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The effects of thermal turbulence on the phase fluctuations of a laser beam are investigated in laboratory.
The turbulent region created by means of a horizontal heated Nichrome grid is made to shift upwards
owing to the convective motion. A Mach-Zehnder interference experiment is performed in which two
beams from a laser source are superimposed after crossing the turbulent region. The displacements
of the fringe pattern allow one to study the temporal decay of the mean square refractive index fluctu-
ation. An interpretation of the results is given on the basis of the theory of an isotropic turbulent scalar
field.

1. Introduction

The effects of atmospheric turbulence on the propaga-
tion of a laser beam under near earth conditions have
been experimentally investigated by many authors. In
particular, a certain amount of work has been recently
devoted to the study of the phase fluctuations a laser
beam undergoes when crossing turbulent atmosphere. 2

The experimental results are in general contrasted with
the classical Tatarski's theory of propagation in a
turbulent medium. 3

As is well known, phase fluctuations of a laser beam
propagating in atmosphere are affected by refractive
index variations, which are mainly due to temperature
random changes, the phenomenon usually termed as
thermal turbulence. 4 This fact leads one to consider,
as a very rough model for studying near earth propaga-
tion, the case in which turbulence is generated by the
heating of the ground and then made to upstream by the
convective motion. The relevance of such a model to
real environmental conditions is strongly limited by the
presence of wind, the effects of which cannot in general
be neglected. We have reproduced in the laboratory
the extreme case in which this effect is not present in or-
der to obtain a first approximation scheme for studying
horizontal propagation of a laser beam above ground
level.

The turbulent field has been artificially generated by
using a grid of heated Nichrome wsires placed in a hori-
zontal position. Its influence on the phase fluctuations
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of a laser beam propagating at various distances from
the grid has been tested under different experimental
conditions. A Mach-Zehnder interference experiment
has been performed in which the two interfering beams
from the laser source have been made to cross the turbu-
lent zone at different distances x from the heated grid.
The displacements of the fringe pattern obtained in this
way furnish direct information on the mean square value
of the phase fluctuations ((zO) 2). The behavior of this
quantity has been studied as a function of x, of the dis-
tance d between the interfering beams, and of the grid
temperature. The experimental results are found to be
in good agreement with a simple theoretical model.

II. Theoretical Analysis
The assumptions basic to our model are that the cor-

relation function of the density fluctuations of the turbu-
lent medium obeys a diffusion process, the convective
motion playing only the role of shifting the turbulent
field upwards. In other words, the mean square re-
fractive index in a given zone only depends on the time
spent by the perturbation to travel the distance from
the grid to the considered zone. This equivalence be-
tween spatial and temporal decays makes our model
similar to the one recently described for an analogous
experiment.5 The reader is, therefore, referred to Ref. 5
for the details of the calculations.

We wish to recall the theoretical expression of the
mean square value ((AO) 2) of the phase fluctuations
obtained by assuming a geometry of the problem as the
one sketched in Fig. 1 and a diffusionlike behavior for
the refractive correlation function that describes the
turbulent field generated by the grid placed in x = 0.
The final result reads
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where is the gravity acceleration, the air coefficient
of volume expansion, T(x) the temperature at a distance
x, and Tf the temperature of the undisturbed fluid far
removed from the grid. Equation (2) may be inte-
grated by assuming a typical behavior of T(x), for ex-
ample, T(x) = AT exp(-x/l) + Tf. Here is a char-
acteristic decay length and AT = T1 - Tr is the differ-
ence between the temperatures near and far from the
grid. In the following, we assume

9(x) (2)l [- f v2(x')dx'] = (2qi3fT)l

z
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Fig. 1. Schematic geometry of the problem.

Equation (1), which looks rather involved, actually
simplifies in our experimental conditions. As a matter
of fact, the ratio L/8xt remains always much greater
than one, so that((A0)=) (DL/t)[1 - exp(-d2/8Xt)]. (4)

This expression is suitable for an experimental test on
the dependence from the various parameters. They
are the distance x from the grid, through the relation
t = x/v(x), the separation d between the interfering

5.

4.Fig. 2. Experimental setup.
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with

erf(z) = exp(-x 2 )dx,

where D is a constant depending on the strength of
turbulence, L the common length of the path the two
interfering beams travel in the turbulent medium, d
their mutual separation, and x the heat conductivity of
the air. Here t is the time spent by the perturbation
generated at x = 0 to travel, owing to the convective
motion, the distance x to the interfering beams. We
note that Eq. (1) differs from Eq. (7) of Ref. 5 by the
presence of the factor [1 - exp(-d 2 /8xt) J. In effect,
the quantity exp(-d 2/8xt) is no longer negligible as it
was in the conditions of the experiment reported in Ref.
5. If v is the mean velocity of the ascending stream,
which will be, in general, a certain function v (x) of the
distance, we assume t - x/v. Thus, the knowledge of
vi (x) allows one to express ((Ab)

2 ) as a function of x
alone. The explicit form of v (x) can be obtained with
good approximation by considering a schematic model
of free convection,6 which obeys the equation:

(2)
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Fig. 3. Theoretical behavior and experimental values of
((AO)2 ) vs the grid distance x (AT 1.70 C, I 20 cm).
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and lasts about 5-10 sec. The dependence of ((At) 2
) VS

distance, for distances ranging from 30 cm to 225 cm,
-Theeretical cure is then scanned for a fixed value of the grid temperature.

Measurements are performed for four different values of
this temperature. The distance between the interfering

&T-6°C beams, and their path in the turbulent medium are kept
1-100Cm constant and equal, respectively, to 7 cm and 27 cm.

The experimental and theoretical values of ((AqS) 2),

normalized to a suitable point, are plotted in Figs. 3-6,
each figure corresponding to a fixed AT and 1. The
experimental values of the parameters AT and have
been obtained by scanning the temperature field as a
function of x, by means of a thermocouple thermometer.

100 150 200 X(cml The agreement between theory and experiment is
satisfactory down to distances below which the turbu-

viorx (AT 6eC, I 100 cm) lent field can no longer be assumed as homogeneous.
*n (T 11This is due to the combined effects associated with the

size of the grid and the ascending velocity.
The dependence of ((Ak) 2

) on the distance d between
the interfering beams has also been tested. To this end,

Theoretical curve a contemporary measurement of the phase fluctuation
o Experimental result associated with different values of d has been performed

by using a multibeam interferometer. This has been
AT-S;'C done by coupling two four-beam interferometers of the

1-150cm kind already used for atmospheric turbulence measure-
ments.2
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Fig. 6. Theoretical behavior and experimental values of
((Ao)2 ) vs the grid distance x (AT -9 0 C, 1 -150 cm).

beams and the grid temperature, which influences the
factor AT contained in the expression of i.

We wish finally to note that the theoretical expression
of ((Aq) 2) is meaningless for small values of x, since the
hypothesis of homogeneous isotropic turbulence, on
which the theory is based, is in this case no longer valid.

111. Description of the Experiment and Results

The experimental setup is schematically represented
in Fig. 2. The turbulent region created around the
heated Nichrome grid shifts upwards following the con-
vective motion and is shielded from external distur-
bances by means of a tube -'I m in diameter. A
6328-A He-N\e laser beam is brought to interfere
through a MAach-Zehnder interferometer at various dis-
tances from the grid. The resulting interference pat-
tern is recorded through a narrow slit by a continuously
moving camera, with a speed of 6 cm/sec. The move-
ment of the recorded fringes appears on the film as a
continuously varying pattern of lines. The information
on phase variations is extracted by sampling the posi-
tion of the fringes at time intervals of 10-2 sec. Each
run refers to measurements made at a fixed distance x
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Fig. 7. Expermental geometry for testing the behavior of

((A0)2 ) with the beam separation.
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Fig. 8. Theoretical behavior and experimental values
((A)2) vs the beam separation d (AT -1.7°C, x -100 cm).
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Fig. 9. Theoretical behaviors and experimental values of
((A4)

2
) vs the beam separation d (T -6 0 C, x -160 cm).

The geometry of the experiment is schematically
sketched in Fig. 7. This allows one to study the fluctu-
ations of the four systems of fringes obtained by allow-
ing four beams to interfere with a fixed one, the actual
values of d being 2.2 cm, 5.7 cm, 9.2 cm, and 13.2 cm.
Figures 8 and 9 refer to experimental situations in which
the distance from the grid is fixed, thereby obtaining
constant value of t.

The theoretical values of the expression 1 - exp (-d2
8xt) and the corresponding experimental values ([,Aq
(d) ]2)/([A4(a) ) J2) are there reported as a function of d,
for two different temperatures. The saturation be-
havior of (jA(d) ]2) vs distance d is clearly shown.

IV. Conclusions

We have experimentally tested a simple theoretical
model, which yields a first approximation description of
the influence of thermal turbulence on the phase fluctua-
tions of a laser beam propagating under near earth con-
ditions. More precisely, this model roughly represents
outdoor situations in which the heating of the ground
can be regarded as the main source of the thermal turbu-
lent field. The experiment has been performed in the
laboratory by studying the effect of a horizontal heated
grid on the phase fluctuations of a laser beam propagat-
ing at various heights.

Our results are in agreement with the assumption that
the turbulent field created around the grid is simply
shifted by the convective ascending stream.

We wish to note the difference between this situation
and the one reported in Ref. 5. In that case, the ther-
mal field was horizontally shifted by means of a blower,
which produced a constant velocity. In the present
case, conversely, the convective velocity is a function of
the distance from the grid, this giving rise to significant
changes. As a matter of fact, while in Ref. 5 the be-
havior of ((A)2 ) in relation to the distance is of the type
1/x, in the present case this is only approximately true
for intermediate value of x. For small and great values
of x, the behavior is, respectively, of the type 1/xl and
1/x2 .

The validity of the model has been confirmed at
least up to ascending velocities of the order of 1 m/sec.
An important point is the fact that the model predicts a
saturation behavior for ((AO)2 ) with increasing distance
between the interfering beams similar to that effectively
found in atmospheric measurements.2' 7
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