Frederick G. Gebhardt

United Aircraft Research Laboratories
Fast Hartford, Coraecticut 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 450 angle of incidence, produces
significant ellipticity in the undistorted beam that, in addition, varies
continuously along the propagation path. The results obtainhed 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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Influencé of Mirror Aberration on the
@hermal Blooming in & Wind

by
Frederick G. Gebhardt - -

United Aircraft Research Laboratories
BEast Hartfori, Connecticut 06108 =

A high power cw CO> laser beam propagating in the atmosphere can be
severely bent, distorted, and spread by the self-induced thermal lens :effects
of a transverse wind. Thus, it is of interest to examine techniques for
reducing or minimizing the deleterious effects of thé¥mal blodming on tvheé ;
propagation of CC5> laser radiation in the etmosphere. One approach to this -
problem is to look for source distributions for the lsser éransmitter which
experience less beam degradation than say, the focused gaussian source. For
example, numericsl calculations have shown that the form of the initial
intensity yiofile has a significant effect on the details of the thermal distor-
tion of the laser beam.(l) The use of a specially -contoured mirror to modify
the source wave fiont shape is also being considered as a possible way of

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

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

is investigated. The astigmatism of a tilted spherical mirror was used as a
gimple 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.



Description of Experiment

The thermal distortion effects of wind were examined experimentally by
propagating COp laser radiation through liquid CS,. The COo- laser beam was
directed downward through a 5 cm-diameter by 12.7 cm-length glass cell contair -
ing CS, 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 detectér,
which was situated near the cell exit window, with & splierical copper mirror
of 68 cm radius of curvature. As shown in Fig. 1, the plane of incidence
(defitied oy the ificident 1a§er vedm and the normal to the mirror). i§ perpendiculsy
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 & = 8°, 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, & = 459, which
results in & 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 (8°) angle of incidence for the unaberrated

case.
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The cross hatched patterns shéwn in Fig. 1 représent the undistorted laser
beam shapes at the planes indicated. These were detefmineq from measured
intensity profiles (Figs. 3 and 4) and photograpns of ihe beam f“kéi‘;;;$ Kalvar
film (See Ref. 1, p. 36). For the unapérxated case, the laser beam is circular
and focuses slightly through the ‘moving liqu;d“éell. For the aberrated case,
on the other hand, the astigmatism pré@g&églu pronounced ellipticity in the
laser beam shape at the cell entrgpéé: The major axis of the elliptical pattern
is parallel with the cell motign,simuiating the wind. As the beam propagates
from the cell entrance to yhé detector the beam shape becomes circular and the
diameter is approximﬁtg;y 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 {7 -ccs ¥)/2 (known as the tangential focus), while rays lying
in the planelnormal to this are focused at the distaice r/(2 cos &) (the saggital
focus), wheére r is the mirror radiué of curvature.(3) ‘Trie observed beam patterns
are consistent with this since for = 45°, the minimum beam dimension transverse

y
to phé wind should occur at the tangential focus, which is approximately midway
l#ﬁrough the ceil. Beyond the detector, which is located nearly at the "circle

Yof least ~onfusion," the beam again becomes elliptical but with the major axis
normal to the cell motion. The maximum ellipticity with this orientation should
occur abeut 13.5 cm beyond 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 "wingd" directicn.“ This was accomplislied by scanning the

detectnr across the beam along with the liguid cell. The detector was equipped

C-k
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with a 5Qu pin hole aperture and has been described in Ref. 1. ‘The pertinent
- expzrimental parameters are summarized in Tableé I for both the abeirated and

unaberraced beam cases.

Exverimental Results

Imagésﬂgf the thermally distorted laser beam patterns were obtained using
Kalvar film and agg’shown in Fig. 2 for input powers varying from 0.5 to 7.0 W.
The "wind" direction is from right-to-left and the relative beam deflections
- can be measured from 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 f'or the unaberrated and aberrated beams

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

g The beam at the cell entrance and the remeining profiles were measured ~3 cm

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

T

B 5 et bt

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

. the relation:

-otem () -]

where ng, dn/at, p, Cps and v are, respectively, the refractive index, the

23 .,\ 1'_:‘¢ j3
PUAIINE oA O

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 CSo are also included. The factors

az/bt and ay/ag are included to account for the ellipticity and focusing of the

4 beams, respeetively.(l) -5

-
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The case N = 0, in Figs. 3 and 4, corresponds to the undistorted profile
obtained without the absorbing liquid cell in place. Twc scans of each of ce
distorted patterns are shown in Figs. 3 and L4 and the repeatability of the dats:
is clearly evident. Comparison of the data for the aberrated beam with the
unaberrated case shows that the detailed structure in the distorted petterns 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 thermelly induced 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‘h, 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 pesk intensity. The
different slopes of the two dashed lines simply reflect the fact that the spot
at the detector is larger for the sberrated beam than for the beam with no
aberration (c.f., Figs. 1, 3 and 1), With thermal distortion, the peak intensity
increases with power until the beam spreading due to blooming begins to increase
in proportion tc 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 thermml lens
effécts are weak, the aberrated beam peak intensity is greater than for the
unaberrated case. In particulsr, the maximum peak intensity achieved by the
aberrated beam is ~20% grester 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 team over the unaberrated beam in terms of the
amount of -distortion relative to the respective undistorted beams. The 10&
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 spréading of the sberrated beam
as indicated by Figs. 5, 6 and 7 is clearly consistent with the distorted
beam patterns shown in Fig. 2. It is perhaps worthwhiie 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

C-7
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done, for example, in fig. 5. The use of N in presenfing the thermal distoréion
results in Figs. 6 and 7 indeed shows that the distortion effects for the
aberrated and unaberrated beams do not depend on N (as defined in Eg. (1)) in

a universa; way.

Although the aberrated beam offers some relief from thermal blooming effects
in these experiments it is not clear to what extent the elliptical beem shape
associated with the astigmatism is responsible. Referring to earliér work with
a collimated elliptical gaussian beam (ignoring diffraction effects) one expects
a greater amount of transverse beam spreading if bi/ai < 1, as in the present
case.(h) 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 bz/ai < 1 it is also predicted, however, that the
intensity reduction and beam deflection is increased over that of a circular
beam of radius a; with the same power. This appears to bé inconsistent with
the present results. No doubt diffraction effects (becuause of the small
Fresyel 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 ccmparing the tnermal distortion effects of wind for laser
beaus with and without astiguatism have teen described. The astigmatic beam
was obtained by use of a spherical mirror at an angle of incidence of 45°,
The astigmatic mirror aberration produces significant ellipticity in the un-

distorted beam which, in addition, is continuously verying along the propagation
c-8




path. Although the aberra’ed beam showed an ~20% higher maximum peak intensity
as & 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 astigmatism modifies the thermal,lens,effécté, it is dilficult
fo draw any firm conclusions of a general nature from these experiments. If
further experiments along this line are to be carried out, it is recammended
thet a simpler situation be considered together with the support of an analytical
effort.

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

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

EXPERTMENTAL 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.l (includes ~10% NaCl window reflection loss)
(S, Properties: dn/dT = -0.79 x 10-3 o¢~L; n = 1.63;
p = 1.26 g/cm3; cp =:0.95 J/e%
™~
* UNABERRATED BEAM ABERRATED BEAM
* g;, mm 0.67 0.86
: by 5 mm 0.67 0.38
8o, Im 0.44 0.67
HF = kg a2 /2 2.5 k.1
3 N/p, Wt 12.2 10.9

.
e

RS

Sn
4\4‘*

= input 1/e beam radius - parallel with wind
input 1/e beam radius - perpendicular to wind
output 1/e beam radius

X

o
rEe
o ou i

*
¥
'
]

. (2m/az) LG(z' )dz' - effective propagation constant

C-11
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FIG.C- 3

HORIZONTAL SCALE = 1.9mm /div

MEASURED INTENSITY PROFILES:
UNABERRATED BEAM
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MEASURED INTENSITY PROFILES:
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L921004-2 o . o “ FIG,C- 6
DEPENDENCE OF RELATIVE PEAK
INTENSITY ON N -
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DEPENDENCE OF NORMALIZED BEAM
DEFLECTION ON N
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Kinetic Cooling of a Gas by Absorption of CO, Laser Radiation
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Frederick G. Gebhardt and David C. Smith
United Aircraft Research Laboratories, East Hariford, Connecticut 06108
(Recefved 11 October 1971)

The effect of kinetic cooling due to the absorption of 10,6-g CO, laser radiation in the at-

mosphere has recently-been predicted. In this letter, experimental evidence for this effect =
is presented. Transient-density increases due to the kinetic cooling have been observed in ;
CO0,-N, mixtures following the propagation.of an ~1-usec 0,5-J CO, laser pulse through the

gas. The experiments were performed with varying concentrations of CO, and the observed

cooling and subsequent heating effects arc cxplained using the usual three-level approxima~-

tion for vibrational: energy transfer in CO;-N,, together with known relaxation rates,

The propagation of high-power CO, laser radiation in
the atmosphere can lead to various self-induced thermal
lens effects which distort-or-othérwise alter the beam
itself. '~® These effects are.caused by the changes in
temperature, and hence, refractive index that resuit
from the absorption of 10, 6-u radiation, by CO,, and
water vapor. The absorption process involves vikbra-
tional transitions and the increase in vibrational energy
is transferred by collisional relaxation processes to
translation causing the gas to eventually be heated. In
the case of H,0, as with many other absorbers, the re-
laxation processes.are'so rapid that for all practical
purposes the absorbed energy is transferred instanta-
nenusly into hect, For CO,, on the other hand, the re-
laxation processes are much slower and the possibility
of a:nonequilibrium cooling of the gas by absorption has
been reported, ** With cooling, the gas density and re-~
fractive index increase, which tends to focus the laser
beam in contrast with the usual defocusing or “bloom-
ing” effects due to heating. Although the cooling is dis-
tinctly a transient effect and is thus important for pulsed
propagation, { wallace and Camac® have shown its im-
;ortance also for cw propagation with a wind or beam
slewing,

In this letter, experimental evidence for the kinetic
cooling of a gas by the absorption of CQ, laser radiation
is presented. Transient-density increases have been
observed in CO,-N, mixtures following the propagation
of an ~ 1-usec 0.5-J CO, laser pulse through the gas.
The observed cooling interval and delay in gas heating
increase with decreasing CQ, concentration in accor-
dance with known relaxation rates,

A detailed theoretical treatment of the energy-exchange
processes involved with 10.6-u absorption in air has

‘been presented by Wood, Camac, and Gerry.* For the

present experiment where gas mixtures of varying con-
centrations of CO, with N, have been used rather than
natural air, the kinetic model must be changed some-
what from that in Ref, 4, particularly with regard to
the rates involved. Also, the use of a pulse width
shorter than the imporiant relaxation times alters the ¢
effects in the experiment somewhat from the predictions '
of Ref. 4. In order to discuss the absorption of 10.6~1
radiation and subsequent relaxation processes in a CO,~
N, mixture, the familiar three-level approximation for ’
the CO, laser® in Fig. 1 is convenient. Group (C) is the

ground level with no vibrational energy; level (1) in-

cludes the bending (v;) and symmetric stretch (v)

modes of CO, with the lower level (100) of the 10.6-¢ <

transition; and the level (2) includes the first vibra-
tioral level of N, together with the upper level (001} of
the absorbing transition, which is the asymmetric
stretch mode (vy) of CO,. Within the limits of the three-
level approximation the vibrational levels within the in-
dividual groups are assumed to be closely coupled by
rapid relaxation processes; and, the only important re-
laxation times are 7,, and 7;,, which govern the energy
transfer between the levels (2)-(1) and (1)-(0), respec-
tively. The absurption of a 10.6-g¢ CO, laser photon
[the absorption coefficient for 7= 300K and 1-atm
pressure is a =Xco, (2X10%%) em™, where Xco, is the
mole fraction of CO, (Ref, 7)) produces a 001 vibra-
tionally excited molecule and eliminates one molecule
in the 100 state, The nearly resonant energy transfer
between the CO, (001} and N, (v= 1) levels rapidly es-
tablishes vibrational equilibrium and the combined en-
ergy levels (2) relax through collisions to (1) at the rate
731, Level (1), which has been depleted by the absorp-
tion process, is restored to thermodynamic equilibrium
either through the ground state (0) at the rate 7}, or ¢he

D- ch/
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FIG.. 1. Simplified vibrational-energy-level diagram showing
the three-level approximation for CO,-N, gas mixtures.

deactivation of level (2) at the rateé7;}, depending on
which is faster. With the former process (i.e., 715< T5)
vibrational equilibrium is established at the expense of
translational energy, and'the gas is cooled until level
12).can relax. In the latter case (i.e., 7, < 744 no cool-
ing occurs and the gas is heated following the collisional
deactivation of levels (2) and (1). In both cases, gas
heating due to the absorbed energy occurs on a time
scale of ~ 7+ 7y. The relaxation times T,, and 7y, have
been calculated using the expressions and rates given
in Ref., 6. The results are shown in Fig. 2 as functions
of Xco,, the mole fraction of CO,, for a pressure of 1.
atm. The characteristic heating time 75+ 7y is in-
cluded in Fig. 2 as the broken curve. Decreasing Xco,
or equivalently increasing the N, concentration X,,, sig-
nificantly increases the upper level (2)-lifetime 7,;-while
slightly decreasing the lower level (1) lifetime 7y, Ac-
cording to Fig. 2, the kinetic cooling effect should
occur for Xcqy,<0.6, since under these conditions

721> Tio» AS X¢o, decreases, the codling effect becomes
more pronounced since 7, increases. The magnitude of
the cooling and subsequent heating, however, depends
on the absorption coefficient which is proportional to
Xco,- It should be pointed out that the kinetic model
used for air in Ref. 4 differs somewhat from the three-
level CO,-N, model because of the low (~0.03%) CO,
concentration and the presence of H,O and O, in air.
Although this modifies the various relaxation rates in-
volved, essentially the same vibrational-energy-trans-
fer processes in CO, and N,.are responsible for the
cooling effect in both cases, The main difficulty in ob-
serving experimentally the cooling effect in normal air
is, of course, due to the small ubsorption coefficient.
In addition, while H;O alters ‘he relaxation rates in-
volved in the cooling process, it also absorbs laser
radiation and causes beam-heating effects that compete
with the cooling.

The experimental arrangement is shown in Fig. 3. A
1-usec 0, 5-J pulse from an electrically excited CO,
laser® is passed through a gas cell, 12 cm long by 3.8
cm in diameter, contuining a mixture of CO, and N,.
The gas cell is equipped with NaCl windows and is
placed in one arm of & Maca-Zehnder interferometer.
A He-Ne laser beam at 6328 A is expanded by a tele-
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scope and used to illuminate the interferometer. A ger-
manium lens L with 25-cm focal length is used to focus
the 10.6-p radiation into the gas.cell through an anti-
reftection-coated germanium window: W that also serves
as a mirror for the visible beam in the interferometer.
The density changes inithe gas cell that result from the
absorption of CQ, laser radiation are measured with a
photodiode placed in the fringe field at the interferom-
eter output. With the interferometer adjusted to pro-
duce an infinite fringe,” a change in gas density modifies
the interferometer intensity and a signal is vbtained
from the photodiode that is amplified {Tektronix 1121,
5-Hz 17-MHz bgndwidth) and displayed on an oscilio-
scope. The combined photodiode-amplifier rise time

is <2 usec as measured with a spark gap. Rotation of
the optical flat F is used to bias the interferometer for
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
thermofax paper to be ~2 X5 mm at the cell entrance
and exit windows, and the focused spot size midway
through the cell was estimated to be ~0.2 mm. The
photodiode aperture was 4 mm in diameter.

The experiment consisted essentially of monitoring the
density changes in the CO,-N, mixture following the ab-
sorption of a portion of the CO, laser pulse energy. The
experiments.were performed with X¢o, varied from
0,05 to 1,0 at a total pressure of 1 atm, and the results
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FIG. 2. Relaxation times caleulated using data from Ref. 6 for
the three-level approximatton th CO-N; mixtures are shown
together with experimentally determined thermal rise times,
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forXco =0.1, 0.2, 0,3, 0.4, 0.6, and 1.0 are shown
in Fig, 4 The photodiode signals in Fig. 4 show the
normalized density changes with time (horizontal scale
=50 psec/div), and a density increase corresponding to
the cooling effect is observed for the cases where
Xco,<0.6 as predicted. For X¢o,20.6, only a density
decrease due to heating is observed with essentially no
change in the signal as Xcoz is increased. The density
change can be expressed in terms of the photodiode-
. signal voltage since it is small compared with that re-
quired to change the optical path length by 3\, as deter-
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mined by rotating the optical flat F. Thus, the photo-
diode signal is assumed to be nearly proportional to the
interferometer path difference and, hence, the gas den-

- gity. Since the laser pulses are short compared with

the relaxation times shown in Fig. 2, the gas-tempera-
ture changes fullowing the laser pulse occur on the
same time scale as these vibrational decay processes.
The gas-density change, and hence the interferometer
signal, on the other hand, are delayed by the acoustic
transit time 7,=D/v,, where D is the beam diameter
and v, the sound velocity. Following this time the gas-
density change with temperature for a constant pressure
is observed. Thus, considering the case of pure CO,
(i.e., Xco,=1.0), the gas heating should occur after 7y,
+ Ty 17 usec (see Fig 2), and the acoustic time pre-
ceding the gas density change is 7,~ 13 isec, where we
have assumed D=3.5 mm and 2, =2. 8x10* cm/sec for
CO, at 21°C. The ~ 10—15~psec rise time of the inter-
ferometer signal for Xcoz 1.0in Fig. 4 is consistent
with this estimate for 7,. That the rise time is asso-
ciated with the acoustic. time has been established by
reducing the pressure to ~ 0.5 atm and observing only

a small change in the signal rise time in spite of the
doubling of the relaxation times at the lower pressure.
As the CO, concentration decreases below 60%, 7, be-
comes shorter than 7,;, and the gas cools after the time
Tio~ 6 psec. The rise time of the interferometer signal
showing the dencity increase is, of course, delayed by
the acoustic transit time. Since the heating time

(75,4 740 increases with decreasing Xco,_» becoming
much greater than the acoustic transit time, this time
eventually dominates the time for the gas density to de-
crease to the minimum value after the cooling interval.
The thermal rise time, which is defined as the time for

APlp,~ 1.0 x 10°3/div

FIG. 4. Photodiode signals showing inter-
ferometrically determined density changes
in CO,~N, gas mixtures following the prop-
agation of an ~ 1-psec 0,5-J CO, laser
pulse.
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the density to reach 90% of the total change from maxi-
mum to minimum density, has been measured.-from the
oscilloscope traces and the résults are shown in Fig. 2.
The beginning of the time interval is taken as the break
in the oscilloscope trace which is caused by an electri-
cal noise transient associated with the spark gap used
to trigger the CO, laser. The measured thermal rise or
heating time is seen to be in close agreement with the
calculated heating time (7,,+ 7y5). It should be pointed
out, however, that this agreement is somewhat fortu-
itous and probably due to the effect-of the finite acoustic
transit time. For the case where the acoustic time 7,
and Ty become negl'gible compared with 7,;, the so-
called thermal! rise time should in theory approach
~27,;. Also, in this lircit, the density increase for very
short times (f << 75,) should be 1.44 times the density

decrease for I>> 7,; which is the ratio of the 100 vibra-"

tional energy to the pholon energy hvg .

For very long times the decrease in gas density must
eventually decay to zerg, due to thermal conduction.
The thermal-conduction time 7. of ~50 msec has been
measured:for pure CO,, and since 7.=D?/16X, where
x=0.11 cm®/sec Is the thermai diffusivity for CO,, we
obtain D~ 3 mm for tha effective beam diameter within
the gas cell.

It is interesting to note that the density change with
Xco,_= 0.1 is roughly about one-half that obtained with
pure CO, rather than one-tenth as expected. This indi-
cates that the CO, laser pulse energy density exceeds
the saturation value for pure CO,, and when Xcoz is re-
duced by adding N, the saturation energy density in-
creases to compensate somewhat for the reduction in
the.absorption coefficient. For a laser pulse shorter
than the upper-level relaxation processes, as in the
present case, the absorbed energy density under
strongly saturated conditions is ogEy=mnlvyg,¢/2, where
n, is the number density of CO, molecules in the lower
absorbing {100) level and « is the unsaturated absorp-
tion coefficient. That is to say, E, is the energy per
unit area required for one-half of the (100) CO, mole-
cules to be excited by absorption to the (001} level,and
thus approximately saturate the transition. "For pure
CO, at T=309°K and 1-atm pressure.with ag=2X 10"
em™! and n,="7.25% 10" ¢m™3, we obtain for E, the value
0.34 J/cm?. The laser pulse energy of 0.5 J together
with the’beam radius of 1.5 mm (based on the measured
thermal-conduction signal decay)-gives ~7 J/cm? which
clearly exceeds the estimated saturation ex_lérgy density.

-k
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The observed density decrease in Fig. 4 for pure CO,
corresponde to a temperature rise of AT~0.5°C. As-
suming saturated conditiors and using the energy equa-
tion, we find that E,~0. 38 J/cmi? for pure CO;, which
is in good agreement with the:calculated value.

1t should also be noted that the small pulses appearing
in the interferometer signais in Fig. 4 are associated
with repeated reflections of the acoustic wave from the
walls of the gas cell. Their occurrence in pure CO, at
intervals of ~ 125 usec after the initial density change
corresponds well with the 3.8-cm tube diameter. For
the case of X¢o,= 0.1, the pulse interval is reduced to
about 100 psec, which can be explained by the increase
in sound velocity to v,~ 3.4x 10* cm/sec due to the ad=
dition of N,.

In summary, these results have shown the first experi-

mental evidence of kinetic cooling by absorption of lasér
radiation. The cooling and subsequent heating occur on.

the time scale of known vibrational relaxation rates,

and the simple three-level model for the CO,-N, systein
appears to be adequate for modeling the effect. In the-

case-of atmospheric propagation, the times associated

with the cooling will be increased to millisezonds or
greater beciuse of the longer lifetime, rz,massociatevi‘
with the lower CO,.concentration. The kinétic cooling
can be a beneficial effect for propagating pulsed beams
which have a pulse width comparable to 7,4, or for cw
beams propagating with a cross wind such that the tran~
sit time across the beam is comparable to 7.
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' APPENDIX E

Comparison of Numerical and Experimental
Thermal Distortion Results

In this appendix a measured thermally distorted laser beam pattern is compared
with results obtained numerically. In Fig. E-1, the distorted CO, beam pattern
obtained with Kalvar film in a liquid CS, experiment simulating a wind is shown on
the right-hand side. The value of N as computed using Bq. (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 Lincolrn ILaboratories nonlinear propagation code are
shown for a case with N = 16, which is roughly comparable to the distortion psrameter
for the liquid experiment. In each case the beams were focused and a cloge 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 Iy 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
deternined 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 normelized fashion in terms of the distortion parameter N, the fractional
absorption, oz, and the ratio of initial to focused spot sizes, ai/af of the beams
in the absence of distortion. Of these parameters, the values for oz differ the
most between the numerical and experimental cases, In view of the results showing
the oz dependence of the distortion in Sec. 2.4, the larger oz 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 CSp moving across the beam, and {b) the numerical calculations which
wvere performed using conditicns typical for high-power propagation in the atmosphere.
The actual conditions associated with the liquid CS, experiment and also for which the
numericel 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-1, there should be no
question about the validity of the liquid simulation of atmospheric propagation in
a wind. 1In addition, Fig. E-1 provides convineing 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.
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TABLE E-I

COMPARISON OF CONDITIONS' FOR FIG. E-1

A =10.6 p

Numerical 7Results Iiquid CSZ*

(Lincolp labs. ) Experiments
Power, P 100 kw 2 W
Source radius, a; 10 cm 1 mm
Focused radius, a, 3.6 em 0.22 mm
Range, z 2 km 15.5 em
Wind Velocity, V 2 mfs 1 cm/s
N 16 20
oz 0.134 2.2
In 8°/2 3 5.7
o7
a.i/af 2. 4.5

* Liquid 032 results have been teken from Ref. 1, Figs. 36 and 37. To
avoid confusion the distinetions between the cell length, t and z,
and the effective propagation congtant, ke and kn , are omitted here.
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