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Propagation of partially coherent beams:
turbulence-induced degradation
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We show that, when a partially coherent beam propagates through an inhomogeneous medium such as atmo-
spheric turbulence, the phase randomization that is induced is less effective in degrading the spatial coherence

properties.

By evaluating the final beam widths we report what is to our knowledge the first experimental

demonstration that, on propagation through thermally induced turbulence, a partially coherent beam is less
affected than a spatially coherent beam. © 2003 Optical Society of America

OCIS codes: 030.0030, 030.7060.

One of the most appealing characteristics of laser
beams is their directionality, a property often asso-
ciated with their high degree of spatial coherence.
However, it is now well understood that this direction-
ality is not always necessary and that certain types of
partially coherent beam can also have rather similar
properties of directionality and spatial confinement.'?

In general, it is anticipated that the spatial coher-
ence properties of optical beams will change on propa-
gation through inhomogeneous media when the phase
front is randomized. Experiments indicate that, when
initially coherent, optical waves propagate through tur-
bid media, the wave front’s phase uniformity degrades
much faster with increasing propagation distance than
the wave’s intensity decays. For a variety of applica-
tions such as guiding and tracking as well as active re-
mote sensing through turbulent atmospheres it is also
instructive to know how an initially partially coherent
beam (PCB) changes its properties when it propagates
through a random medium. Imaging through random
media that are specific to biomedical applications is yet
another situation in which resolution can be improved
if beam distortions are controlled. Recent studies ad-
dressed the evolution of the statistical properties and
the global shapes of specific types of PCB for free-space
propagation®* and through a certain kind of weak at-
mospheric turbulence.>¢

We present experimental evidence of the better
performance of a PCB than a coherent beam on prop-
agation through thermally induced turbulence. We
conducted systematic experiments to assess the effect
of phase turbulence on the intensity profiles of beams
with different degrees of spatial coherence and to
compare this effect with the distortion of a spatially
coherent beam propagating in the same conditions.
We report what is to our knowledge the first experi-
mental demonstration that, when the phase front of
the incident beam is already distorted, further phase
randomization will not significantly affect certain
spatial coherence properties and that, in general, the
turbulence-induced spread of a PCB is less than that
of an initially coherent beam.
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The properties of a PCB can be quantitatively
described by the correlation between the field fluc-
tuations at two different points, P; and P;. For a
quasi-monochromatic field U, the usual procedure is
to evaluate the cross-spectral density, which is defined
as the following statistical average over the ensembles
of realizations: Wiy = (U*(P))U(P)).?2 For a beam
of light, i.e., a sufficiently directional field such that
the paraxial approximation can be used, the result
of free-space propagation of cross-spectral density
Wi2® can be evaluated for any distance z in terms
of cross-spectral density Wi2@ in origin. One can
immediately calculate the intensity distribution in a
plane situated at a distance z along the direction of
propagation:
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As can be seen, the propagation generates a certain
beam degradation, and one way to quantify the width
of the propagating beam is in terms of the intensity
variance across the beam:
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a quantity that can be directly measured. When the
beam propagates through an inhomogeneous medium,
one must take into account both the field’s and the
medium’s randomness to evaluate the intensity distri-
bution in a certain plane z. For weak atmospheric tur-
bulence, specific stochastic models have been used to
describe the power spectrum of the atmospheric fluc-
tuations, and analytical results have been obtained for
PCB spreading.®

In the present series of experiments we evaluated
the relative degradation fpcg of a PCB by measuring
the ratio between the mean-squared width of the
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beam at a distance z through the turbulence and
the mean-squared width at the same distance in
free-space propagation (in the absence of turbulence).
Using the same conditions of propagation (distance z
and turbulence characteristics), we also determined
a similar ratio fcp for a spatially coherent beam. It
is worth mentioning that Ref. 6 reported that the
mean-squared width of a partially coherent beam
propagating through weak turbulence depends on the
propagation distance as

p2(2) = 012 + 0222 + T2, 3)

where o is the width of the intensity distribution in
the plane z = 0 and o is a measure of the far-zone
angular spread of the beam in free space. In Eq. (3)
the initial state of coherence is described entirely by
o, whereas the beam spread that is due to turbulence
is quantified by the parameter 7. Using the depen-
dence suggested in Eq. (3), one can evaluate the fac-
tors that describe the relative degradation introduced
by the turbulence. In the case of a spatially coherent
beam for which o; reaches its minimum (and which
for short propagation distances may be neglected), this
factor is

0'12 + T23
-
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whereas for the general case of a partially coherent
beam it becomes

0'12 + 0'J2Z2 + Tz3 .
0'12 + 0'J2Z2

(5)

fPCB =

It follows immediately that a partially coherent beam
will always be less affected by propagation through
random inhomogenities of the refractive index:
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Note that this behavior has been predicted for partially
coherent beams propagating through atmospheric
turbulence.?

The experiment is presented schematically in
Fig. 1. We achieved the partially coherent beam
generator by focusing a laser beam on a rotating
random phase screen and recollimating the scattered
field. By adjusting the position of the phase screen
between the lenses we were able to obtain partially
coherent beams with variable transverse coherence
lengths. This procedure introduces an additional
small divergence of as much as 0.4 mrad in a PCB,
which, however, cancels out in fpcg. According to the
van Cittert—Zernike theorem, the degree of spatial
coherence in the plane of the second lens is merely
the Fourier transform of the intensity distribution
in the plane of the phase screen. Our calculations
show that this length was practically varied from 30\
to 2500A. We obtained the corresponding spatially
coherent beam by simply removing the phase screen
from the setup. The beams with adjustable coherence

properties were subsequently propagated through a
40-cm-long region where fluctuations of the refractive
index were induced thermally. After passing through
the turbulence, the beams were focused by a lens with
a focal length of 50 ¢cm, and the intensity distribution
in the focal plane was recorded with a 16-bit high-
resolution CCD array. The intensity distributions
were averaged over times much longer that the char-
acteristic time scale of the thermal turbulence, and
the corresponding beam widths were determined from
Eq. (2) by use of the measured intensity profiles.

A number of intensity distributions have been
recorded for various PCBs as well as for spatially
coherent beams. As expected, one observes in all
the situations that the thermally induced turbulence
degrades the beams. The quantitative effect of this
degradation is shown in Fig. 2, where the beam
waists as obtained from Eq. (2) are plotted against the
transversal coherence length of the beam entering
the turbulent region. Remarkably, one can see that
the additional degradation introduced by the turbu-
lence is less significant when the spatial coherence of
the beam is reduced. In fact, it can be concluded that
the coherent beam is the beam that is most affected
by passing through the turbulence.

One should perform a systematic study of the beam
degradation effect by controlling the propagation dis-
tance as well as the detailed characteristics of the tur-
bulence. In these experiments, however, we kept the
conditions of propagation constant, and we focused on
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Fig. 1. Experimental setup used to generate a PCB with
adjustable coherence properties and to record the width of
the beam in the far field.
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Fig. 2. Waist of a PCB with different coherence properties
after propagation in free space and through a 40-cm layer
of thermally induced turbulence. Also shown are the cor-
responding waists of the partially coherent beam.
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Fig. 3. Relative spreading factor f calculated from beam
widths of the several PCBs indicated in Fig. 2. The solid
line is a fit with dependence indicated in expression (7).

comparing relative effects on beams with different ini-
tial states of coherence. When the ratio f defined in
inequality (6) is calculated for the particular case of
a beam generated by a Gaussian—Schell-model source
at z = 0 for which the intensity distribution is I(p) =
A exp(—2p2/wy?) and the degree of coherence is u(p) =
A exp(—p?/0,?), the following result is obtained.
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We evaluated f for our experimental data, and the
results are plotted in Fig. 3 together with a fit with
the dependence indicated in expression (7). As can be
seen, we recovered the expected linear dependence of f
on A%/c,2, indicating that the source of our PCB is well
described by a Gaussian—Schell model. Notably, the

slope of the linear fit determines a width of 670 um,
very close to the value of 620 um measured directly in
the focal plane of the lens. It is worth mentioning that
Gaussian—Schell-model beams have also been used in
the context of planar scattering experiments.’

In conclusion, we conducted a proof-of-concept
experiment to assess the effect of phase turbulence on
the intensity profiles of beams with different degrees
of spatial coherence. Our results suggest that laser
beams with special coherence properties can exhibit
better performance under adverse conditions of prop-
agation. More specifically, we have shown that par-
tially coherent beams are less sensitive to propagation
through turbulence and, therefore, can perform an
energy transfer that is superior to that of fully co-
herent laser beams. In addition, the possibility of
designing and controlling specific coherence prop-
erties could lead to developing efficient techniques
to mitigate the degradation associated with beam
propagation in adverse environments.
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