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Abstract:

One of the most important challenges facing the development of laser
weapons is represented by the attenuation of the laser beam as it passed through the
layers of atmosphere.

This paper presents a theoretical study to simulate the effect of turbulence
attenuation and calculates the decrease of laser power in Iraq. The refractive index
structure C?2 is very important parameter to measure the strength of the atmospheric
turbulence, which is affected by microclimate conditions, propagation path, season
and time in the day.

The results of measurements and predictions are based on the Kolmogorov
turbulence theory. It was demonstrated by simulations that the laser weapons in Iraq
were severely affected due to the large change in temperatures, the limited effective
range of laser weapon to a few kilometers as a result of high attenuation and the
middle of stratosphere considered as a homogeneous and a suitable area for the work
of laser weapons, so be a favorite area of fighter aircraft.

Key words: turbulence attenuation, Laser Weapon, refractive index structure C?2,
Fried parameter ro, Beam divergence.

Introduction:

The atmosphere around the e Surface warming through the greenhouse
globe is composed of a diverse mass of  effect
which gravitate toward the earth's e To attenuate the power of sunlight
surface by gravity. The importance of falling on the earth's surface and reduce the

the atmosphere is as follows [1,2]: temperature.
o It protects life on Earth by UV The International Standard Atmosphere
absorption (ISA) and properties of it at mean sea

level (MSL) is shown in Table 1[2].

427


http://dx.doi.org/10.21123/bsj.2017.14.2.0427
mailto:dr.thair.73@gmail.com
https://creativecommons.org/licenses/by/4.0/

Baghdad Science Journal

Vol.14(2)2017

Table (1): Properties of atmosphere

Composition Layers Temperature Pressure Density Mass
To Po Po Mo
Nitrogen Troposphere
78.09% 0To 11 Km
Oxygen Stratosphere
20.95% 11 To 50 Km
Argon Mesosphere 5.15x1018
0.93% 50 To 80 Km 288.15K 101325 N/M2 | 1.225 Kg/M3 Kg
Lo Thermosphere
Carbon Dioxide 0.039% 80 To 700 Km
Water Vapor Exosphere
04 -1% 700 To 10,000 Km

The beam of laser weapons can be
affected by the atmosphere layers when
it propagates through it. The attenuation
due to absorption, scattering, thermal
blooming and turbulence, changing the
power of the beam as well as beam
wander and beam breakup [3].

The quality of the laser beam is
determined by interactions with the
atmospheric ~ species and  aerosol
particles. The value of beam power at
the target is a measure of this quality[4].
The turbulence of laser beam arises as a
result of the heterogeneity of
atmosphere layers, causing temporal and
spatial ~ fluctuations  of  direction
propagation, spot dancing, beam spread
and scintillations.

This work is limited to the study and

analysis the effect of turbulence
attenuation on the beam of laser
weapon.
Theory of Atmospheric
turbulence

The gradient in temperature

(positive or negative) between the
surface of the earth and the atmosphere
leads to the generation of so-called air
turbulence. Since the Earth's surface
during the daytime will be at higher
temperature than the air above, a
negative gradient will causes a
difference in refractive index values,
beam direction (according to the Snell’s
Law) refraction upward with angle
depends on strong gradient. At
nighttime, the gradients are positive
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which causes the beam direction
refraction downward. [ 2]

To calculate temperature (T), pressure
(P) and density (p) as a function of the
altitude in meter, the Standard model of
Atmosphere was used to calculate the
temperature (T), pressure (P) and
density (p) within the troposphere layer.
Temperature decreases with altitude at a
constant rate of -6.5 K /km up to the
troops (Border line between the
troposphere and the stratosphere). The
standard tropopause altitude is 11 km.
The (ISA) temperature model within the
troposphere is: [2,4]
T=T,—0.0065h (1)

From 11 to 20 km, the change of
temperature is 0 K/km, but from 20 to
32 km the change is 1 K/km. The ISA
pressure model within the troposphere is

[4]:
h
P =P, (1-0.0065 =

)5.2561

- Q)

Pi;= (}0)5'256 (3)
2= (}0)4'256.... (4)

The temperature is constant at altitudes
above the tropopause, the ISA pressure
model become:
)
P= P, e RTu .. (5
Where the parameters with subscript
“11” correspond to the values at the
tropopause (Py; = 22632N/
m?, T;; =216.65K, hy; =11 km)
and R universal gas constant 8.31447
J/(mol<K). (Earth-surface gravitational
acceleration 9.80665 m/s?). In the

(h—h11)
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middle stratosphere, the pressure and
density are given by [2.4]:

é _ (é)_34.1632 (6)
—35.1632
L= (%) ()

The variations of temperature and wind
velocity create unstable air mass called
turbulent eddies. Eddies can occur in the
whole path propagation of the laser
beam as different scale sizes from a
micro scale to a macro scale. That’s
mean, variance in the refraction index

depends on the local temperature,
atmospheric pressure or particle density
[5.6].

The refractive index n is a function of
temperature T (in Kelvin), pressure P (in
mbar) and wavelength of laser weapon
(in this work (A = 1.075 um). The index
of refraction, neglecting water vapor
pressure, is given by: [6]
n=1+"2"x 107 [1 + —0'022753].... (8)
For laser weapons systems, the
coherence of the laser beam is very
important for the propagation of laser
energy through the atmosphere layers,
so that they constructively interfere to
form a high irradiance spot size on
target. In addition, the constructive
interference will disrupt as a result of
the variations in refractive index due to
turbulence [6,7].

The index-of-refraction structure
parameter C2 (in units of m??) is used
to measure the strength of the

turbulence. Andrey Kolmogorov was the
first theoretically parameterized.
Kolmogorov’s  theory utilizes a
statistical approach in describing the
flow of kinetic energy from large-scale
eddies (about 10’s of meters to lcm in
size). Eddy is defined as relatively
homogeneous and isotropic  within
smaller  regions of space, This
assumption is allowed for Kolmogorov
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to utilize C2? to measure the strength of
the turbulence.The related structure

function exhibits asymptotic
behavior[5,6]
D, (R) =
{C,% R?/3 , ly KRK L,
cz 1;*° R? , Ry

Where R is scalar distance, L, is the
outer scale of turbulence and [, is the
inner scale of turbulence. C2 is a defined
as the mean-square difference in the
refractive index at two locations divided
by the distance r raised to the 2/3 power,
i.e.,[5,6]

{(nz-ny)?)
c,%:";z—/"; ......... (10)
The other important quantity

used to describe turbulence of the
propagating laser beam is Fried
parameter ro in (m), which represents an
atmospheric coherence diameter. The r
parameter is a circular diameter over the
laser beam which maintains coherence
in the propagation distance. A lower rg
value implies stronger turbulence. If the
ro value is significantly smaller than the
laser beam director size, the laser beam
will break up into many smaller,
incoherently  radiating beam. The
relation between ro, C2, A4, and the
distance to target d can be given by
[8,9,10]:
26/5

The power of laser weapon (P) on target
through the earth’s atmosphere which

can be calculated by [9,11]:
—€d

e

Where P, represents the total output
power from the laser weapon (100
kw), R, area of spot size at target A is
area of spot size at weapon, € is the total
extinction coefficient due to
atmospheric, absorption and scattering
(in m™) and d represents the distance to
target [12,13].

3.912 ,0.55
= — (— q
= &)
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The value of q depends on the range of laser
weapon, when d <6km q is given by
0.585 (d)'® and when 6km < d < 50 km
g is equal to 1.3.
The effect of turbulence on the laser spot
size Ry On target can be estimated by
[9,14,15]:

Ad
R, = — .....(14)
Where d represents the distance to target
and the Fried parameter r,

Results and Discussion:

In this paper, the results were
obtained by simulation using Matlab
software. The effectiveness of laser
weapons can be greatly affected by the
layers of atmosphere. Table 1 shows the

properties  of  atmosphere  and
international Standard Atmosphere ISA
assumes the mean sea level MSL
condition.

Table 2 clearly shows the atmospheric
turbulence, generated by a temperature
differential between the Earth’s surface
and the atmosphere. Fig (1) shows that
the temperature T (K) decreases with
altitude h (km) at a constant rate of -6.5
K /Km (Eqg.1) in the troposphere layer,
then T remains at a constant value of
216.65 K from Stratosphere layer up to
20 km. Then, the temperature increases
at a rate of one degree up to 32 km
(middle of the stratosphere).

Table (2): Shows the data of various parameters, generated by a temperature
differential between the Earth’s surface and the atmosphere

2
hkm) | T(k) | P(mbar) p(k_g3 N Ci (m™) ro(m)
m
0 msl 288.15 | 1013.25 1.225 1.0002749 6.48 x 10712 0.00975
1 281.65 | 898.74 1.111 1.0002495 5.59 x 10712 0.01065
2 275.15 | 794.94 1.006 1.0002259 4.81 x 10712 0.01166
3 268.65 | 701.08 0.909 1.0002040 4.09 x 10712 0.012857
4 262.15 | 616.39 0.819 1.0001838 3.47 x 10712 0.01419
5 255.65 | 540.19 0.736 1.0001652 2.97 x 10712 0.01557
6 249.15 | 471.8 0.659 1.0001480 2.47 x 10712 0.01740
7 242.65 | 410.6 0.589 1.0001323 211 x 10712 0.01912
8 236.15 | 355.99 0.525 1.0001178 1.75 x 10712 0.02139
9 229.65 | 307.41 0.466 1.0001046 1.44 x 10712 0.02405
10 223.15 | 264.35 0.412 1.0000926 1.21 x 10712 0.02670
11 216.65 | 226.31 0.363 1.0000816 | 1.42210~'2 End of Troposphere
12 216.65 | 193.3 0.310 1.0000697 10.40 x 10713 0.02924
13 216.65 | 165.1 0.265 1.0000595 7.60 x 10713 0.03529
14 216.65 | 141.01 0.226 1.0000508 5.50 x 10713 0.04285
15 216.65 | 120.44 0.193 1.0000434 3.98 x 10713 0.05203
16 216.65 | 102.87 0.165 1.0000371 2.92 x 10713 0.06265
17 216.65 | 87.86 0.141 1.0000317 2.21x 10713 0.07405
18 216.65 | 75.04 0.120 1.0000270 1.50 x 10713 0.09344
19 216.65 | 64.1 0.103 1.0000231 11.61 x 1074 0.10896
20 216.65 | 54.74 0.088 1.0000197 8.74 x 10714 0.12921
21 217.65 | 46.77 0.074 1.0000168 6.79 x 10714 0.15034
22 218.65 | 39.93 0.061 1.0000142 443 x 10714 0.19425
23 219.65 | 34.22 0.054 1.0000121 3.25 x 10714 0.23392
24 220.65 | 29.3 0.046 1.0000103 2.26 X 10714 0.29089
25 221.65 | 25.10 0.039 1.0000088 1.69 x 10714 0.34631
26 222.65 | 21.53 0.033 1.0000075 1.21 x 10714 0.42318
27 223.65 | 18.47 0.028 1.0000064 8.31 x 10715 0.53020
28 224,65 | 15.86 0.024 1.0000055 6.42 x 10715 0.61898
29 225.65 | 13.62 0.021 1.0000047 492 x 10718 0.72614
30 226.65 | 11.71 0.018 1.0000040 3.61 x 10715 0.87437
31 227.65 | 10.08 0.015 1.0000034 2.51x 10718 1.08742
32 228.65 | 8.67 0.013 1.0000029 1.39 x 10715 1.23565
The pressure P(mbar) and h (km) depending on Egs.3, 4,5,6,7 as

density p (%) Varies with altitude

3
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shown in Figs. 2,3. It can be shown the
P and p drops exponentially with



Baghdad Science Journal

Vol.14(2)2017

increasing altitude above mean sea level
MSL; this is because most of the
atmospheric mass is concentrated in a
troposphere layer (It  contains
approximately 75% of the atmosphere's
mass and 99% of its water vapor and
aerosols).

350
300
250
200
150
100
50
0

N
AN

T(K)

20
h (Km)
Fig (1) shows the temperature
differential between the Earth’s
surface and the atmosphere layers.
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Fig (2) shows the pressure P(mbar)
varies with altitude h (km)

14
1.2
1

—h - 0 Curve

E 0.8
E .
> 06 \
£ 4\
02 \
0
0 20 40
h (Km)

Fig (3) shows the density p (kg/m°)
varies with altitude h (km)
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Fig (4) shows the refractive index
decreases in exponential function with
increasing altitude.

The negative gradient in values
T and p causes variation in the
refraction index n (Egs. 7,8). Fig.4
shows the refractive index decreases in
exponential function with increasing
altitude. In troposphere layer, the laser
beam of weapon is affected by
attenuation due to variation of n. In high

altitudes the refractive index n
approaching to 1 in order to decrease the
density and changing the slight

temperature (as shown in Figs 5,6),
which leads to consider the middle of
stratosphere, homogeneous and suitable
for the work of laser weapons.

Based on the above, the refractive index
structure constant C2 is inversely
proportional with altitude as shown in
Fig.7,CZ is a tool to measure the
strength of atmospheric turbulence and
an increase in C2 value vyields an
increase in atmospheric turbulence, at
MSL the C? =~ 1072 m=2/3 (during
day and strong turbulence conditions).
The Fried parameter r, parameter
defines a circular diameter over which
the laser beam maintains coherence.
Fig.8 shows the relation between rg
andC? , a lower ro value implies
stronger turbulence. For wavelength (A
= 1.075 pm) and target ranges for laser
weapons, r, can range from strong
turbulence 0.975 cm (at MSL) to weak
turbulence 1.23565 cm at 32 km (middle
of stratosphere) (as shown in Fig.9)
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Fig (5) shows the refractive index
decreases with increasing
temperature.
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Fig (6) shows the refractive index
increases with increasing density.
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Fig (9) shows the relation between rg
and altitude
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Fig (7) shows the refractive index
structure constant C2 is inversely
proportional with altitude
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Fig (10) shows the curve of T for
every month in year 2015
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In Baghdad — Iraq, the change of
temperature varies from season to
season and also differs in one day. Table
(3) shows the rate of change in
refractive index as a result of the
temperature difference at sea level.
Fig.10 shows the variation in
temperature minimum and maximum
recorded in Baghdad on different
months of the year (2015). It is clear that
the July record the highest average
temperature, as well as there is a
variation in temperature in one day. This

variation in temperature will lead to a
variation in the P, n and C2 as shown in
Figs. 11, 12, 13 respectively. It is noted,
the greatest variation in the C? recorded
in the October as a result of the
transition from summer to winter. Thus,
the laser beam will be affected
negatively as a result of rising
temperatures rates in Irag and the
consequent increase in Atmospheric
turbulence.

Table (3): shows the rate of change in refractive index as a result of the
temperature difference at sea level In Baghdad — Iraq (2015). [16]

month T(K) P(mbar) wind (m/s) n 2 (m™3)
January Min: 277.15 825.78 ’6 1.0002495 11.34 x 10~12
Max:290.15 1050.76 1.0002831 21.72 x 1012
February Min: 278.15 841,57 ”0 1.0002366 35.21 x 10~12
Max:293.15 1109.14 1.0002958 2333 x 10712
March Min: 281.15 890.38 30 1.0002476 56.35 x 10~12
Max:299.15 1233.77 1.0003225 35.56 x 10~12
April Min: 285.15 959.01 30 1.0002630 86.70 x 10~12
Max:306.15 1393.62 1.0003559 37.13x 10712
May Min:292.15 1089.39 33 1.0002951 83.92 x 10~12
Max:312.15 1542.90 ! 1.0003865 67.55 x 10~12
June Min: 295.15 1149.49 39 1.0003045 96.48 x 10~12
Max:315.15 1622.45 1.0004025 71.90 x 10~12
July Min: 298.15 1212.24 A 1.0003179 146.84 x 10~ 12
Max:321.15 1802.10 1.0004388 146.11 x 1012
August Min: 299.15 1217.63 34 1.0003182 91.24 x 10~12
Max:317.15 1677.3 1.0004135 139.17 x 1012
September Min: 293.15 1109.14 ; 1.0002958 126.46 X 10~ 12
Max:316.15 1649.69 1.0004080 156.72 X 10~12
Min: 290.15 1050.76 1.0002831 107.40 x 10~ 12
October 5 2.6 —r
Max:312.15 1542.90 1.0003865 215.02 x 10
Novernber Min: 279.15 857.59 . 1.0002402 68.04 x 10~12
Max:299.15 1233.77 1.0003225 107.61 x 1012
December Min: 273.15 765.03 . 1.0002190 73.43 x 10~12
Max:295.15 1149.49 1.0003045 30.38 x 1012
2000 1.00045
_ =—min&mgx P -Month e min&max f{-Month
g 1500 _ 1.0004
§— % 1.00035
x 1000 5
£ £ 1.0003
3 £
£ 500
£ 1.00025
0 1.0002
01234567 8910111213 01234567 8910111213
Month Month

Fig (11) shows the curve of pressure
for every month in year 2015
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Fig (12) shows the curve of n for
every month in year 2015
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Fig (13) shows the curve of C2 for

terms such as random time delay, pulse
spread, beam wander. Fig. 14 shows the
power P (in watt) of the laser beam is
Inversely proportional with altitude
h(km). Where most of the Power lost
when crossing the troposphere and fade
almost at the beginning layer of the
stratosphere.

Table (4): shows the effect of
turbulence attenuation and
calculating the decrease of power P of
laser weapon in Iraq

every month in year 2015 ?km) q € (km) T R, |P
1 0585 | 2.620 0.01065 | 0.0351 | 5761543
2 0.735 | 1.195 001166 | 0.0702 | 1137254
70000 3 0840 | 0.742 0.012857 | 0.1053 | 1054.78
60000 e by - P Curve 4 0924 | 0.526 001419 | 0.1404 | 377.04
5 0994 | 0.401 0.01557 | 0.1755 | 17051
50000 6 105 | 0322 0.01740 | 0.2106 | 88.45
= 7 13 | 0233 001912 | 0.2457 | 6451
+ 40000 8 13 | 0.204 0.02139 02809 | 37.75
2 9 13 [ odel 0.02405 | 0.3160 | 23.64
= 30000 10 |13 [0163 0.0267 0.3511 | 15.49
11 1.3 0.148 End of Troposphere
20000
2 13 [01% 002924 | 04213 | 745
10000 13 [13 0125 003529 | 0.4564 | 545
4 13 [o0116 0.04285 | 04915 | 4.05
0 5 [13 [0109 0.05203 | 05267 | 3.4
6 [13 |o0102 0.06265 | 05618 | 2.35
0 20 40 17 [13 [ 00% 0.07405 | 05969 | 1.85
h (Km) 18 |13 | 0090 0.09344 | 06320 | 149
. - 19 [ 13 [ 008 01089 | 0.667L | 1.18
Fig (14) shows the power P( in watt) 20 |13 | 0081 012921 | 0.7022_| 097
of Iaser beam is I nve rsely 21 13 0.077 0.15034 0.7373 0.80
X y . 22|13 | o074 019425 | 0.7724 | 066
proportional with altitude h(km). 23|13 [oon 023392 | 08076 | 0.55
24|13 | 0068 0.29089 | 0.8427 | 046
25 |13 | 0.065 034631 | 0.8778 | 0.39
26 |13 | 0062 042318 | 09129 | 034
70000 Y 27 13 0.060 0.53020 0.9480 | 0.31
e===Cn-P Curve 28 |13 | 0058 061898 | 09831 | 0.25
60000 I 29 |13 | 0056 0.72614 | 10182 | 0.2
30 |13 | 0054 087437 | 1.0534 | 019
+-0000 31|13 | 0052 1.08742 | 1.0885 | 0.17
=
£40000 I 32 |13 0051 1.23565 | 11236 | 0.14
230000 _ :
50000 | It is clear, that the effective range of
10000 [ laser weapon in Iraq does not exceed a
/ few kilometers as a result of higher
0 attenuation that occurs to the laser beam
0 10

Cn (mA(-273)) 10 -12

Fig (15) shows the curve of power P
(in watt) of laser beam versus C2

Finally, Table 4 shows the effect of
turbulence attenuation and calculating
the decrease of power P of laser weapon
in Iraq. The laser beam interactions with
the particles in the atmosphere (both
molecules and aerosol particles), the
laser beam will have many distorted

434

due to high temperatures as shown in
Fig.15.

Conclusions:

1. The middle of  stratosphere
considered as a homogeneous and a
suitable area for the work of laser
weapons, so is a favorite area of fighter
aircraft.
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2. The effectiveness of laser weapons in
Irag severely affected due to large
change in temperatures.

3. The effective range of laser weapon
in Irag does not exceed a few kilometers
as a result of higher attenuation.

4. The greatest variation in the C2
recorded in the October as a result of the
transition from summer to winter.

5. The refractive index structure C2 is
affected by microclimate conditions,
propagation path, season and time of
day.

6. The value of
ranging from

C2 in Irag, grades
strong 6.48 x 10712

2
m 3at sea level to the weak 2.51 X
2
10715 m™3 at 31 km.
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