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to each other.

In order to find an effective method to mitigate the turbulent scintillation for applications involved laser
propagation through atmosphere, we demonstrated one model using non-coherent multi-beam over-
lapped illumination. Based on lognormal distribution and the statistical moments of overlapped field,
the reduction effect on turbulent scintillation of this method was discussed and tested against numerical
wave optics simulation and laboratory experiments with phase plates. Our analysis showed that the best
mitigating effect, the scintillation index of overlapped field reduced to 1/N of that when using single
beam illuminating, could be obtained using this method when the intensity of N emitting beams equaled

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Laser played an important role in applications such as active
imaging, laser communication and ladar [1,2], because of the
characteristics of laser, far operation range, small divergence angle
and high brightness. However, when laser transmitted long path
through atmospheric turbulence, the irradiance fluctuation
affected these applications seriously [3-9]. Therefore, if we could
reduce the irradiance fluctuation, the performance of these appli-
cations could be enhanced.

In this paper, we introduced a simple non-coherent multi-beam
illumination model to reduce irradiance fluctuation at the observa-
tion plane, under weak turbulence conditions, when the probabil-
ity distribution function (PDF) of irradiance was modeled as
lognormal distribution. This model could be used in active imaging
and laser communication system, and was useful for designing
optical system and laboratory experiments with phase plates,
which the performance is prior to purchasing equipment and con-
ducting experiments. The model of Tellez and Schmidt [10] intro-
duced the theory results of multi-beam model under moderate
and strong turbulence, and many others also did some theoretical
[5] or experiments [11] research of multi-beam scintillation mod-
els under different conditions, but the model developed here just
focus on weak turbulence situation for laser active imaging and
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laser communication, and we treated this model as a simple
statistical problem, which did not consider the complexity physical
process. The multi-beam scintillation index verified that the non-
coherent multi-beam illumination model was useful for mitigating
the irradiance fluctuation. Especially when each beam illuminated
with equal intensity, the index reduced to 1/N of that of individual
beam. In order to test this model, we simulated 4 non-coherent
beams propagation through numerical random phase screen and
overlapped at the observation plane, and conducted laboratory
experiments with phase plates, in the end compared the irradiance
fluctuation with individual beam. Both wave optics simulation and
laboratory experiments showed the mitigating effect of our model
on irradiance fluctuation.

2. Theory analysis
2.1. Non-coherent multi-beam emitting model

In order to obtain non-coherent multi-beam from one laser,
firstly, we split one beam into several beams, meanwhile increased
the optical path difference (OPD) of each beam, which should be
longer than laser coherence length. Then overlapped these beams
at the observation plane. Here, we took advantage of the property
that with the reduction of laser temporal coherence, the laser
spatial coherence reduced. This method could guarantee both the
highly coherence of individual beam and lowly coherence of
overlapped illumination field.
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Fig. 1. Non-coherent multi-beam emitting model with changeable intensity of each beam.

According to this idea, we established the non-coherent multi-
beam emitting model, as shown in Fig. 1, which 4 beams were
generated here. Four groups %2 wave plates, controlling laser
polarization angle, and polarization beam splitters (PBS), making
sure emitting laser with the same polarization state, were used
to split beams and adjust emitting power of each beam. In order
to make sure emitting beams were not coherent, 4 beams should
divide far enough to ensure the OPD greater than coherent length.

2.2. The mitigating effect on turbulent scintillation of non-coherent
multi-beam overlapped illumination

The scintillation index [5], normalized irradiance variation of
illumination field, was always used to evaluate the irradiance uni-
formity and fluctuation when laser propagation through atmo-
sphere, and in this paper we didn't consider the spatial
uniformity which could be ignored for laser active imaging and
laser communication. If we could deduce the relationship between
the scintillation index of single beam and that of non-coherent
multi-beam, the mitigating effect on turbulent scintillation of the
model, as shown in Fig. 1, could be evaluated. In this section, we
studied the relationship of scintillation index only using statistical
method but avoided the complexity physical process.

Assuming emitting intensity was I at source, and it split into N
non-coherent beams with field U;, intensity I;, thus:

N
Iy => ), (1)
i=1

1

where () denoted the ensemble average. The irradiance PDF of illu-
mination field of each beam followed lognormal distribution under
weak turbulence [5,12]:

U e {_ [In(li/lo) — 2(x,))’
2, /2102 ; 807,

where (x;) and g were the mean and variance of lognormal
amplitude y = In(A/Ao) of the i beam.

Because N beams were non-coherent which meant independent
with each other [13] from the point of statistical property, the PDF
of N overlapped beams was considered as the PDF of the sum of N
independent random variables. Generally, the PDF of the sum of N
independent variables was the convolution of their PDFs, or the
Fourier transformation of characteristic function (CF) of the sum
of variables, was the product of CFs of all these variables. For nor-
mal distribution, this operation was easily carried out by their CFs,
and the sum distribution was another normal distribution. For
lognormal distribution, however, it was known that the CF of
log-normal distribution had not been found yet [14]. Fortunately,
we could use statistical moments, which could be solved

p, () = } (i = 0), (2)

accurately, of the sum distribution to estimate the irradiance
fluctuation of multi-beam model.

The sum distribution of N lognormal variables could also be
approximated to lognormal model, which was verified using
numerical convolution [15], therefore, we could utilize this
approximation under appropriate assumption. And the PDF of
overlapped multi-beam could be obtained using its moments,
which were easy to get, according to the fact that the approxi-
mated mean () and variance a%c were equal to the first and second
moments of the real sum PDF of N independent lognormal vari-
ables [15].

Assuming the mean and variance of the amplitude of U; were
(Aj) and 6,2, respectively, and the n™ moments of A were:

m_ [ ] (Inz - (1)*
(A" _/O z \/Z__Tazxzexp [20%} dz. (3)

Based on the CF of normal distribution, we could obtain (A"):

N e““L exp (— U—2> dv
0 V2m 2

= exp(n(y) + a;n’/2).

A" = ™)
(A7) =e ()

Also the n™® moments of irradiance I were expressed as:
ny __ 2 -2
(I") = exp(2n(y) + 2n°G2). (5)

Based on Eq. (4) and (5), the 1st and 2nd moments could be
obtained:

V. 2 X 2
(A) = eVlH“Z.'/Z; <A12> — p2t+203,

(6)

L) = 62<Xi>+2°'§i. <12> _ e4<Zi)+86'2[’-

k] i .

The amplitude mean (A) and variance g, of overlapped field,

and the irradiance mean (I) and variance D? of overlapped field
were:

T} = iaﬁl = im»z(e"/x -1
i=1 i=1 (7)

where D? was irradiance variance of the i™ beam, it should be

noticed that beams were independent with each other, so the
cross-terms were eliminated on the right side of Eq. (7). Thus the
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Fig. 2. Simulation model of laser propagation through atmospheric turbulence.
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where the lognormal amplitude mean () and variance a%c were
deduced from Egs. (6) and (7), and expressed as follows,

(1) =In(A) - 03/2
02 =In(a2 /(A +1) ®)
Va A )

Now, let’s consider the scintillation index of illumination field.
For individual beam, it was:

i =D; /(1)
= () ("

2
=e'% — 1.

-1/ (10)

Eq. (10) showed that the irradiance fluctuation of illumination
field was determined only by lognormal amplitude variance g3,
for individual beam. In the same way, the scintillation index of
non-coherent overlapped multi-beam was expressed as:

2 D2 Z{V:1 <Ii>26121
T e )
07 (2hw)

Eq. (11) showed that the irradiance fluctuation of overlapped
field was determined by the mean and variance of irradiance of
each beam. It could be proved that only when the mean of irradi-
ance and scintillation index of each single beam equaled to each
other,

<1>0% <:2212:,..<>2_ 2<N az(o) 12)

Eq. (11) could obtain minimum,
o*,zmm = O'IZO/N. (13)

Eq. (13) indicated that the scintillation index of overlapped
field, ojsum?, was reduced to 1/N of the scintillation of individual
beam, ¢;,2, when the mean irradiance and scintillation of beams
equaled to each other.

Actually, N non-coherent beams always propagated through
atmospheric turbulence with the same statistical property for the
applications we considered, which meant they shared the same
scintillation index [5],

This equation represented the general situation, in which the
scintillation index of overlapped illumination field was determined
not only by the ratio of single beam irradiance to total irradiance
but also scintillation index of single beam.

3. Simulation of non-coherent multi-beam overlapped
illumination

Eqs. (11) and (15) described the relationship of scintillation
index between multi-beam model and single beam illumination,
in this section, we will verify this theory results using numerical
wave-optics simulation method.

3.1. Model of propagation through atmosphere for single beam

It was typical that using split-step method and phase screen to
simulate laser propagation trough atmosphere, as shown in Fig. 2.
The propagation path was divided into N vacuum sections, in the
end of which located one phase screen. Laser propagated through
these sections one by one, and the phase of optical field was
modulated randomly by phase screens to simulate the effect of
turbulence. The calculation model was expressed as:

Ue(Xi11, Y11, Zis1)
- F"{ ez exp [—in),Az,-(ffi —s—f;)] (16)
><F[Ut(xi,yzvZi)eis<xiyi'zi)]} )

where F[f(x, y)] was Fourier transform of f(x, y), F~! was inverse
Fourier transform, f; and f,; were the spatial frequency of x;y; plane,
Az; was the distant from x;y; plane to X;.1yi+1 plane, and S(x;, yi, z;)
was phase modulation introduced by the i™ phase screen. In our
simulation, we generated FFT phase screens [16] to introduce tur-
bulence influence:

Sx,y,2) = / / g(Kk1)\/0.492r,° k" Pe*rdic | (17)
0 0

where g(k ;) was the 2 dimensional (2-D) white noise, k¥ , was the 2-D
scale wave number, ro was the atmospheric coherent length [3,5]
which represented the turbulent situation on the propagation path,
and r was the vector (X, y, z). Triangular interpolation technology
was used to compensate low spatial frequency information [16] of
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Fig. 3. Phase screen with low frequency compensation.

Radius(m)
Table 1
Simulation parameters of turbulence.
L C2 To Lo lo
5.4 km ~5x 1071 m~2? =~0.05 m 10m 5mm

LO was the outer scale, and 10 was the inner scale.

FFT phase screens, and Fig. 3 was one phase screen with low fre-
quency compensation. Because there were so many papers consid-
ered the FFT phase screen method, we would not describe it in
detail here.

The atmospheric coherent length ry used in Eq. (17) could be

expressed as:
3/5

ro=0.185 , (18)

Jortceyde

where C,% was the index-of-refraction structure constant (in units
of m~2/3), and L was the propagation distance. For split step method,
the rq should split into ro; [17],

3/5
Toi = ToN, laé/er'

(19)

Eq. (19) denoted the atmospheric coherent length of each phase
screen, and Njqy.r Was the number of phase screens used in simula-
tion. Table 1 was the simulation parameters of turbulence used in
this paper.

It should be noted that laser was always divergent for the appli-
cation we discussed in Section 1, therefore, it was better to change
the sample interval as the beam diameter increased during propa-
gation, and here we set the calculation model [18,19] as follows,

Ue(nipq, mipq)

= Gig(mi, m;) exp [ikAZ) exp | ~i4E20 (2., +m?, )67,

) N2 N2
xF1 (exp —i”’f‘—iAZ {(ﬁ) + (D;fdi) ”
XF{% U[(n,-, mi)eis(ni.mi) exp [lﬁ (] — T,—)(nl-z + m,z)é,z] }),

(j._ .
T =41, i=0,1,...,£-1

where Gg(n, m) was the super Gaussian filter function used to con-
trol energy overflow,

/X2 1 2 e
Gie(x,Y) = exp —(ﬂ) }nsg>z, 21)
sg

&; was the sample interval of the ith plane, Dg;ig; was the width of the
i plane, and Az was the distant between two adjacent plane. The
relationship of these parameters were shown in Fig. 4. The relation-
ship between 6; and Az could be expressed as:

(00 — 00)/2L = (3; — 80)/2L;

(L= Azo+ -+ Az y). (22)
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Fig. 4. Sampling parameters.
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Table 2
Sampling parameters of phase screens.
N Dgn'dl) do Dgridn On Az Nlayer
1024 0.2131m 0.2084 mm 9.921 m 9.769 mm 50 m 108
y
h Y1

/ Emitting Plane

4 //,//_/74’/,‘) Observation

L Plane

Fig. 5. Simulation model of non-coherent multi-beam overlapped illumination.

Table 3 Table 5
Laser beam parameters. Statistical moments of overlapped illumination field (ry = 0.05 m, Group 1-6).
2 Wo w;, 0 Group I (%) o2
532 nm 0.02m 1.98 m ~0.7 mrad 1 1.076 x 1074 W —0.0359 0.0359
2 1.081 x 1074W —0.0139 0.0139
3 1.081 x 1074 W —0.0139 0.0139
bl 4 1.094 x 1074 W —0.0128 0.0128
Tabled o 5 1.077 x 1074 W ~0.0195 0.0195
Intensity ratio of each beam to total irradiance. 6 1.079 x 10-4W _0.0114 0.0114
Group 1 2 3 4 5 6
al 1/10 1/6 1/6 1/8 1/10 1/4 Using this equation and Eq. (15), we could obtained o,:
a2 1/5 1/6 1/6 1/8 1/10 1/4 4
a3 3/10 1/6 1/3 3/8 1/10 1/4 o2 =g? Zag
a4 2/5 1/2 13 3/8 710 1/4 s 05
or 0.3 0.333 0.28 0.3125 0.52 0.25

Table 2 was the sampling parameters of phase screens used
here.

3.2. Non-coherent multi-beam overlapped illumination model

The simulation model of non-coherent multi-beam overlapped
illumination was shown in Fig. 5, in which 4 beams were generated
and propagated through turbulence with the same statistical prop-
erty, and finally the intensity of beams was overlapped at the
observation plane. The position and distance of 4 beams were
shown in the left side of Fig. 4. Because each beam was propagation
through random phase screens independently and calculated inde-
pendently, there would be no cross-terms appearing during simu-
lation, which satisfied the assumption that beams should be
separated far enough to eliminate scintillation anisoplanatism.

Table 3 was the laser beam parameters used in our simulation,
and in the table 4 was the wavelength, W, was the radius at emit-
ting plane, W, was the radius at observation plane, and 6 was the
divergence angle.

Eq. (15) showed that the ratio of irradiance of each beam to the
total intensity played an important role for determining the scintil-
lation index of overlapped field, except scintillation index of single
beam illumination, so we chose 6 different groups of the irradiance
ratio for simulation, as shown in Table 4. From the first to fourth
row, a; denoted the irradiance ratio, and the last row, ¢,, was the
ratio of the scintillation index of overlapped field to that of single
beam illumination. The irradiance ratio could be expressed as:

<11> = ai<15um> <Isum> = Z<11> (23)

= (24)
4

ar = GIZSHITK/UIZO = Zaiz7
i=1

For statistical purpose, we recorded 200 frames of the intensity
at observation plane, for both individual beam and multi-beam
illumination. According to the simulation parameters in Table 2,
108 phase screens were needed (L=5.4km, Az=50m) for one
frame. Repeat the propagation and illumination processes 200
times, and record these 200 frames of intensity images, for both
individual beam and multi-beam. Based on these records, analyze
the mitigating effect on turbulent scintillation using non-
coherent multi-beam overlapped illumination.

3.3. Simulation results

Compute the mean of irradiance, and the mean and variance of
lognormal amplitude of the center data (radius = 0) of 200 images
of overlapped field, as shown in Table 5. Using these data and Eq.
(8), we could obtain the theoretical distributions of the irradiance
of overlapped field, and compared them with the results obtained
from simulation data, as shown in Fig. 6. It could be found that the
simulation data (SD in Fig. 6) fitted theoretical results (TD in Fig. 6)
well, which verified that the PDF of the irradiance of multi-beam at
observation plane was also lognormal model as assumed in
Section 2.

Compute the scintillation index (normalized intensity variation
of 200 images) using simulation data, as shown in Table 6. The 2nd
row (0sum?) Was the scintillation index of multi-beam illumination
under 6 groups, the 3rd row (a,s,»nglez) was the scintillation index of
single beam illumination, the 4th row o, simulation was:
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Group 1 Group 2 Group 3
0.14 0.16 -
mm SD mm SD
0.12 —— TD 0.14 -
01 012}
0.1
P 0.08 £
D D oo08
0.06
F F 006
0.04 0.04
0.02 0.02
0 0
0.5 1 15 2 05 1 15 2 0.5 1 1.5 2 25
Intensity(x10™) Intensity(x10™) Intensity(x10™)
Group 4 ors Group 5 Group 6
0.12 X 0.12
- SD mm SD = SD
0.1 x - D 014 — 1D 0.1 ™
0.12
0.08 p 01 0.08
P 0.06 D o.08 P 0.06
D F o.06 D
F o.04 ’ F o.04
0.04
0.02 0.02 0.02
0 0 0
0.5 1 15 2 0.5 1 1.5 2 25 3 3.5 0.5 1 15
. = . = - 4.
Intensity(x10™) Intensity(x10™) Intensity(X107)
Fig. 6. Irradiance Distribution of Overlapped Field (o = 0.05 m, Group 1-6). (SD was Simulation Data, and TD was Theory Data.)
Table 6 smallest in all these three situations, therefore, it was clear that

Simulation results of mitigating effect on turbulent scintillation (1o = 0.05 m, Group
1-6).

Group 1 2 3 4 5 6
Clsum? 0.0483 0.0536 0.0442  0.0502 0.0802  0.0400
Gsingle” 0.1509  0.1531 0.1524  0.1521 0.1513  0.1538
o, simulation  0.32 0.35 0.29 0.33 0.53 0.26
o, theory 0.3 0.333 0.28 03125  0.52 0.25

. . 2 2
g simulation = Gy, / Olingles

and the 5th row g, theory represented the reduced ratio of theoret-
ical results, the same as o, in Table 4.

Compare the data in Table 4, we could find that non-coherent
multi-beam overlapped illumination have mitigating effect on tur-
bulent scintillation, and the simulation results was consistent with
the theoretical expectation, which proved the analysis results in
Section 2. Especially, the best mitigating effect, which &sum’
reduced to a,smg,ez/4, was obtained only when the irradiance of 4
beams equaled to each other.

In order to confirm the fact that multi-beam scintillation would
be reduced with the beam number N increase when the irradiance
of beams was equaled to each other, we compared the results of g,
simulation and o, theory when using 2, 3, and 4 beams illumination.
As shown in Table 7, scintillation of 4 beams illumination was the

Table 7
Mitigating effect on turbulent scintillation with 2, 3 and 4 beams.
Beams Num. 2 3 4
a; (1/2,1/2) (1/3,1/3,1/3) Group 6 in Table 4
Clsum? 0.0811 0.0541 0.0400
single” 0.1591 0.1546 0.1538
o, simulation 0.51 0.35 0.26
a, theory 1/2 1/3 1/4

the irradiance fluctuation at observation plane reduced with beam
number increase.

4. Experiments of non-coherent multi-beam overlapped
illumination

In this section we carried out related experiments to test and
verify the results deduced in Sections 2 and 3.

4.1. Experiment system

Establish the non-coherent multi-beam emitting system based
on Section 2.1 and Fig. 1, as shown in Fig. 7. The emitting system
was composed by laser, beam splitting units, aperture stops, and
reflectors. The beam splitting unit was composed by ¥2 wave plate,
PBS, and aperture, as shown in the upper right corner of Fig. 7.

The parameters of the laser we used in experiment were:
wavelength 532 nm, power 100 mW, radius at source 0.8 mm,

Fig. 7. Non-coherent multi-beam emitting system.
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Phase Plate CCD

Fig. 8. Experiment setup of Gaussian beam propagation through a random phase
screen.

Fig. 9. Turbulent simulation system.

Experiment System

I

Fig. 10. Non-coherent multi-beam propagation through turbulent simulation
system.

Single Beam
Case 3, Group 1, Frame 12

4 Beams
Case 3, Group 1, Frame 12

Single Beam
B Case 3, Group 5, Frame 115

4 Beams
Case 3, Group 5, Frame 115

divergence angle 3 mramd and coherent length less than 1 m. The
OPD of each beam should be longer than laser coherent length in
experiment, thus we set the OPD of 4 beams longer than 1.6 m,
which was long enough to make sure beams were not coherent
with each other, and to eliminate any cross-term between 4 beams.

We used optical lens and thin random phase plate [20], HS-100,
a product of Lexitek Inc., with thickness 22 mm and active diame-
ter 83 mm, to set up turbulent simulation system [21,22], as shown
in Fig. 8. The emitting laser was transformed by optical lens firstly
and propagated through phase plate, finally, the irradiance was
recorded by CCD. In order to study the irradiance fluctuation, the
CCD camera was used without lens here, and laser illuminated
the CCD directly. Some neutral density filters might be used to pro-
tect the CCD and make sure it was not saturation. The gray scale
images represented the irradiance at observation plane and were
recorded.

The model of Gaussian beam propagation through thin phase
screen has been given by Andrews et al. [23], and based on their
results Tian et al. [24] did some expanding work. According to their
work, we could simulate different turbulence situation by moving
the phase plate on optical path, and finally establish the experi-
ment system, as shown in Fig. 9. Two phase plates were used, with
fixed distant 50 cm, and for single beam propagation, the scintilla-
tion index was changed between [0.01,0.12] using this system by
moving the two phase plates. If the readers want more information
about this system, please check [23,24] for details.

Combine the non-coherent multi-beam emitting system and
the turbulent simulation system, as shown in Fig. 10. Our experi-
ments were conducted based on these two systems.

4.2. Experiment results

In Section 3, 6 groups of different irradiance ratio were used,
here we chose 3 groups in Table 4 (Group 1, 5, and 6) to implement
the experiments. Three different turbulent situation was consid-
ered, and the irradiance at observation plane was recorded using

Single Beam
Case 3, Group 6, Frame 215

4 Beams
Case 3, Group 6, Frame 215

Fig. 11. Illumination field of Single beam (a ~ c) and 4 beams (d ~ f).
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r=0, Case 3, Group 1
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Fig. 12. Irradiance distribution of overlapped illumination field (Group 1, 5, and 6). (ED was Experiment Data, and TD was Theory Data.)

Scintillation Index
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Fig. 13. Illumination field scintillation index of single beam and 4 beams (Group 1,
5, and 6).

Table 8
Comparison of scintillation index between experimental results and theoretical
expectation.

Group Beam 1 Beam 2 Beam 3 Beam 4

1 I/l 0.0998 0.1992 0.3005 0.4005
(01 0.1132 0.1141 0.1141 0.1114
(G1sum®) 0.0321
Grsum” theory 0.0338

5 I/l 0.0994 0.0999 0.1003 0.7005
(07) 0.1183 0.1138 0.1160 0.1146
(Grsum?) 0.0617
Gisum? theory 0.0597

6 I/l 0.2494 0.2489 0.2501 0.2515
(01) 0.1118 0.1193 0.1140 0.1145
<a—lsurn2> 0.0278
Grsum’ theory 0.0287

grayscale images, for simplification, we took one turbulent situa-
tion (case 3 with scintillation index of individual beam ~0.11)
for instance. The same as simulation, 200 images of irradiance
for both single beam and multi-beam were recorded.

Fig. 11 was one frame grayscale image of single beam (a ~ c)
illumination and multi-beam (d ~ f). It could be found that the irra-
diance uniformity of 3 bottom images (d ~ f) was better than that
of 3 upper images (a ~ c), especially the right bottom one (f), which
was obtained under group 6 in Table 4.

Fig. 12 was the irradiance histogram of center data (radius = 0)
of grayscale images (ED in the figure) and the PDF calculated using
Eq. (8) (TD in the figure), of which the parameters were obtained
from experimental data. It was apparent that the two results were

Table 9
Experimental results of mitigating effect on turbulent scintillation (Group 1, 5, and 6).
1 5 6
(glsum2>/(alsinglez> 0.28 0.53 0.24
o, theory 0.3 0.52 0.25

almost consistent, which meant the experiment gave a positive
evidence for the theory analysis of our multi-beam model in
Section 2, especially for the assumption that the irradiance of
overlapped field was also lognormal distribution under weak
turbulence.

Fig. 13 was the comparison of scintillation index of single beam
(beam 1) and 4 beams illumination under 3 irradiance groups. The
data used to calculate scintillation index were sampled from the
same radius of illumination field of 200 frames grayscale images,
and 10 positions were calculated from center to margin of illumi-
nation field at observation plane. The comparison results shown
that non-coherent multi-beam overlapped illumination did have
mitigating effect on turbulent scintillation, no matter how the irra-
diance ratio of each beam was, and more uniformity of the ratio
was, the more obvious the mitigating effect was.

Table 8 was the experimental results of scintillation index. The
1st row of each group (I;/I) was the irradiance ratio of each beam to
total irradiance, measured during experiment, the 2nd row of each
group ((o;%)) was the mean of scintillation index of single beam,
the 3rd row of each group ((gjsu,2)) was the mean of scintillation
index of overlapped illumination with 4 beams, and the 4th row
of each group (s> theory) was the theoretical scintillation index
of overlapped illumination calculated by Eq. (11):

4
Orumtheory = "(Iiy/1)*(a}), (25)
i=1

Table 9 was the experimental results of mitigating effect of our
multi-beam model. The 2nd row ((Gsum>)/(Grsingle>)) Was the ratio
of the scintillation index of overlapped field to that of single beam
illumination, and (0ysinge?) Was the mean of (o;?) in Table 8. The
3rd row (o, theory) represented the reduced ratio of theoretical
result, the same as o, in Table 4.

The results in Tables 8 and 9 showed that: our experiments
accorded with the theoretical expectation. For single beam
illumination, the turbulent scintillation was determined only by
the turbulent situation and had nothing to do with emitting inten-
sity, but for multi-beam illumination, the scintillation index was
determined by both the turbulent situation and the irradiance ratio
of each beam. Meanwhile, the best mitigating effect on turbulent
scintillation could be obtained, (Gum?) reduced to (Gisinge’)/4,
when the observation plane was illuminated by non-coherent
multi-beam with equal intensity, and that result was also obtained
in Section 3.
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Table 10
Mitigating effect on turbulent scintillation with 2, 3 and 4 beams.
Beams Num. 2 3 4
a; (1/2, 1/2) (1/3,1/3,1/3) Group 6 in Table 4
(Grsum?) 0.0601 0.0392 0.0278
(G single?) 0.1155 0.1152 0.1149
(G1sum™) (Tsinge”) 0.52 0.34 0.26
o, theory 12 1/3 1/4

As the comparison in Table 7, we also compared the experimen-
tal results of 2, 3, and 4 beams, as shown in Table 10. It was appar-
ent that when illumination with equal intensity, increasing beam
number N could increase the irradiance uniformity at the observa-
tion plane, which verified the result of Eq. (13).

5. Conclusions

The mitigating effect on irradiance fluctuation of non-coherent
multi-beam illumination model was discussed, under weak turbu-
lence situation. We found a simply way to deduce the relationship
between scintillation index of multi-beam illumination and that of
single beam, when lognormal model was valid. The multi-beam
scintillation index verified that the non-coherent multi-beam illu-
mination model was useful for mitigating the irradiance fluctuation.
And we tested our model against wave optics simulation with
split-step method and random phase screens, and also laboratory
experiments with phase plates. Both the simulation and experi-
ments verified the multi-beam scintillation model, with which the
irradiance fluctuation reduced to lowest when the observation plane
illuminated by N beams with equal intensity.
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