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It is experimentally demonstrated that the class of partially coherent, partially
polarized optical beams can be efficiently used for reduction in scintillations
on propagation through turbulent air. The experiment involving the electro-
magnetic beam generation and its interaction with turbulent air simulator is
discussed in details. The collected data is in solid agreement with the recently
published theoretical predictions.

1. Introduction

The atmospheric turbulence affecting optical beams can be efficiently mitigated via vari-
ous techniques: source partial coherence,[1-5] aperture averaging,[6] sparse aperture
detectors,[7,8] wavelength diversity,[9] and source temporal variations.[10] Recently, it
was also proposed via analytical calculations [11] and simulations [12,13] that the
polarization diversity can be efficient for solving this problem. In particular, in [12], a
beam generated by a deterministic electromagnetic source being a combination of two
Laguerre modes was shown to lead to considerable scintillation reduction with certain
choice of mode parameters. In [11,13], partially coherent electromagnetic beams of
Gaussian Schell-model class were shown to cut the scintillation in half, provided the
orthogonal electric field components are uncorrelated.

The aim of this paper is to prove the results of [11,13] experimentally, demonstrat-
ing that a random electromagnetic beam with partial polarization propagating in a turbu-
lent air channel has lower scintillation level compared to its scalar counterpart. One
crucial step taken for achieving this goal is generation of this class of beams in a fully
controllable manner. Although several techniques exist for generation of random elec-
tromagnetic beams,[14—17] we develop a novel optical setup which uses the interfero-
metric approach together with two reflective spatial light modulators (SLM) providing
readily adjustable phase modulation of both polarization components. High spatial reso-
lution and tunable rate of cycling of the SLMs with full computer control allow for
beam design with practically unlimited phase spatiotemporal correlation control in both
polarization directions. The limiting case of two stationary frames on the SLMs (with
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the same or different realizations) is also of interest and is explored in detail. The phase
screens for the SLMs can be prepared with the help of a recently developed method
[18] and they obey single-point Gaussian statistics with desirable two-point correlation
function. For this paper, correlation functions leading to Multi-Gaussian Schell-model
beams [19-21] have been used because of their flat far-field intensity profiles conve-
nient for uniform field detection. The turbulence simulator is designed as a chamber
with hot air flowing in two orthogonal directions and allows for potential (see also
[22]) and anisotropic conditions.

To our knowledge there exists only one report [23], which explores a similar effect.
However, it is devoted to comparison of radially polarized vs. linearly polarized beams
for scintillation reduction, uses a different method for beam generation, based on a single
rotating diffuser, and does not relate the results to the beam polarization properties.

2. Theoretical background

The second-order correlation properties of a wide-sense statistically stationary electro-
magnetic beam can be described by means of the beam coherence—polarization matrix
[24] or cross-spectral density matrix [25] whose spatial counterparts have the same
form:

o ( (E;(r)Ex(r2))  (E;(r)Ey(r2)) > O

J(ri,r) = <E;(r1)Ex(r2)> <E;‘(r1)Ey(r2)>

Here, r; and r, are the position vectors of two points in space, E, and E, are two mutu-
ally orthogonal components of the electric field vector transverse to direction of beam
propagation, * denotes complex conjugate, and angular brackets represent either long-
time or ensemble average.

If the instantaneous intensity of the beam is denoted by i(r), then the average inten-
sity of the beam is deduced from matrix (1) by the formula

i (r) = (i(r)) = Tr J (1) @

Further, the conventional measure of the intensity fluctuations’ contrast at a single posi-
tion in an optical wave is its normalized variance or the scintillation index, defined as

oy )~ ) :
O ey v

where i) (r) = <i(r)2 > is the second moment of the instantaneous intensity i(r). As is
shown in [11], the scintillation index of an electromagnetic beam may be expressed in
an alternative form:

e 0] + 26y " (1) + e, " ]

1) + 10 (0]
(1)

In this representation, iy’ and i;” are the intensities of x and y components of the
electric field, i.e.

e(r) =

4)

iD(r) = Jul(r), &D(r) = J,(r), (5)
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while ¢ (r), ¢,,(r) are the scintillation indexes of the intensities fluctuating in two
orthogonal directions and ¢, (r) is that for their mutual intensity:

oy = S0ie) = w0

i (n)ig) (1)
An important result relating to fields with uncorrelated field components [zero off-diag-
onal correlations of matrix (1)] immediately follows from formula (4): c,,(r) vanish
leading to a reduction in the scintillation index compared to that for fully or partially
correlated field components [non-zero off-diagonal correlations of matrix (1)]. In the
limiting case of an unpolarized light beam, i.e. that with uncorrelated electric field com-
ponents with equal intensities i, = iy, the scintillation index can be readily shown to be
reduced by a factor of two, compared to an equivalent polarized beam.[11]

It will be convenient for detection of intensity statistics and polarization properties
to generate electromagnetic beams with flat intensity profiles. A recently developed
model for such a beam [21] gives for the elements of matrix (1) in the source plane the
expressions:

VI, /1B 2 2N M m—1 2
0) x\/1p7ob ( Pio Tt on) (=1) <M) P20 — P10l
J , = exp| — exp|—— 1|
af (P10 P20) Co p 402 r; " m p Zméiﬁ
M

;o (o f=xy) (6)

Here, p,, and p,, are two-dimensional position vectors of two points in the source
plane, I (a=x, y) are initial intensities in x and y directions, ¢ is the r.m.s. width of
the beam, 5“/;, and B, are the rm.s. width of the correlation and the single-point corre-
lation coefficient between two electric field components, respectively. Also the proper-
ties of correlation matrix (1) require that By, = B,y = 1, |By| = [By|, 05y = 6,x.[21] In
our experimental demonstration, we will only be concerned with uncorrelated field com-
ponents, E, and E,, when B,, = By, = 0. Upper index M in the summation determines
the flatness of the intensity profile of the generated beam in the far zone, covering all
the intermediate cases between Gaussian (M=1) and square-pulse (M — ©0) profiles.
More precisely, a beam propagating at distance z from the source plane was shown to
have correlation matrix elements as:

VIO JIOByy M ym-i s o
B (gl GeE) o

m ) a2, P\ 7 4p2 52
ofs 1/36

J“/f(phpZaZ) =

m=1
where expansion coefficients have the form
2

464 k? +

A2, =1+
B 2
* m()xﬁ

4] o)

k = 2m/2 being the wave number, 4 being the wavelength.
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3. Experimental setup

A low power, 2 mW, HeNe vertically polarized laser source (A) was used to generate a
Gaussian beam with a diameter of 0.5 mm (see Figures 1 and 2). A beam expander (B)
was employed to expand the beam for filling the spatial light modulator window. The
expanded beam was split with a 50/50 beam splitter (C) to generate vertically and hori-
zontally polarized branches. In the horizontal branch, a half-wave plate (D) is inserted
to rotate the beam generated by laser (A). The field is then reflected from the SLM (E)
used to modulate the phase of horizontally polarized beam and it was aligned accord-
ingly. A neutral density filter (F) is placed to adjust the power level for equalizing the
power levels in both horizontal and vertical branches. To ensure stability of the degree
of polarization, we used a linear polarizer (G). The vertical branch has SLM (E) (verti-
cally oriented) neutral density filter (G) and the mirror (H) to redirect the beam for
effective combination. When the beams in two branches are superimposed, a single par-
tially polarized beam is formed from two polarized beams. Vertically and horizontally
polarized beams are combined at a 50/50 Pellicle beam splitter (I), passing through a
mechanical iris (J) to reduce diffraction effects. After passing through the iris, the beam
passes through the turbulence emulator (L) and is captured by a polarimeter (M)
sending the data to the computer (K).

The hot-air turbulence emulator configuration for this laboratory experiment (L in
Figures 1 and 2) was approximately 15.2 cm in height, width, and depth. In characteriz-
ing the hot-air turbulence emulator, four thermocouple probes were used to measure the
vertical and horizontal temperature differences of the beam propagation path and
connected to a data logger that collected temperature readings every 1 s.

£
=
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- Beam splitter
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- mirror
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Figure 1. Experimental procedure for generating electromagnetic random beams.
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Figure 2. Photographs of (a) the system generating the beam; (b) the turbulence emulator.

The turbulence emulator was found to be approximately Kolmogorov along the
beam propagation axis. This result was estimated through measurement of the tempera-
ture structure function, D7(7), as a function of thermocouple separation distance through
the following equation,[26] known as the Kolmogorov—Obukhov similarity law [27]:

DT(I") = <(T1 — T2)2> = CTZI"Z/3 for l()< <r< <Ly (10)

where the separation distance between thermocouples, r, falls in the inertial subrange
defined by the inner scale, /y, and outer scale, Ly, of turbulence, and 7; and 7, are the
thermocouple temperature readings in Kelvin.

Figure 3 shows a plot of Dy(r) vs. #*? for the hot-air turbulence emulator. The slope
of the linear fit, over the range of approximately 2 mm — 5.2 cm gives an approximate
value of the temperature structure constant, C7*=14,012 K*/m™?? for the vertical direc-
tion, and C;*>=4872K*m ?* for the horizontal direction. Gamo and Majumdar [27]
found a leveling of the temperature structure function after 7 cm for their experiment
and explained this effect as where the separation distance between the temperature
probes exceeded the outer scale of turbulence and where the temperature fluctuations
between probes became uncorrelated. We did not see this leveling of the temperature
structure function and therefore, we estimate the outer scale, L, to be larger than 5.2
cm. The inner scale, /y,[26] is defined as the change over from 7 to #* at small sepa-
ration distances. Since we did not observe such a change we estimate the inner scale,
lo, to be less than or in the order of 2 mm. This estimate for /, is in reasonable agree-
ment with other measurements obtained using hot-air turbulence emulators,[28-31]
where [o~5, 8, 3, and 6 mm respectively, and in general,[26] mentions that [, is
typically ~1 — 10 mm near the ground.

Additionally, the refractive index structure parameter, C,°, was approximated
utilizing the following equation [26]:

o P
C,? = (77.8 x 10 6T2> Cr?, (11)

where P is in millibars and 7 is in Kelvin.
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Figure 3. Plot of temperature structure function vs. thermocouple separation distance, >, for
hot-air turbulence emulator in the vertical direction.

Where the temperature structure constant, C;> was computed using Equation (10) at
a specific thermocouple separation distance. C;*> was then used in Equation (11) to esti-
mate C,” for the section of hot-air turbulence emulator and then C,> was averaged over
the ~2 meter path length to give an approximate path-averaged value. A C,” value of
107" m 3 was used to estimate the turbulence strength for the open air propagation
sections between source and receiver. The estimated values for the refractive index struc-
ture parameter were: C2~24x10"""m 2" for the vertical and C,>~8.9x 10 "' m??
for the horizontal direction.

Additionally, for comparson of laboratory to field results, the ratio of the source
diameter, D, to the spatial coherence radius, p, or Dg/p, is an important scaling
parameter for turbulence emulation, and is discussed in a number of papers.[29,33] For
our laboratory experimental setup, Dg/p, ~2, where p, was computed from,[26] and the
Fresnel number, Ny ~5, computed from.[33] The Fresnel number is used to compare the
relative level of near-to-far-field propagation of the beam. As a comparative example,
these laboratory estimates would approximately scale to a field experiment with charac-
teristics: transmitting aperture of 10 cm in diameter, wavelength of 632.8 nm, propaga-
tion distance of ~800 m, and atmospheric turbulence level of C,”>~1x 10> m .

4. Results

Experiments consisted of several steps that verified conditions and number of repetitions
to establish the reliability of the results. The first step is the adjustment of power for
each polarization. Figure 4 shows the power readings for horizontally and vertically
polarized beams, and their combination. The measured average light intensity at the
receiver for the horizontally polarized beam was 0.49 uW, for the vertically polarized
beam 0.47 uW, and for the combined power 0.95 uW. The beams propagated in this
experiment are multi-Gaussian beams (flat top) with correlation width of 0.021 mm.
There were 40 (M =40) Gaussian beam contributions in the generation of each beam.
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Figure 4. Measured power for (a) horizontally, (b) vertically polarized, and (c) combined
vertically and horizontally polarized beams. Measured average powers are 0.49, 0.47, and
0.95 uW, respectively.

Screens with this statistics were cycled at the rate of 90.9 Hz to closer demonstrate the-
oretical assumptions. Since a single laser source was used in the experiment, we placed
neutral density filters in each branch and adjusted the attenuation until we had matched
powers for each polarization. Figure 4 clearly demonstrates a good match for each
polarization and also shows the additive nature of the combined beam.

The next step in verifying the experimental conditions is adjustment of the azimuth
angle for each beam. The polarizers were used to assure the polarization of 0° and 90°
as it is indicated in Figure 5. Figure 5 also shows the instantaneous measurements of
the degree of polarization in the combined beam. The same type of beams is propagated
here, as described in discussion in Figure 4.

(a)£ 90 - (b)= 904
45|

Figure 5. Azimuth angle for (a) horizontally polarized beam, (variance 48°, mean value —0.08°),
(b) vertically polarized beam (variance 0.7°, mean value 88.9°), and (c) combined vertically and
horizontally polarized beams (variance 2379°, mean value —3.17°).
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Figure 6 shows the scintillation index for beams with multi-Gaussian correlations
generated using cycling of the screens with prescribed statistics using an SLM (as given
in Figure 4). Using Equation (4), the scintillation index was calculated for test 1 to be
0.01 and for test 2 to be 0.012, showing an excellent agreement and is a clear valida-
tion of Equation (4). This experiment has several contributions. Namely, the scintillation
index for the combined beam went from 0.00001 in the case where there was no turbu-
lence to 0.010 in the case when turbulence was introduced. The turbulence was not iso-
tropic as it is clearly seen that the horizontally polarized beam experiences stronger
variations in the intensity, and yet the scintillation index for the combined beam was
reduced as prescribed theoretically.

Figure 7 shows the scintillation index measured over six runs for the case when the
screen that created multi-Gaussian beams with correlation width of 0.021 mm was

# 0.035

= 0.030

8 0.025

S 0020 |

£ 0015

= 0010

2 0005

0.000

4 | test1 .
® Horizontally polarized beam 0.027 0.030
» Vertically polarized beam 0.013 0.015
® Combined beams | 0.010 | 0.013
® Theoretical predictions 0.010 0.012

Figure 6. Scintillation index for multi-Gaussian beams with correlation width of 0.021 mm propa-
gated through a laboratory-created turbulence. Screens with the prescribed statistics were cycling.
Measured average degrees of polarization were 100% (horizontally polarized beam) 99.8%
(vertically polarized beam), and 18.7% for the combined beams. Measured scintillation for the
combined beam when no turbulence was induced was 0.00001 and the power was 0.95 uW.

bk

0.007
0.006

0.005

0.004

0.003 -

0.002

0.001

0.000 T
1

Scinitlation Index

2 5
| ® Horizontally polarized beam| 0.0055 | 0.0063 ' 0.0060 | 0.0059 | 0.0062 0.005 |
® Vertically polarized beam 0.0027 | 0.0028 0.0026 0.0022 | 0.0032 0.0020
® Combined beams 0.0029 | 0.0026  0.0025 0.0026 0.0028 | 0.0023

|® Theoretical predictions | 0.0021 | 0.0023 0.0022 | 0.0020 | 0.0024 0.0018 |

Figure 7. Scintillation index for multi-Gaussian beams with correlation width of 0.021 mm
propagated through a laboratory-created turbulence. Screens with the prescribed statistics were
stationary. Measured average powers were 0.48 uW (horizontally polarized beam), 0.47 uW
(vertically polarized beam), and 0.94 W for the combined beams.
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stationary. The turbulence conditions were the same as in Figure 4. Measured average
powers were 0.48 pW (horizontally polarized beam), 0.47 uW (vertically polarized
beam), and 0.94 uW for the combined beams. The main result from this set of experi-
ments is that reduction in scintillation is significant and approaches the values suggested
by the theory even though the beam was stationary. From Figure 7, the average mea-
sured scintillation index for the combined beams is 0.0026, and theoretical predictions
using formula (4) is 0.0021 (for many realizations), showing good agreement.

5. Summary

The experimental demonstration of the recently theoretically predicted effect of scintilla-
tion reduction in a random electromagnetic optical wave propagating in a weakly turbu-
lent medium has been reported. The optical beam of the electromagnetic multi-Gaussian
Schell-model class has been realized with the help of the Mach—Zender interferometer
which accepted a coherent laser beam and split it into two branches with orthogonal
orientations. The two scalar beams were modulated in phase by two SLMs and finally
superimposed. The resulting beam was passed through a turbulent air flow with the
structure parameter C,” that can be controlled by changing the input temperature. The
obtained time series of the beam intensity and polarization properties were examined.
Several experiments with modulation in (separately) vertical, horizontal polarization
components, and their combinations have been compared with regards to the scintilla-
tion properties.

Our results clearly demonstrate that, in the case when two uncorrelated orthogonal
polarization components are involved, the scintillation is reduced. The data showed
good agreement with the previous theoretical predictions. Being the first experimental
attempt to explore such polarization diversity, our study can prove very important for
operation of optical systems in the presence of the atmospheric turbulence.
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