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Abstract 

In this work the effect of the atmospheric turbulence on a 

propagating laser beam broadening (or spreading) effect 

(𝑊𝑒𝑓𝑓) is studied experimentally. An experimental set-up is 

designed to control and measure this effect under laboratory 

circumstances such as temperature, pressure and air speed. 

The refractive index structure parameter (𝐶𝑛
2) is measured 

under law and high speed (3.4 – 7.2 m/s) and its values 

(0.14*10-9 – 5.4*10-12 𝑚−2 3⁄ ) respectively. A He-Ne laser 

beam size expanded from (0.64*10-4 m2) to (0.7673*10-4 m2) 

through a (1.6 m) path length. 

Keywords: Atmospheric turbulence, Laser beam, Beam-

spreading, Refractive index structure. 

 

INTRODUCTION 

Free space optical communication has a considerable 

importance in the recent high data rate communication  

systems. This is due to its broad bandwidth (~10Gbps), 

relatively low power consumption, simplicity of utilization, 

and the low BER (< 10-12) [1]. But however due to the wave 

nature of the optical data which are susceptible to atmospheric 

wave propagation conditions such as scattering, scintillations 

and beam spreading [2].  All of these conditions act together 

to attenuate light and could block the optical signal in the 

atmosphere. In this research, an analytical study on the 

atmospheric turbulence effects on the optical signals is a 

achieved. 

Turbulence can be described as a random mixing of air 

particles in the atmosphere due to either rapid or small-scale 

spatial and temporal refractive index fluctuations in 

temperature .Variations in temperature & Wind speed can 

cause changes in the refractive index of air. 

This paper present a review of the effects of the atmospheric 

turbulence on a Gaussian-beam wave due to the classical 

Kolmogorov theory and its consequences such as scintillations 

and beam spreading. These effects have a great importance in 

many applications such as free space optical communication, 

imaging, laser radar and remote sensing.     

 

THEORY 

Several heat sources in the earth atmosphere causes an 

inhomogeneous rise in its air temperature. This increase in air 

temperature causes a convection air current to rise up mixing 

up turbulently with the upper cooler air layers. This random 

air temperature variation causes a temperature fluctuation, 

from point to point, which are functions of the altitude and air 

speed.  

The air refractive index is a temperature and pressure 

dependent in addition to the dispersion property of the air as 

an optical medium [3].  

𝑛(𝑇, 𝑃, 𝜆) = 1 + 10−6𝐶                                                     (𝟏) 

Where  

𝐶 = 0.38 
𝑃

𝑇
 𝐶0                 (for dry air) 

and            

𝐶0 = 83.4213 +
2.40603 × 104

130 − 𝜆−2
+

159.97

38.9 − 𝜆−2
 

Where P: is the barometric pressure in (mmHg), T: is the air 

temperature in (K), 𝝀: is the vacuo wavelength in (µm). 

Random fluctuation in the air refractive index due to the air 

temperature fluctuation  are so fast that the process can be 

considered adiabatic. The change in the air index with 

temperature is [4]; 

𝑑𝐶

𝑑𝑇
=  

−0.379 𝐶0

1 − 𝛾
 (

𝑃

𝑇2
)                                                (𝟐) 

Where  𝜸: is the ration of the specific heat and its value is 

about 1.4 for air.  

A.N. Kolmogorov , in his analysis of the effects of fluctuation 

processes on the radiation transmission in a turbulent 

atmosphere , introduced a structure function of the air 

refractive, temperature and the wind speed [5]: 

𝐷𝑛(𝑟) = 〈[𝑛(𝑟1) − 𝑛(𝑟2)]2〉 = 𝐶𝑛
2 √𝑟23

                    𝑙0 ≪ 𝑟 ≪ 𝐿0 

𝐷𝑇(𝑟) = 〈[𝑇(𝑟1) − 𝑇(𝑟2)]2〉 = 𝐶𝑇
2 √𝑟23

                   𝑙0 ≪ 𝑟 ≪ 𝐿0 

And 

𝐷𝑉(𝑟) = 〈[𝑉(𝑟1) − 𝑉(𝑟2)]2〉 = 𝐶𝑉
2 √𝑟23

                  𝑙0 ≪ 𝑟 ≪ 𝐿0 

Where 𝑟 = 𝑟2 − 𝑟1 is the distance between the two points (r1 ⅋ 

r2) of a random field, 𝐶𝑛
2, 𝐶𝑇

2 and 𝐶𝑉
2 are the structure 

parameters for the air refractive index , temperature and speed 

respectively. 𝑙0 and 𝐿0 are the inner and outer scales. 
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The index structure parameter 𝐶𝑛
2

 is related to the temperature 

structure parameter by: 

𝐶𝑛
2 = |

𝜕𝑛

𝜕𝑇
|

2

𝐶𝑇
2 

For dry air, in optical wavelengths, it can be approximated by; 

[6]  

𝐶𝑛
2 ≈ [79 × 10−6

𝑃

𝑇2
]

2

𝐶𝑇
2                               (𝟒) 

Where  

𝐶𝑇
2(𝑟) =

〈[𝑇(𝑟2) − 𝑇(𝑟1)]2〉

√𝑟23                             (𝟓) 

The values of  𝐶𝑛
2 depend on the time of the day, 

meteorological conditions and attitude . 

One of the consequences of atmospheric turbulence on optical 

beam is the beam scintillation, which is a small scale 

destructive and constructive region of self-interference within 

the beam cross-section causing variation in the spatial power 

density (or irradiance) at the receiver. The measure of 

fluctuating irradiance is the fluctuation variance of the 

irradiance; 

𝜎𝑖
2 =

〈𝐼2〉

〈𝐼〉2
 − 1                                           

For a homogeneous turbulent atmosphere of weak fluctuations 

(𝜎𝑖
2 ≪ 1) over a path length L, and for a small entrance 

aperture receiver 𝜎𝑖
2. follows Rytov variance for spherical 

wave ;[7] 

σi
2 = 1.23 Cn

2 k7 6⁄  𝑙11 6⁄                                  (𝟔) 

Where  : is the  propagation path length. 

 

Beam spreading describes the broadening of the beam size at 

a target beyond the expected limit due to diffraction as the 

beam propagates in the turbulent atmosphere. Here, we 

describe the case of beam spreading for a Gaussian beam, at a 

distance l from the source, when the turbulence is present [8]. 

To quantify the amount of beam spreading describes the 

effective beam waist average as [9]: 

𝑊𝑒𝑓𝑓 = 𝑤(𝑙)2 {1 + 1.33𝜎𝑖
2 [

2𝑙

𝑘𝑤(𝑙)2
]

5 6⁄

}                    (𝟕) 

Where 𝑤(𝑙) is the beam waist at a propagation distance 𝑙: 

𝑤(𝑙)2 = [𝑤0
2 + (

2𝑙

𝑘𝑤0

)
2

]                                                  

where 𝑤0 is the initial beam waist at 𝑙 = 0, and 𝑊𝑒𝑓𝑓  is the 

spreading of the beam caused by the turbulence. 

 

 

EXPERIMENTAL SET-UP 

An experimental setup is designed to generate turbulence in 

the laboratory environment, show in Fig. (1). This setup is 

built in such a way so that it allows the laser beam to 

propagate through a closed turbulent chamber where the 

turbulence can be controlled by varying temperature or wind 

speed inside the chamber.  

 

(a) 

 

(b) 

Figure 1: (a) Experimental Set-up to Measuring Beam 

spreading and Beam Wander,  (b) Schematic diagram of 

turbulence chamber. 
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Different strength of atmospheric turbulence can be generated 

by varying speed or temperature of the air flow inside the 

turbulence cell. Laser beam propagation, with (1𝑚𝑤) and 

(λ=632.8 nm), is kept perpendicular to the direction of the 

turbulent air flow. The optical beam is received by a CCD 

camera. The whole setup was fixed on a vibration free table 

and the observations were taken in a dark room environment. 

To study the effect of turbulence induced beam spreading, 

fluctuations in the beam were measured. Firstly, 

measurements were taken without turbulence and then with 

the effects of temperature and air speed. 

The experiments were carried out for five different 

temperature differences at two different air speeds (3.4 and 

7.2 𝑚/𝑠) and the effects were observed in the real time by 

using CCD camera. The temperature differences (∆T) for the 

random variation between (4.9 - 62.90 K) for 3.4 m/s and 

between (0.9 - 30.80 K) for 7.2 m/s.   

 

RESULTS AND DISCUSSION  

The effects of the atmospheric parameters,  temperature, 

pressure and air speed on its turbulence and hence fore on 

optical beam propagation the this atmosphere are summarized  

through the following results.  

Fig.(4.1), shows the effects of temperature on the atmosphere 

refractive index in term of its structure parameter (𝑪𝒏
𝟐) at two 

different air speed (3.4 m/s & 7.2 m/s) and at pressure (1032 

mbar). Where the maximum value of the turbulence parameter 

is at the lowest air speed value (v=3.4 m/s)  is (23.7*10-

9 𝑚−2 3⁄ ), this result agreement with [10]. The minimum value 

of the 𝑪𝒏
𝟐  at the highest air speed (v=7.2 m/s)  is decreases to 

(5.4*10-12 𝑚−2 3⁄ ), this result agreement with [11][10]. The 

results showed that describes an increase in 𝑪𝒏
𝟐  is related to 

increase the different temperature (∆T), it is clear that the 

turbulence strength increase with increase the temperature 

different. Also, showed that describes decrease in 𝑪𝒏
𝟐  is 

related to increase the air speed, where it is clear that the 

turbulence strength decrease with increase the air speed. The 

reason for these differences in refractive index structure is to 

obtain random variations in air density, (spatial and temporal 

fluctuations of the refractive index due to changes in 

temperature and wind speed along the optical propagation 

path). which result from the confluence of hot air with cold air 

and the formation of eddies causing increased turbulence. 

The scintillation variation (𝝈𝒊
𝟐) under the created turbulence at 

different temperature is shown in Fig.(4.2) and in terms of the 

Rytov scintillation index variance (𝝈𝒊
𝟐) for a case of a He-Ne 

laser beam propagation length (1.6 m) and air speeds (3.4 m/s 

& 7.2 m/s). The values of (𝝈𝒊
𝟐) increases with temperature 

from (0.061) to (10.12) but decreases with air speed from 

(2.4263) to (0.0023). This result are in a good agreement of 

the references [12],[13]. 

 

 

Figure 4.1: Relationship between  atmospheric refractive index structure (𝐶𝑛
2) and different temperature (∆T) for two speed of air. 
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Figure (4.2): Scintillation (𝝈𝒊
𝟐) versus different temperature (∆T) for two speed of air. 

 

The beam spreading increases with temperature in a manner 

represented by Fig.(4.3). And as long as the refractive index 

structure parameter (𝑪𝒏
𝟐) and scintillation (𝝈𝒊

𝟐) increase with 

temperature therefor the beam spreading is expected to be 

have in the same manner, as shown in Fig.(4.4), Fig.(4.5)& 

Fig.(4.6).  

with  the comparison between the beam spreading on a fixed 

distance (𝑙) from the transmitter in case of atmospheric 

turbulence and in case without atmospheric turbulence, the 

spot size of the laser beam at the transmitter (with the distance 

𝑙 = 0) is equals (𝑊0=0.008 𝑚). At the distance 1.6 m, the spot 

size of the beam is (𝑊𝑙
2 = 6.4 ∗ 10−5 𝑚2), in case of absent 

turbulence and different values of  𝑊𝑒𝑓𝑓 in case of turbulences 

exists. Results obtained are agreement with [14]. 

  

 

 

Figure 4.4: Beam spreading versus different temperature (∆T) for two speed of air. 
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Figure 4.5: Beam spreading versus atmospheric refractive index structure  

(which represent turbulence degrees) for two speed of air. 

 

 

Figure 4.6: Beam spreading versus Scintillation for two speed of air. 
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Figers(4.7)&(4.8) (from a to f) for both of them show the 

effects of temperature of the beam spreading for two different 

air speed (3.4 – 7.2 m/s). It is clean that beam power 

distribution are of a Gaussian profile and its centroid moving. 

There figures are recoded by a CCD camera in a real time.        

 

 

(a)                                                                                             (b) 

 

(c)                                                                                                (d) 

 

(e)                                                                                   (f) 

Figure 4.7: The effects of beam spreading due to different temperature when air speed constant at (V=3.4 m/s). 
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(a) (b) 

(b)  

 

(c)                                                                                   (d) 

 

 

(e)                                                                                (f) 

Figure 4.8: The effects of beam spreading due to different temperature when air speed constant at (V=7.2 m/s). 
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CONCLUSIONS 

The beam-spreading of the laser beam propagating in a 

turbulent atmosphere has been investigated experimentally. 

The temperature and air speed affect on the laser beam 

traveling through the atmosphere and caused it turbulences. 

Turbulence characterization inside turbulence chamber is 

carried out and the results are then used to analyze the 

combined effect of scintillation (𝜎𝑖
2) and beam spreading 

(𝑤𝑒𝑓𝑓
2 ). It is found when the degree of turbulences increases, 

each of the 𝜎𝑖
2 & 𝑤𝑒𝑓𝑓

2  increases. Where the 𝜎𝑖
2 variable 

between (0.611 – 10.1201) and 𝑊𝑒𝑓𝑓  variable between 

(0.6408 *10-4 - 0.7673*10-4 m2) at (3.4 m/s). As for (7.2 m/s) 

Where the 𝜎𝑖
2 variable between (0.0023 – 2.4263) and 𝑊𝑒𝑓𝑓  

variable between (0.64*10-4  - 0.6705 m2).  These results show 

that the increase in beam spreading by 19% at air speed (3.4 

m/s) but a slight increase in optimum beam size is observed 

with a turbulence by 4% at air speed (7.2 m/s). 
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