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ABSTRACT

The recently introduced class of Multi-Gaussian Schell-model [MGSM] beams is investigated via simulations and
experiments with regards to its intensity fluctuations on propagation in atmospheric turbulence. The results indicate that
the scintillation index of the MGSM beam is reduced for high values of the summation index, in agreement with
previous theoretical results.
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1. INTRODUCTION

The ability of beams radiated by random sources to mitigate scintillations (intensity fluctuations) on their propagation in
turbulent atmosphere has been known for several decades via theoretical results and computer simulations'” and
mesuarements®”’. In all the aforementioned references the tested beams are supposed to be produced by Gaussian Schell-
model sources, i.e. assume Gaussian profiles for intensity and degree of coherence, the latter being dependent only on
distance between the spatial positions in the source beam cross-section®. Recently a variety of random beams with non-
Gaussian correlations have been introduced’ for which the statistical properties vary on propagation in free apace and
random media not only as a function of typical correlation size but also that of the correlation shape. In particular, it has
been shown that pseudo-Bessel-correlated beams and non-uniformly correlated beams can lead to scintillation reduction
on propagation in atmospheric turbulence due to their specific correlation shape'® "

Recently a class of random beams with Multi-Gaussian Schell-model [MGSM] correlations that are capable of
forming flat intensity profiles in the far-zone of the source in free space and for certain intermediate distances in the
atmosphere has been introduced'”". The flatness of the profile is controlled by a number of terms in the sum of
Gaussian correlations with different but well-suited weights: the larger this number the flatter the central part of the
profile is. The scintillation of the MGSM beams was studied analytically on their propagation in the atmospheric
turbulence and it was demonstrated that the scintillation index decreases with increasing number of terms in the Multi-
Gaussian function'®. The purpose of this paper is to confirm, via computer simulations and experimental data collection,
the reduction in scintillation in MGSM beams for increasing values of summation parameter.

2. THEORETICAL FORMULATION
2.1 Multi-Gaussian Schell-model beams

Random sources and beams can be characterized by their cross-spectral density function which depends on two spatial
positions and frequency®.
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The cross-spectral density function of a scalar Multi-Gaussian source at positions 0, and P, at angular

frequency o can be characterized by the cross-spectral density function of the form'> "
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where p, =[p, |, p, =|p, |, subscript (0) refers to the source plane and

3
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is the normalization factor used for obtaining the same maximum intensity level for any number of terms M in the

summation, and [M ] is the binomial coefficient. In Eq. (1) o is the r.m.s. width of the intensity distribution, J is the
m

r.m.s. width of the degree of coherence, and the upper index M relates to the flatness of the intensity profile formed in the
far field: M =1 corresponds to the classical Gaussian Schell-Model source and M — oo correspond to sources producing
far fields with flat centers and abrupt decays at the edges.

2.2. Scintillation index
The scintillation index of the random beam propagating to a point (r, z) is conventionally defined by the formula'’:
¢ (r,2) = (I*(r.2)) /{I(r.2))" -1, (3)

where [ stands for the fluctuating intensity.

3. THEORETICAL CALCULATION AND COMPUTER SIMULATIONS

By the mode representation method for Gaussian-Schell model (GSM) beam used in Ref. 16, the cross-spectral density
function of the MGSM beam represented by Eq. (1) can be expressed in a different mode representation,

WO (py, pri @) = [f (ps, K)P*(py, K)d2K (4)
where the modes are given by expressions
M 1 m-—1 k282 2 )
Yo, K) = - {2, () o= V2mnd? exp (- 2 exp (= £5) exp(ikK - p). (5)

Egs. (4) and (5) show that a MGSM beam is an incoherent superposition of collimated Gaussian beams whose transverse
wave vectors K are random and the associated amplitudes form a flat-top function in the K plane. However, the
evanescent modes included in Eq. (4) decay fast. Only the propagating modes contribute to the light on the receiver
plane. Eq. (5) is rewritten as

Pp,u) = (5o (M) LV ama? exp (- 5 exp (= ;) exp(iku, - p), (©)

m

where k is wave number and u, = (u oU ly) is the projection of the unit direction vector in the source plane. Since the
scintillation properties of a partially coherent beam can be well approximated by a finite number of its constituent
modes'®, we can study the scintillation properties of a MGSM beam through the discretized form of Eq. (4):

WO (py, py;0) = X0—1 W (P1, 1) P5 (2, ULy (7
The scintillation index of such a pseudo-MGSM beam is written as
Cz(p' Z) — Zng(Ip(P.Z)Iq(P.Z)) -1, (8)

2N tp o]
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where I,,(p, z) is the instantaneous intensity of the pth mode on the receiver plane. Note that N and M are unrelated: M is
a parameter that characterizes the flatness of the MGSM’s coherence function, while N is the total number of
propagating modes used in Eq. (7). From Eq. (6), it can be seen that M is used in each propagating mode.

Using the expressions of (I, (p, z)) and (I, (p, z)I,(p, z)) which are available in Ref. 10, we can analyze the scintillation
properties of MGSM beams in weak turbulence by numerical evaluation of (I, (p, 2)} and (I,,(p, z)I,(p, 2)).

In general, the projection of the unit direction vector u, is confined in a circular area |u, | < 1. However, for
given turbulence and propagation parameters, the scintillation index of a MGSM beam can be represented by a pseudo
one whose u ,, is sampled in a small circular area with a finite separation Au, . Because a pseudo MGSM beam requires
sampling of u,, in a two dimensional plane, it yields a large amount of constituent modes followed by an intensive
computation of the scintillation index through Eq. (7). We start with a one dimensional MGSM beam, namely u,,, = 0.

Figure 1 presents the on-axis scintillation index of a one dimensional MGSM beam propagating through a
certain atmospheric channel as a function of the upper index M. For the theoretical curve, calculated from Eq. (6),
[ui,] 5% 107° and Au,, = 2.5 x 1077, and hence 401 modes are used (indeed, 2*5*107)/(2.5¥107))+1 = 401). A
plot of the scintillation index by the independent phase screen simulation method'” is also shown for comparison. For the
simulation plot |u,,| < 3 x 1075 and Au,, = 107°, - 61 modes are used (2*3*107%/(10°+1=61). The relative difference

between these two plots is between 1% and 2%, where the difference is defined as (¢2 - cfhmy) /2 - Thus the results of

simulation and of the theory are in good agreement. Figure 1 also shows that it is sufficient to use a small set of modes to
study the scintillation properties of the MGSM beams.
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Figure 1. On-axis scintillation index vs. M. Parameters A =1.55um , § =3.54 cm, 6 =2.5 cm, L =2 km, km, C,>=10"" m™*?, von

Karman spectrum with Ly =10 m and /, = Imm.

Figure 2 presents the dependence of the on-axis scintillation index of the propagating beam on the coherence
width normalized by the r.m.s. beam width for several values of M. From the analysis of one dimensional MGSM beam

shown in Figures 1 and 2, we can use sampling range /uix + uiy < 2.4 x 107> and sampling separation Au,, =

Au,,, = 0.6 X 107° to generate a two dimensional pseudo MGSM beam and study its scintillation properties for the
given turbulence propagation parameters. In Fig. 3, the scintillation indices of the GSM (M=1) and MGSM (M = 20)
beams are two-dimensional, discretized. 49 modes are used to generate such MGSM and GSM (M = 1) beams. . They are
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obtained by the phase screen simulation which is applicable when turbulence is moderate to strong. It can be seen that
MGSM beams outperform both fully coherent Gaussian beams and the GSM beams with comparable coherence length.
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Figure 2. On-axis scintillation index vs. relative coherence length § /0. The other parameters are the same as in Fig. 1.
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Figure 3. On-axis scintillation index vs. propagation distance. The other parameters are the same as in Fig. 1 except C,? = 10" m™?"°.
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4. EXPERIMENTAL RESULTS

4.1 Generation procedure of Multi-Gaussian Schell-model beams

A reflective nematic Spatial Light Modulator (SLM) with resolution 256x256 pixels was used to create phase screen
realizations compatible with MGSM phase correlation. A similar MATLAB program that was used by the group for
generation of the Gaussian Schell-model beams with variable coherence state” has been adopted for the Multi-Gaussian
Schell-model beams by modifying the window function. To minimize the influence of light diffraction from the edges of
SLM, the reflected beam has been spatially limited by using a mechanical iris with a 1 cm initial propagation diameter.

For the phase screen generation, an alternative measure of the r.m.s. phase correlation is used directly providing
the value in terms of the number of pixels rather than in millimeters. In order to relate the two parameters the following
scaling law is used

L 9
o= W XY )
where L stands for the linear dimension of the (square-shaped) SLM and N stands for the number of pixels in one row.

For example, for the case of y; = 128 that was used in the experiment the approximate r.m.s. phase correlation size, &,
is computed as follows: the SLM array has 256x256 pixels over the area of 6.14 mm by 6.14 mm and hence

6.14mm 1138 = 0.27mm -

In order to eliminate the effect of the zero-order bright spot in the center of the random beam reflected from the
SLM we have multiplied the window function by a cosine function with a suitable argument. Such a procedure creates
two bright-spot-free replicas of the beam at locations off the optical axis one of which is used for propagation.

4.2. Experiment

The field test campaign too k place in July, 2014 at the US Naval Academy. A link of 230 m was set up over the water
(see Figure 1). The tests were performed during night in calm weather conditions. A low power, 2 mW, red (A=630 nm)
He-Ne laser beam was used at the source. A beam expander was used to adjust the beam size in order to use the whole
area of the SLM. At the receiver system the laser light was observed using a camera with the recording rate of 10 frames
per second and sensitivity of possible 256 values of intensity. Since the MGSM beams produce flat top profile the
camera was pointed into the light direction in the area of the flat top part of the beam. The beam was collected directly
on the surface of the camera sensor by using the neutral density and red notch filters to have the optimal range of
recorded intensity values. Light sensor was 7.62 x 7.62 mm in size, with a resolution of 1024x1280 pixels, with an area
of 4.65um” per pixel. The camera resolution provided 1.3 million readings that were used to find the average scintillation
index.

Figure 4 Experimental setup for generation and propagation of MGSM beams in atmospheric turbulence. Left: transmitter side; Right:
receiver side.
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4.3 Scintillation index analysis methodology

The objective of the campaign was to determine the scintillation index dependence on the index M. The tests were
carried out for M values of 1, 4, 10, 15, 20, 25, 30, 35 and 40. To generate MGSM beams screens were created for SLM
with the window function given by Eq. (1). Spatial coherence level was determined by the correlation width set to 128.
The screens in the SLM were cycled at the rate of 333 Hz. The camera exposure time was approximately 50 ms,
effectively averaging over 16 realizations of the source.

To observe the influence of the atmosphere on beam propagation each observation test lasted two minutes
creating several thousand image realizations. Scintillation index was calculated for each valid pixel for a time series
reflecting the duration of the test: 1.3 million scintillation index values were used for each data point. This approach
provided insight into precision and reliability of the measurements.

4.4 Data analysis

Three consecutive sets of data were taken and referred to as Runs 1, 2 and 3 on Fig. 5. The slight difference between the
runs, especially for low values of M, stems from slightly different atmospheric conditions. The data clearly indicates that
the same trend as given by analytical calculations and computer simulations is present: as M grows the scintillation index
reduces. Somewhat different values of the scintillation index for low values of M (M = 1 and M = 4) among the three sets
occurred because for these measurements the camera gain was adjusted in order to eliminate data saturation.
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Figure 5 Experimental results on the scintillation index of MGSM beams propagating in the atmospheric turbulence as a function of
upper index M.

5. CONCLISIONS

The recent theoretical result on the reduction of the scintillation index of the MGSM beam on propagation in turbulent
atmosphere by increasing values of flatness parameter M is confirmed by computer simulations and experiments. The
MGSM sources were generated via reflection from the nematic SLM cycling at a high rate. Because the intensity profile
of the received beam was flat the scintillation index was not influenced by the edge profile and it was calculated by
averaging over the whole collection of camera pixels.
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