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ABSTRACT

The transient aspects of the thermal defocusing
of a CO, laser beam (10.6 1) propagating through air
doped with SF, have been studied using an infrared
detector and interferometry. A comparison of these
results with theory has shown that the defocusing oc-
curring in air is qualitatively similar to that observed
at 0.63 p in liquid CCl, doped with iodine.
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THERMAL DEFOCUSING OF A CO, LASER BEAM
IN AIR DOPED WITH SF,

INTRODUCTION

This report presents a laboratory study of thermal defocusing in air using a CO,
laser beam, Our philosophy in undertaking a small-seale experiment is to gain sufficient
understanding of the phenomenon to predict the results of larger scale field experiments
and to indicate the areas where the efforts with the larger and more expensive experi-
ments should be concentrated. Therc are several advantages to performing a laboratory
experiment rather than a field experiment if one wants to gain an understanding of the
field situation. For example, heam quality, absorption coefficient, path length, wind
velocity, and the homogeneity of the medium can be controlled. The medium itself can
be varied as well as the beam diameter so as to change the time constants associated
with conduction and convection effects. Since one can limit the number of interactions
in the phenomenon, a theoretical description of the effects of each independent variable
taken separately becomes feasible. Approximate theories for limiting cases may be
more easily tested and generated. These separate analyses may then enable one to un-
derstand the more complex situation for which a purely mathematical analysis might be
exceedingly difficult.

OBSERVATIONS
Intensity Profiles

The obeervations which we report here are of two different types which are designed
to supplement each other. The first is the observation of the intensity profile of the de-
focusing beam as a function of time. The second is the observation, versus time, of the
integrated index of refraction perpendicular to the defocusing beam. These observations
clarify the processes of conduction and convection along the beam.,

Figure 1 shows the experimental arrangement used to observe the intensity profile
of the defocusing beam. The CO, laser beam had a power of 3.2 W and a power density
at the center of 21 W/cm?2, It passed through a cell 16 cm in length which contained one
atmosphere of air and enough SF, (less than 5 torr) to provide an absorption coefficient
of 0.087 cm™!. This is not enough to alter the bulk properties of the medium from those
of air. The beam was then swept in a vertical plane past a gold-doped germanium detec-
tor by a four-sided rotating mirror moving at 1800 rpm.

The ;otating mirror and the detector were also used to measure the Gaussian pa-
rameter oi the laser beam as it entered the absorption cell. (The Gaussian parameter
is defined here as the half width of the intensity profile at 1/e.) Figure 2 shows the
measured laser intensity profile scaled to fit a Gaussian function. The good {it ensures
that the laser was operating in the TEM;, mode, The Gaussian parameter 3 for the
laser beam was found to be 0.22 cm.

Figure 3 shows the intensity profile of the defocusing beam at the indicated times
measured from the moment of opening of an electromechanical shutter. A pulse from
the shutter triggers the upper sweep of an oscilloscope, which is shown as the upper
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Fig. 2 - Laser intensity profile at 3.8 W. The
data points are experimentai measurements and
the curve is a theoretical Gaussian (e~ x? 82),

trace in each picture. Each spike on the upper trace corresponds to one sweep of the
defocusing beam across the detector. After a variable time delay, a brightened spike
occurs, which is magnified by the faster speed of the lower sweep. One can see from the
upper trace spikes on the first oscillogram that the defocusing reaches a maximum (or
the peak intensities reach a minimum) at about 0.05 sec. After attaining its maximum
diameter the beam contracts somewhat, but not to its original width, This is shown by
the increase in amplitude of the spikes of the upper trace in the last frame at 0.44 sec.
It is also shown clearly by the increase in height and decrease in width of the pattern in
the lower trace of this frame when compared with the beam profile shown in the imme-
diately preceding frames. This lessening of defocusing is caused by increased convec-
tion which brings unheated air into the beam path, thus increasing the refractive index of
the medium; this has been observed previously in thermal defocusing in liquids by Car-
man and Kelley (1). Due tothe vertical plane of the scan across the detector face one
observes one peak instead of the two peaks corresponding to a half moon rim. We have
observed the half-nioon pattern, however, in the defocused beam using a liquid crystal
detector.

Index of Refraction

We turn now to the observation of the index of refraction changes which cause the
defocusing. The arrangement of the apparatus for these observations is shown in Fig. 4.
The CO,; laser beam is incident on a beam expander which, for the present experiment,
was operated one-to-one, i.e., both mirrors had equal focal lengths. The mirrors were
adjusted so that there was slight focusing of the beam to reduce its diameter somewhat
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Fig. t - Experimental arrangement for observing
interferometer fringes.

at the cell entranee window loeated 4 m from the laser. The dashed mirror after the
beam expander was used to deflect the beamn to a rotating mirror and then to a detector
for measurement of its profile. The distanee from the mirror to the detector equaled
that from the mirror to the cell. The timing reference laser sent a beam into the field
of view of the movie eamera when the shutter opened, thus marking a zero reference
time. The power meter was used to monitor continuously the power during each filming
run. The 5-mW He-Ne laser in the upper right-hand corner served as the light source
for the Mach-Zehnder interferometer.,

Before considering the movie data of the fringes formed during defocusing in air, it
is useful for purposes of comparison to review briefly the evolution of the fringes ac-
compunying defoeusing of a He-Ne laser beam in liquid carbon tetrachloride doped with
iodine (2). This is shown in Fig. 5. The defocusing beam itself is show: at the right of
the fringes at corresponding times. Notice that at 0.5 and 0.9 sec the fringes and the
defocusing beam are essentially symmetrical. At 2.5 sec the defocusing beam has al-
most reached its steady-state asymmetry, but the fringe asymmetry is only perceptible
in the very first fringe at the left. Inthe bottonm: frame (6.8 sec) a cylinder of heated
fluid is rising in the cell, but the defocusing beam has not changed appreciably.

The movie in the case of CO, absorption in air was taken at 500 frames/sec but, ex-
cept for the faster rate of development, the evolution of the fringes is observea to be
similar to that described above. Three frames from this reel, representing states cor-
responding to the last three frames showa in Fig. 5 for liquid CCl,, are shown in Fig. 6.
The defocusing beam is incident from the left at the position indicated by the arrow. The
ecarly time symmetry of the tringes gives way to gradually increasing asymmetry as the
fringes move upward in the field of view due to increasing convection. Cooler air re-
places the heated air and there is a decrease in the amplitude of fringe deflection along
the heating beam axis.
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Fig. 5 - Interference fringe deflection due to the
heating of CCl, by the absorption of lie-Ne laser
llght (6328 A). The heating beam passes through
the cell horizontally from left to right. The time
Indicated on the left of each photograph is the time
elapsed since turring on the laser beam. The two
small patterns at the right show the thermally de-
focused laser beam as viewed 55 cm from the exit
window of the liquid cell. (Two patterns are pro-
duced duc to reflections from the two surfaces of
the beam splitter.)
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Fig, i - Seleeted frames tiken trom o movie
showing the interference fringe deflection due to
heating of aiv (doped with 8F, ) by the ahsorption
ot CO, haser bight (10.6.0)0 Yhe time clapsed
since tuening on the kser beam is (a) 001} see,
(b)) 1534 see, and (¢) 0,275 see, The heating haser
beam (rrrown) entees the absorption celt through a
window and passes hovizontathy throagh the eett
from feft to vight, (The dot in the tower right-
hand corner of the frames is from tae timing
reterence Liser,)

DATA ANALYSIS

We have exploited the similarity between the liquid and gas cases by fitting fringe
shapes aeeurring at early times to contours computed from the thermal diffusion equa-
tion alone, under the assumption of a Gaussian heating source (2). Figure 7 shows such
a fit for a fringe ~1 em from the entrance window at 0,042 sec. The dashed line on this
figure indicates the shape of the Gaussian heat source used to compute the shape of the
outer eurve. The reasonable fit of the data is consistent with the general indication that
conveetion is a small influence at this time.

Fipure 8 is a composite of the shapes assumed by the fringe at a set of different
times, These times are listed on each eurve, It is pertineni to consider the shape of the
fringe at significant times in the evolution of the defocucirg as indicated by the rotating
mirror intensity data. In Fig. 8 a fringe at 0.05 sec would correspond to maximum de-
foeusing. Pereeptible upwird fringe motion is beginning to occur at about that timme,
which also corresponds to the thermal eoncuction time. The thermal conduction time
constant - 4K (where K is the heat diffusivity) equals 0.056 sec for our beam radius.
(The conduction time is the time it takes for a heat impulse to spread over the beam
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Fig. 7 - Fringe shape in aiv doped with 8t where
T, UK 000576 see and t 0,012 see. Meas-
wred valnes are plotted together with theivestimated
crror hrackets.  Solid line is o theorvetical curve.
The dashed line is the Goussian heat sonree,
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Fig. 8 - Compusite fringe shapes
at different times during thermal
defocusing in air doped with SF, .
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arvi o amd, i the convectionless case, it corresponds to the time at whieh the beam has
detocused to about halt s nxtmum size,) Contraetion of the defocusing beant has been
completed by about 0.29 see se that the Tringe at that time corresponds to a steady state
tor the propagation process,  Fhe trages an the region of the heating bean have essen-
Cually reached there hial shape. Consequently, the fluid motion need be accounted for
theoretcally anly during 10 hmated time and over the limited region of the heating beam,

Auother nrtication of the nature of the Thuid motion is shown in Fig, 9. This is a plot
ol the vertical displivcement x of the fringe peilk versus time. The plot indicates that al-
thought tlurd nrofion begis at 0, the diiplieement has been less than 25% of the Gaus-
s parameter up to about 0.05 see. As we hiave seen, the defoeusing stops increasing
atter this time because ot the wercase m the thuid motion, The shape of the graph ap-
peirs to be rougltly parabolie and the log-log plot of Fig, 10 shows that this is indeed the
case. The equation of the eurve ot best it s shown in the upper left-hand corner of
e, 10,
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We have computed the position of an elemental volume of the heated fluid versus
time us it rises in the cell, using an approximate solution to the Navier-Stokes equation,
The resulting expression for the displacement D at early times t is

D 1 glyatd
6T pc, ’
where ¢ is the acceleration of gravity, T is the absolute temperature, o is the absorp-
tion cocfficient, I, is the intensity at the center of the beam, p is the density, and c, is
the specific heal at constant pressure. From this expression, one can estimate the
length of time for which convection is negligible for beams of various powers and diam-
eters, and for different absorption coefficients. For example, for two beams with differ-
ent diameters propagating through media with abscrption coefficients o, and a,, the
times t, und t, at which the displacements correspond to equal fractions of a beam
diameter D, are related by
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Fig. 10 - Log-log plot of vertical
displacement of the fringe peak
as a function of time,
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Using the values obtained from the present experiment for the quantities with the sub-
script 1, and 0.05 secs for t;, as the latest time for which convection could be neglected,

a corresponding time can be computed for the case of propagation of wide laser beams in
the atmosphere for the zero-velocity case.

If convection can be neglected, one may describe defocusing through the use of the
aberrationless theory given by Akhmanov et al. (3). The Akhmanov equation can be opti-
mally tested by observing thermal defocusing in ethylene glycol since the viscosity of
this liquid is such that convection does not enter into the effect. Figure 11 shows a log-
log plot of the Gaussian parameter divided by its zero-time value versus time, for a de-
focusing beam after transversing a cell of ethylene glycol and a small amount of dye.
The curve was determined from a computer solution of the Akhmanov et al, equation
shown at the right, The square root dependence on time of beam defocusing reported by
Carman and Kelley (1) can be obtained from this equation. The experimental points were
obtained by measuring the intensity versus time at the center of the defocusing beam., As
may be seen, the experimental points fit the theoretical curve quite well. This result,
together with the interferometric data presented above, indicates that the AKkhmanov
equation may be used to generate graphs of defocusing versus distance at times short
compared to the convection time for the case of propagation in the atmosphere.

In summary, our experiments have shown the strong similarity between thermal de-
focusing in liquids and gases. Consequently, much of the theory that has been developed
for the liquids case can be applied to the gas case also.
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Fig. 11 - Log-log plot of the normalized Gaussian param-
eter b Jor a defoeusing He-Ne laser beam in ethylene
glycol plus a small amount of dye. The data points are
derived from experimental measurements of intensity at
the center of the beam, and the solid line is calculated
from the solution of the Akhmanov et al. equation at vari-

ous times.
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