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SUMMARY

In this work, we considered and developed a new method to detect and quantify the
fluctuations of a laser beam due to thermal turbulence. The new method consisted
of a single laser beam propagating in air and passing through a point diffraction
interferometer (PDI). Stable interferograms were thus formed by diffraction of light at
the PDI pinhole. Such interferograms underwent phase shifts due to the application
of simulated thermal turbulence on the propagating laser beam. These phase shifts
were then used to obtain atmospheric turbulence parameters such as the atmospheric
turbulence strength, temperature near the propagating beam and the scintillation
index.

Chapter 1 of this thesis is an introduction and discussion of the theory on the
propagation of laser beams in air. Gaussian beam propagation, turbulence detectors,
Rytov’s theory and Kolmogorov’s theory of turbulence is also discussed in detail.
artefact descriptive experimental procedure is then provided. This chapter focuses
on the behavior of a laser beam propagating under the conditions of weak turbulence
and relates the Rytov weak fluctuations to the Kolmogorov spectrum since the Rytov
variance can be exactly equal to the scintillation index under the conditions of weak
turbulence.

Two unpublished scientific papers were submitted for publication to the Canadian
Journal of Physics and Europian Journal of Remote Sensing. Chapter 2 consist of
paper 1 which is based on the development of the experiment and it describes the
apparatus in detail as well as it explains the experimental procedure. The preliminary

results presented in paper 1 showed that a PDI can produce stable interferograms

v



that can be used to extract the atmospheric turbulence parameters and thus, the
PDI method can be used for atmospheric detection and ranging. In chapter 3, we
discussed and analysed the experimental results, where the phase shifts were used to
estimate the temperature that caused the purturbations on the interferograms. In

chapter 4, we concluded about the use of a PDI as a remote sensing technique.
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Chapter 1

Introduction and Theory

1.1 Introduction

A laser beam propagating in the atmosphere can be affected by atmospheric turbu-
lence [1], and hence the beam can wander, spread out, lose its spatial coherence and
redistribute energy [2-5]. This can be caused by temporary random variations in the
refractive index of air due to variations in temperature and air velocity [6, 7]. Such
variations give rise to an inhomogeneous beam profile and phase perturbations. The
height of the propagating beam above the ground (which is marked as a reference
point) is another factor which contributes to the degradation of the beam profile.
It has been shown that the impact of height on a propagating laser beam results
from the presence of different layers of the atmosphere with varying atmospheric
parameters [8]. There are many successful methods that have been previously de-

veloped to detect atmospheric turbulence for use in the military, radars and satellite



communications [9-11], but there are numerous disadvantages associated with these
methods. These include large sizes, performance in state of the art laboratories and
the utilization of very expensive pieces of equipment [9-11].

New methods of characterising the effects of thermal fluctuations on a laser beam
are necessary to reduce the costs and constraints of the previously developed meth-
ods. In this work, we considered and developed a technique of detecting and analysing
the effects of thermal fluctuations on a laser beam propagating through air. This
method employed a point diffraction interferometer (PDI) which was placed along
the optical path of a laser beam propagating through air to produce bright and
clear interferograms. A laser beam was chosen since it can be approximated by a
Gaussian distribution [12], which is brighter at the centre than the edges due to its
cross-sectional intensity and it can pass through a PDI pinhole to form interferograms
of good contrast.

In brief, a PDI is a small pinhole (usually electron-beam etched) in a partially
transmitting thin film on a glass or fused silica substrate. Some of the light from
the light source is diffracted through the pinhole giving rise to a spherical reference
wavefront. However, because the plate is partially transmitting, a copy of the origi-
nal, distorted wavefront also gets through the plate and interferes with the reference
wavefront emanating from the pinhole.

A PDI has been used in many optical applications and in testing for spherical sym-
metry of lenses [13-19]. It can be used to measure optical wavefronts [13-15], analyse
transparent objects [16], measure gas-phase temperatures in flames [17], align lenses

[18], test for sphericals [19, 20] and measure a single pulse of light [21]. Interest-



ingly, none of the available research demonstrated the use of a PDI for atmospheric
detection and ranging and thus we attempt to verify the suitability of the PDI in
such applications. The results obtained in this work showed that a PDI is sensitive
enough to detect the minor thermal fluctuations such as those attributed to body
heat radiating from a hand placed in close proximity to the propagating laser beam
and hence, can be used as a remote sensing technique. Its main drawcard is its
ability to produce stable interferograms that can be used to characterise the effect
of turbulence on a propagating laser beam. Such interferograms can be produced by
the diffraction of some light at a PDI pinhole placed along the optical path. The
obtained interferograms can then be used to extract wavefront data which is very
useful when characterising parameters such as the atmospheric turbulence strength,
2

n’

refractive index inner scale, [y, and the outer scale, L, for the development of
optical systems.

In this thesis, two unpublished (submitted for publication) scientific papers are
included. Paper 1 titled “A new method of detecting thermal turbulence effects on a
laser beam propagating through air,” It included the design, apparatus, development,
experimental procedure and preliminary results which showed that a laser beam
passing through a PDI can be affected by the thermal fluctuations.

Paper 2 titled “Analysis of the fluctuations of a laser beam due to thermal turbu-
lence,” focused on the analysis of the interferograms produced through the impact of
thermal fluctuations on a propagating laser beam. There were phase shifts on inter-
ferograms due to the introduction of turbulence. Such shifts were used to calculate

atmospheric parameters such as temperature, pressure and turbulence strength.



1.2 Laser beam propagation in air

A laser beam propagating in air can be governed by diffraction theory, which shows
that a beam will diverge and spread out as it propagates away from its source [22-24].
Another principle that is used to describe the behavior of a propagating beam in two
different media is Snell’s law which relates the angle of incidence to the refraction
of light propagating through a boundary between two different media. These angles
cannot be the same for the different refractive indices of the two media and thus
a propagating laser beam diverges. In the case of laser beams propagating in air,
the refractive index varies with time due to random changes in the atmosphere.
These changes can cause variations in the refractive index of air and leads to phase
perturbations of the wavefront of the beam.

Ngo Nyobe and Pemha [25-27], have contributed to the study of the behavior
of laser beams propagating through turbulent atmosphere by showing that there is
a relationship between interferogram perturbations, laser beam characteristics and
laser beam intensity that can be used to determine the distribution law of light

intensity, /,(x,y), in the perturbed interferogram as [26],

’ d
Ip(l’,y) - Iturb (Jl'iZ)> 0082 <;\T}J:22Dx - 775) ) (11)

where

o I is the light intensity fluctuations of the laser beam with respect to Ig

(unperturbed intensity of the laser beam),



o Jy(2) is the 1st order Bessel function,

afadr/x24y?

AF> D ’

fo and F'y are the focal distances of the objective lens I, and lens Lo, respec-

tively,

d is the distance between the two slits,

A is the laser radiation wavelength,

D is the distance at which a plane is situated and

1 is the phase difference between the light rays entering the slits.

The intensity fluctuations and beam wander can then be used to analyse the effect of
thermal turbulence on a propagating laser beam using the amplitude of the laser and
the phase fluctuations. A full description of the effect of laser amplitude and phase
fluctuations on phase shifts is described in [28], where such effects have been widely
used in image processing, interferometry, optical metrology and a two dimensional

log-amplitude is given as [28, 29],

C(p) =21 /OOO To () F (k,0) d, (1.2)

where

o C'(p) is the normalised average binary-star scintillation autocovariance,



p is the physical distance in the measured plane,

Jo is a Bessel function of the first kind of zero order (a description of the Bessel

function is given in section 1.3),

k= (K;+ K2)1/2, K; are the kernels where i = 1,2 and

e F(k,0) is the two dimensional log-amplitude.

The scintillation autocovariance, S (p), is related to the refractive index structure

constant, C2 (h), and is expressed as [29)],

S(p) =T (p.) x C2 (h) +n (p). (1.3)

where T'(p) represents the kernel, n (p) is the measured noise and h is the measured

height of the propagating beam with respect to the ground.

1.3 Gaussian beam propagation

Most laser beams have a Gaussian intensity profile in the transverse dimension which
is brighter at the centre than at the edges and such beams are regarded as a TEMg
wave with a spherical wavefront. A Gaussian beam can be obtained from shaping,
modifying and focusing a laser beam with a collimating lens. A very close approxi-
mation to a Gaussian beam can be obtained from an output of a single mode fiber.
These beams can be made perfectly flat at some plane but can still acquire curvature

and begin spreading in accordance with,



and

where

z is the distance propagated from the plane where the wavefront is flat,

A is the wavelength of light,

o wy is the radius of the 1/e? irradiance contour at the plane where the wavefront

if flat,

o w(z) is the radius of the 1/e? contour after the wave has propagated a distance

z and

o R(z) is the wavefront radius of curvature after propagating a distance z. It
is infinite at z = 0, approaches zero at some finite z and rises again toward

infinity as z is further increased.
A Gaussian beam is similar to other coherent laser beams since all diverge when
propagating in air. The intensity distribution of a Gaussian beam remains Gaussian
but its width increases as the beam propagates and it is written as,

2PT 6_27.2/w2

I(r) =Le /v = , (1.6)
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where w = w (2), r is the radial distance from the centre axis and Pr is the total power
in the beam which is the same in all cross sections of the beam and is proportional to
the intensity of the propagating beam. Assuming a uniform irradiance distribution
at z = 0, the pattern at z = oo would be the Airy disk pattern given by a Bessel

function, which is a second order differential equation of the form [30],

22y 4+ xy + (1:2 — V2) y=0. (1.7)
Applying the product rule of differentiation to equation (1.7), we obtain

/

x (xy/) + <x2 — V2> y=0. (1.8)

The generalised power series given by [30]:

y = g:oanx"“, (1.9)

y = ni_o:oan (n 4 s) 2™t 1 (1.10)
Yy —nio%)an (n+ s)a™**, (1.11)
(xy/>l = nf%an (n+s)* 2"t (1.12)



ooy) = X anln+sfam, (113)

n=0
can be substituted into the Bessel equation (1.8) to obtain the coefficients which
helps to fully classify the intensity of the propagating beam. The coefficients on z*

2

gives s> = 12, and thus the general formula for the coefficient on the z°*" term can

be written as [30],

Qp—2

In the case where s = v, equation (1.14) becomes,

Ap—2

Y (1.15)

ap = —

There are two cases that need to be considered when calculating coefficients.
Case 1: Coefficients for all n = odd integers are zeroes since a; = 0.

Case 2: Coefficients for all n = even integers are given by [30],

QA2p—2
n=————. 1.16
2 22n (n+v) (1.16)

The gamma function, expressed as [30],

F'v+2)=w+1H)I'(r+1),

Fr'v+3)=w+2)Tv+2)=w+2)v+HI'(v+1),



can be used to write the coefficients as [30],

agp I'(l+v)
Ao = — =
2T 2(0+v) 22T (14v)
thus,
I'(1
Q2n = oo ( ha V)

22T (n41+v)

Hence, the terms of the series then becomes [30],

y=d@) =3 e () (1.17)

=T (n+1)I'(n+v+1)
where J, (x) is the Bessel function of the first kind order v.

The Bessel function is used in situations involving cylindrical symmetry but dif-
ficulties arise when working with such a function. The first difficulty is to determine
if the Bessel function can be applied through reduction of the system equation to
Bessel equations. The second is to manipulate boundary conditions with appropri-
ate application of the zeroes and the coefficient values on the argument of the Bessel

function [30].

1.4 Turbulence detectors

Many methods for atmospheric detection and ranging have been previously devel-

oped. These include scintilometry, scintillation detection and ranging (SCIDAR),

10



slope detection and ranging (SLODAR) and light detection and ranging (LIDAR).
Even though most of the previously developed detectors worked successfully to de-
tect, quantify and localise atmospheric turbulence effects on a propagating laser
beam, there are still questions that need to be answered by conducting more exper-

imental work.

1.4.1 Scintillometry

A refractive index structure parameter and the inner scale of atmospheric turbu-
lence can be measured from an optical scintillometer [31]. This can be obtained from
measurements of the light intensity fluctuations (known as scintillations) of a hori-
zontally propagating laser beam since it can undergo random displacement variations
when it propagates through an inhomogeneous medium. This leads to light intensity
fluctuations. An average of the output intensity fluctuations due to the presence of

turbulence is written as [31],

(0.5k |A| /L)? x e‘%[v*—%(%%z)r o

(I(p=0,L)) = |:|B1|2_<plg+4;§)2]

, (1.18)

and

(P(p=0,L)) = iyn, (1.19)

where

e p = (ps, py) is the receiver coordinates,

11



L is the path length,

k =27 /X is the wave number,
o |A| is the magnitude of the complex amplitude,
e V and V* are the complex displacement parameters and its conjugate,

e pg = (0.545Cik2L)_3/ ® is the coherence length of a spherical wave propagating

through a turbulent medium,

e p,is the measure for the degree of coherence reflecting source partial coherence

and
e «y is the Gaussian source size.

A full expression for Y, is derived in [31], where
11 1k

Bi= -t —— 1.20
ot tig an (+-20)
and
2
1 (1 1
By=Bf —— = +-—] . 1.21
S Bl<pg+4p§> (1.21)

A scintillation index obtained from the off-axis Gaussian incidence originating
from weak atmospheric turbulence can be evaluated by inserting equation (1.18) and
(1.19) into 0? = (I*(p =0, L)) /(I (p = 0,L)) — 1 where o7 is the scintillation index
[31], which is often expressed as a function of the Rytov variance for a plane wave
written as [32],

o = 1.23C2ET/6M/S, (1.22)

12



In general,

Weak  oF <1,
07 =3 Moderate o? =1, (1.23)
Saturated o? > 1.

The scintillation index of a partially coherent off-axis Gaussian beam propagating
in weak atmospheric turbulence can be obtained from using the extended Huygens-
Fresnel principle which can be applied to the received field so that an off-axis Gaus-

sian beam scintillations are received [31].

1.4.2 SCIDAR

Scintillation detection and ranging (SCIDAR) is a remote sensing technique that was
first proposed by Vernin and Roddier in 1973 [33], and was later generalized by Fuchs
et al. in 1994 [34]. SCIDAR has been used to characterize the three-dimensional
structure of the atmosphere by estimation of the refractive index structure constant
as a function of altitude, C?(h). Both the SCIDAR and the generalized SCIDAR
techniques involve the capture of a large number of binary-star scintillation patterns
measured at the telescope aperture and at a measurement plane which is optically
shifted some distance beneath the telescope aperture, respectively [29].

The SCIDAR technique has been used for both horizontal and vertical profiling
of atmospheric turbulence. In horizontal SCIDAR, the refractive index structure
constant as a function of propagation distance, C?2 (z), can be extracted from the

expression written as [29],

13



S (p) = Tn (p, 2) x Cp (2) + nu (p) (1.24)

where Sy (p) is obtained from the measured scintillation covariance, Ty (p, z) is
the kernel of the forward problem which contains the theoretical spherical wave
scintillation covariance curves corresponding to a unit C?, ng (p) is the measurement
noise.

The horizontal SCIDAR data can be obtained from inverting the measured co-
variance at the aperture of the telescope to obtain an estimate of the atmospheric
optical turbulence profile, C2 (z), which can be used to calculate parameters such as
the turbulence length, rg, given by [35],

L 2\5/3 ]7%/°
ro = l0.42k2$ec (’y)/o C2(2) (L) dz] : (1.25)
where ~ is the zenith angle.

Parameters such as the scintillation index, inner [y and outer Ly scales of turbu-
lence can also be calculated from the atmospheric optical turbulence profile C? (z),
since in the vertical SCIDAR, the extraction of the atmospheric optical turbulence
can be obtained from inverting the expression of the normalised average binary-star

scintillation autocovariance which is expressed as [29],
Clp)= [~ K (p,) C2 () dh+n(p). (1.26)

where the parameters in equation (1.26) are as described in equation (1.2).

14



1.4.3 SLODAR

SLODAR is similar to the SCIDAR since both techniques can be used for vertical
profiling of turbulence by using a double star which is equally sensitive to phase
perturbations introduced at any point along the optical path. A disadvantage of the
SLODAR technique is that it is based on the Shack-Hartmann Wavefront Sensor
(SHWFS) which measures the averaged local wavefront derivatives or slope across
the telescope pupil using an array, (N x N), of square sub-apertures or lenslets which
is very expensive.

The refractive index structure constant, C?(h), in the absence of noise, can be
obtained from the cross-correlation due to correlation function of local slopes and

autocorrelation measurements via a straightforward deconvolution [36],

C%(h) x F! [?E%] , (1.27)

where F' is the Fourier transform operator, C' is the correlation function and A is the
autocorrelation.
In point sourced SLODAR theory [37], the relationship between correlation peak

position and element position is given by
d
1 2 h
(i) (29
sub1 — (%) h
where A, is the displacement, h is the position of the turbulence layer, [ is the focal

length of the converging lens, d is the distance of the optical axis placed by distance

¢ between the two slits and sub is the size of the subarpeture of SHWFS. Equation

15



(1.28) can also be expressed as

Agl
h(Ag1,d) = —— 22—, 1.29
Bl = 5 g (1.29)
The angular distance is expressed as [36],
d d
¢ = 2arctg (2[) ~ 2 (1.30)

The substitution of equation (1.30) into (1.29), yields a new expression of the

position of turbulence in terms of angular distance, written as [37],

Al
KN + As'

sub

h(Ag,1,¢) = (1.31)

Wilson, (2002) [36] have investigated the error measurements using a SLODAR
technique whereby only two major errors were considered: error in correlation peak
position determination da, and error in determining distance to light sources 9.
These errors were considered to improve the measurement of distance between the

light source and the targeted object.

1.4.4 The PDI

A PDI was first described by Linnik [38], in 1933 and later developed by Smartt
in the early 70s [39, 40]. It is a common path interferometer which belongs to the
class of interferometers that measure the variations of phase across a wavefront. In
such interferometers a spherical or plane wave is used to obtain stable interferograms

which are produced from a coherent beam passing through a PDI pinhole. The beam

16



Source

image
Figure 1.1: Schematic of the general theory

can interfere with atmospheric inhomogeneities and the variations of phase difference
across the wave are shown as phase shifts on interferograms.

The diffraction of light through the PDI pinhole determines the amplitude of
the reference wave and it occurs due to finite size of the diffracting region where
high visibility and good contrast of interferograms can be produced from matching
the amplitude of the wave passing through the pinhole with that of the diffracted
spherical wave. This is controlled by means of filter transmittance and pinhole size.

Smartt, (1975) [39], proved the general theory of the PDI using extended aper-
tures in a plane with the source, u, object, x, pupil, u’, and image, x , where vectors
u, x, u'and X represent the positions as shown in figure 1.1. The units of length
of the vectors are the radii of the object and image fields (which are both assumed
to be circular). Magnitudes of actual distances of the vectors u and u'are related
to actual distances in the planes by the usual diffraction units (27/\) sin (f) and

(2w /) sin (9’), respectively, where § and @ are the angles at the centres of the

17



source and the pupil where the two-dimensional Fourier transform representing the

Fraunhofer diffraction is written as [39],

Fx) = ;ﬂ /[ j £ (w) ™ du, (1.32)

where F (x) is the Fourier transform and f (u) is the function. The amplitude ™
at the object is produced from the point source u. Its transmittance amplitude is

given by

L (x) = el (1.33)

with phase variations, ¥ (x), only. The amplitude at the entrance pupil is [ (u/ — u) ,
where [ (u) is the transform of L (x).

The amplitude transmittance of the PDI at the pupil is of the form

tip (u,) + tag (u/ — U,> , (1.34)

where t; and ¢y are constants and p (u') is the function that represents the full
aperture of the pupil and g (u/> represents the full diffraction arperture and U’ gives
the tilt of arpertures. Both these functions are unity over arpertures and zero outside.

At the image plane, the complex amplitude has the form

’ /

A (x/) =14, (X/) + 2 A, (X/) e U x (1.35)

where A, and A, are the amplitude images formed by each aperture on its own. For

18



large pupil the expression becomes

A, (x) = L(x) e, (1.36)

where equation (1.36) indicates that the image has a uniform amplitude and the same
phase variations as the object. In the case of A, (X/>, the amplitude is approximately
uniform but the phase is different [39].

The interference of this point source is the squared modulus of equation (1.35) and
for the whole source (assumed to be incoherent), it is the integral of this interference

over g (u) written as [39],

B(x) = [t:|* + [t2f* + 2Re {tlt;L (x) M= (x) e—iU”X'} , (1.37)

where Re denotes the real part of the complex function, * is the complex conjugate

and
M (x/) = 217T//+OO ‘G (Xl - X) ’2 L (x) e_iU/’xdx, (1.38)

where G (x) is the transform of g (u). The transform of M (x') is given by m (u) =

h(u)l (u - U’), where h (u) is the autocorrelation of g (u).
1.5 Rytov theory of turbulence

Thermal fluctuations in the atmosphere can cause optical turbulence effects such as
irradiance scintillation which is due to fluctuating intensity as observed at the end
of the optical path. Such effects gives rise to perturbations on the amplitude of

the propagating beam with smaller integrals along the optical path and this can be

19



solved by Rytov weak turbulence fluctuation theory which is described as [41],

oF = o 1 (1.39)

where 07 is the scintillation index, I is the irradiance of the beam and () denote an
ensemble average. The scintillation index for a weak turbulence is less than 1 and
it can be identical to the variance of the log intensity (Rytov variance) fluctuations

which is given as [20],

0% = BC?ET/C 1S, (1.40)

where B is a constant 1.23 for plane wave cases and 0.5 for spherical wave cases,
respectively, k is the wave number of the propagating laser beam defined as 27 /A |
A is the wavelength of the laser beam and L is the propagation path length between
the transmitter and the receiver.

Spherical waves are used in short optical path lengths and thus their scintillation

equation is given by,

L oo exp =K%/ Kp) Li?
L) = 2.6056C2K2L [ [T REEE LR o5 | TR0 (1= 0] { drd
O-I<r7 ) n o Jo at (1{2 4 /{%)11/6 cos k C( C) K C?
(1.41)
which is used as standard Kolmogorov in horizontal paths for calculating the scin-

tillation index and take care of the discontinuities [21]. Solving equation (1.41) can

give [21],

20



L 5/6
o} = 2.6056C2k°L x 0.188 <k> = 0.407, (1.42)

where o? is the Rytov variance which can be exactly equal to the scintillation index
under the conditions of weak turbulence and it is based on a Kolmogorov spectrum.

The result of equation (1.42) is a constant multiplier of the plane wave shown by

Andrews and Phillips [22].

1.6 Kolmogorov theory of turbulence

The major characteristics that describes turbulence are the refractive index structure
constant, C?, outer, Ly, and inner, Iy, scale of turbulence which all results from
random temperature fluctuations in the atmosphere. Small temperature fluctuations
associated with the inner and outer scale of turbulence form the lower and upper
boundaries of the inertial-convective range such that the refractive index structure

constant can be obtained from the temperature structure function written as [23],

CZRY3, Iy < R< Ly
Dy (R) = ((Ty - Ty)*) = , (1.43)
C2l;YR:, R<
where T'; and T, are the temperature at two points separated by the distance R, C2

is the temperature structure constant and the inner scale, [y, can be related to the

diffusivity of heat in air by [23],
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1/4
1y =58 (D), (1.44)
where D is the diffusivity of heat in air and € is the average energy dissipation rate.
In other cases, the refractive index at a point R in space can be written as [12],

P(R)

n(R)=1+79x107° lT(R)

] 4 (R)., (1.45)

where n (R) has been normalised by its mean value ng, P is the pressure in millibars
and 7' is the temperature in kelvin. The small dependence on optical wavelength, A,
is neglected.

The temperature-induced fluctuations in the atmosphere is commonly known as
optical turbulence. It has properties of statistical homogeneity and isotropy within
the inertial subrange. This leads to the formation of the refractive index structure

function which is written as [12],

C2RY3, lhy< R< Ly
Do (R) = ([n (1) = n (Ry))?) = . (149)

C:yPR2, R<

where R; and Ry denote the refractive index at two points separated by the distance

R. In this case, the refractive index inner scale is given by [23],

lo=T7.4(v%/e), (1.47)
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where v is the kinematic viscosity. The refractive index inner scale has a strong
impact on scintillation since it is proportional to the kinematic viscosity.
The refractive index structure constant, C? is used to measure the strength of
atmospheric turbulence and can be obtained from the following equation [ref. 12],
P 2
2 -6 2
= (79 x 10 T2> cz, (1.48)
where P and T are as defined in equation (1.43). The refractive index structure
parameter varies with time of the day due to temperature conditions. In most optical
applications the commonly used model for profiling the refractive index structure

constant, C?, is the Hufnagel-Valley model written as [23],

2
O2 (h) = 0.00594 (“;77”) (1075R) " e7h/1990 4 9.7 x e=M/190 4 G190 (1.49)

where Wy, is the rms wind speed and G = C? (0) is the ground level value of the
refractive index structure constant.

The relationship between the refractive index structure constant and structure
of optical path fluctuations was described by Born et al. [42]. They showed that
the outer scale, Ly, of the refractive index has a strong influence on the structure

function, Dy, of optical path fluctuations given by [42-45],

D, = 2.91C2°/*z [1 = 0.8 (2r/Ly)°] (1.50)
where [y < r < Ly and z is the optical path length. Equation (1.50) can be modi-
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fied to fulfill the requirements of the Rytov theory, which is to relate the last term
of equation (1.51) to the Rytov’s solution of the log-amplitude structure function,

written as [42],

2\ 5/6
F=1-0213 (k) r3B3 1 —b(r, k)], (1.51)

where F' is the factor that relates the Rytov theory and b is the log-amplitude cor-

relation function.
1.7 Experimental procedure

The nature of this experiment is such that any dust or dirt, either on the optics or
detection system, will result in spurious interferograms with artefacts present. Such
artefacts are found to provide intensity profiles that overshadow the intensity profile
of the propagating beam (see paper 1 in Chapter 2) and prevent a full characterisation
of this propagating beam. It is imperative that the optics, laboratory and detection
equipment are kept free from dust and dirt.

To ensure the optics in the experiment is clean, Dust off was used to periodically
clean the lens surfaces. However, the dust particles still accumulated on the optical
components due to dust from the surroundings, so a lens tissue and methanol was
used to remove these dust particles without forming scratches on the lenses. The
optical components were always covered (when not in use) to avoid any contamina-
tion of the optics by dust or dirt. A metre ruler was used to position the optical
components along the optical train to ensure that such components remained in a
fixed position and in a straight line.

A neutral density filter was placed infront of the laser (before the optical train)
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to reduce stray light artefacts formation on the PDI. This helped in reducing the
light from the receiver train which reflects back onto the light source assembly or the
objective lens. The importance of removing stray light artefacts when performing
the experiment was to ensure that the observed interferograms were bright and clear.

To test the effectiveness of the experimental setup described in paper 1 of chapter
2, a single laser beam propagating in air was aligned, shaped and focused by moving
the collimating lenses forward and backward along the optical rail until a small
dot emerges on the PDI. This was done to produce a Gaussian beam that can pass
through a PDI pinhole and form stable interferograms of good contrast. The obtained
interferograms were produced by diffraction of light at a point discontinuity along the
optical path and these were observed on the monitor via an HDMI cable connected
to a camera. Such interferograms were then used to study the effect of thermal
turbulence on a propagating laser beam. This was done by extracting the wavefront
information using the phase shifts that formed on the interferograms due to thermal
perturbations on a propagating laser beam.

A cigarette lighter was used in the experiment as the source of turbulence. It was
applied in close proximity to the propagating laser beam to change the refractive
index of air close to the beam since random fluctuations in the laser beam displace-
ment can result from fluctuations in the refractive index due to the variations in
temperature that are caused by switching on the cigarette lighter and allowing the
video to record while measuring the temperature (with a thermocouple) near the
propagating beam. The refractive index changes can be observed as phase shifts

on the produced interferograms. The experimental interferograms were loaded onto
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the desktop computer for analysis using two different computer programs (ImagelJ
and Open Fringe) and a description of such analysis was discussed in paper 1 and
2 as listed in chaper 2. A second run of the experiment can only be done once the
temperature in close proximity to the propagating beam has equilibrated to approx-
imately room temperature. This was done to avoid spurious interpretation of the
temperature and refractive index that affected the propagating laser beam.

One of the challenges faced in this work arose from the fact that the optical
rails were not fixed in place. This was done so as to ensure that the experiment
was portable enough to be transfered to a different laboratory or for «n situ ground
based measurements to occur. A consequence of this portability is the susceptibility
of the optical bench and optical stands to misalignment by the researcher.

Another experimental challenge was attributed to the power supply for the light
source. the original power supply was a battery with a short life of less than fifteen
minutes. This limited experimental runs to short duration of fifteen minutes or less.
This can be overcome by connecting the light to regulated AC source inverted to
DC.

A further problem was encounted with the camera shutter. The camera shutters
after 30 seconds when in standby mode. Shuttering prevented the interferograms
from being displaced on the screen and recorded on the memory card and if it
occurred during an experimental run it nullified the results and implied that the
experiment should be restarted. Thus, the camera should be used in video mode to

avoid this situation from arising.
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Chapter 2

Detection of thermal turbulence

effects on a laser beam

In this chapter, we include a paper that was submitted to the Canadian Journal of
Physics on the 15th of February 2013 and printed herein according to the submission
guidelines suggested by the journal editors. The paper focuses on the design, appa-
ratus and experimental procedure that was followed whilst conducting the research
and the preliminary results obtained therefrom. These results showed the suitability
of the PDI as a tool to determine the effect of turbulence on a laser beam propa-
gating in the atmosphere. The experimental setup is low-cost and robust allowing
ease of the transferability from a laboratory to in-vivo atmospheric conditions with
minimal disruption and no need for re-calibrations. The measurements also verify

Rytov’s scintillation theory for weak turbulence.
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Abstract

An inexpensive and reliable technique of producing interferograms using a point
diffraction interferometer (PDI) to study the turbulence effects on a laser beam
propagating through air is proposed. A PDI is used to detect, quantify and localize
thermal turbulence effects on a laser beam propagating through air in a labora-
tory. Interferograms were formed from a propagating beam passing through the PDI
pinhole. The interferograms were observed and digitally processed to study the wave-
front behavior as a result of this thermal turbulence. This technique was sensitive
enough to detect minor thermal fluctuations attributed to body heat radiating from

a hand.
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1. Introduction

The study of the behavior of a laser beam propagating in the atmosphere plays a
crucial role in defense laser weapons [1, 2]. This study involves developing apparatus
to detect and quantify the effects of thermal turbulence on a laser beam propagating
through air in a laboratory. Many theoretical and experimental investigations on the
behavior of a propagating beam show that atmospheric turbulence leads to phase
perturbations [3-9]. The perturbations result from refractive index fluctuations due
to thermal fluctuations in the atmosphere. Published work shows that measurement
of the phase fluctuations has been a study of great interest for many years and
many different study methods have been developed [10-17], to classify the impact
of such turbulence on a propagating laser beam. Some of these methods are very
similar, like the Twyman-Green interferometer used by Twyman [18] and the Fizeau
interferometer used by Burge [19] which produces fringes of equal thickness.

Other methods require bulky or expensive specialized equipment in order to per-
form the experiments which are not easy to construct in the laboratory and involve
complicated mathematical manipulation and/or modeling [20-24]. In this work, a
point diffraction interferometer (PDI), also known as Smartt interferometer, was
used to obtain interferograms from a laser beam propagating through air in the
laboratory. The concept of PDI was first described by Linnik [25], and was later
developed by Smartt [26, 27]. Tt is a common-path interferometer which is simple to
construct, easy to align, measures the optical wavefront and subsequently produces
interferograms from the use of a single laser beam through a PDI pinhole. These

interferograms can then be used to extract valuable wavefront information such as
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turbulence strength, inner scale and outer scale of turbulence.

The PDI used in this work consisted of a metal plate which had different sizes of
pinholes punched into its surface. Incident light on the PDI plate was diffracted by
the PDI pinhole thus allowing some of the light to pass through to form a spherical
wavefront on the other side of the PDI plate. Collimators are placed strategically
along the optical train to minimize beam spreading and thus contribute to inter-
ferograms that are free from edge effects and that are also of good contrast. Clear
and bright interferograms were very important as they provide maximum visibil-
ity of phase perturbations resulting from the introduced thermal turbulence. It has
been experimentally shown that a laser beam propagating through turbulence suffers
wandering [28], spreading [29], scintillation [30] and many other behaviors. Beam
wandering is the change of direction of the propagating beam that results from the
introduction of turbulence [28], and is of interest to those researchers working in
defense laser weapons.

A Gaussian beam can be obtained from shaping, focusing and modifying the
laser beam by using collimating lenses. However, at any point a laser beam can still
acquire curvature and begin spreading in accordance with,

1+ (T”j) ] (2.1)

R(z) ==z

and

1/2

1+ <7ijg>2] (2.2)
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where z is the distance propagated from the plane where the wavefront is flat, A is
the wavelength of the laser beam, wy is the radius of the 1/e? irradiance contour at
the plane where the wavefront is flat, w(z) is the radius of the 1/e* contour after the
waves have propagated a distance z and R(z) is the wavefront radius of curvature
after propagating a distance z. The irradiance distribution of the beam is written
as,

2P
2 o2t

I(r) = T2 /v = 5

(2.3)

Tw

where w = w(z), r is the radial distance from the centre axis of the beam, [ is the
amplitude of the irradiance distribution and P is the total power in the beam which
is the same at all cross sections of the beam.

The introduction of the cigarette lighter predicates an environment of weak tur-
bulence. Analysis of the effect of thermal turbulence on a laser beam propagating
through weak turbulence is achieved by using the Rytov method [31, 32]. It is nec-

essary, when using the Rytov method, to define the field of the wave as

E(r)= e?(r) (2.4)

which leads to a series solution for E [31, 32]:

E(’]") — 6¢0+7/’1+'¢)2+ ........ (25)

In the above expression ¥y is the first approximation of the effect of the random

medium through which the wave passes. ¥; normally takes the form [31, 32],
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where Wy represents the first order fluctuation of the amplitude of the wave [31, 32]
and S is the first order phase fluctuations.
Rytov’s solution for the variance of the intensity variance under weak turbulence

is approximated by the variance of the log intensity as, [31, 32]

0% = 1.23C27/6 11/ (2.7)

where C? is the refractive index structure constant, & is the wave number and L is
the optical path length. This notation indicates that the variance holds in the Rytov
region of weak turbulence [31, 32]. The variance of the log intensity fluctuations in
equation (2.7) increases without limits as the strength of turbulence and range of path
length increases. Traditionally, the variance of the intensity fluctuations is saturated
when there is an increase in turbulence and slowly decreases for larger turbulence
but within the realm of weak turbulence. The observed intensity of variance under

conditions of weak turbulence is identical to the variance of the log intensity.
2. Experiment

The schematic diagram in figure 2.1 shows the complete optical train set-up.
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Figure 2.1: The schematic diagram showing the complete layout of the optical train.

The complete layout of the optical train on a granite optical table is shown in

figure 2.2. In this diagram, a light source assembly is at front left of the table.
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and the spatial
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assembly

Figure 2.2:

Schematic of the complete optical train on the granite table in the
laboratory
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2.1 The optical bench

The entire laboratory experiment was set-up on a 1.2 m by 1.8 m granite optical table.
This table isolates the optical components in the receiver train from vibrations that
may be caused by the surroundings. The granite table has a flat homogeneous surface

which made it easy to align the main receiver train with the light source.

2.2 The dovetail rail

A 91.44 cm Edmund “dovetail” v-block rail was used for the main receiver train. The
rail was divided into 3 sections. A 60.96 cm rail was used to hold the collimating
lenses and two 15.24 cm sections, one each for the light source assembly and camera
assembly. All the rails were supported by and screwed down onto 150 mm by 150
mm Edmund 53936 bench plates of 13 mm thickness. There were 5 bench plates
that were used to mount the dovetail rails. Each bench plate was furnished with M6
holes arrayed on a pitch of 25 mm. This helped in aligning optical components with

the light source.

2.3 The light source

A 20 mW green laser JD-950 of wavelength 532 nm was mounted together with a
microscope objective and collimating lens of 160 mm focal length. The collimating
lens produced a coherent beam of light of diameter 25 mm. The microscope ob-
jective reduced the beam by 20 times 0.35 (numerical aperture) to a point where
it was collimated by the collimating lens on the right of the micro-optical bench.
The light source assembly consisted of a laser diode, a plastic aspheric collimator

and holographic diffuser. The plastic collimator and the holographic diffuser were
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mounted in separate 25 mm T-mount cells. The light source assembly was mounted
on a micro-optical bench which was glued onto a 6” dovetail rail to avoid movements
and vibrations from the surroundings.

A reflective 50 mm by 50 mm 3.0 OD neutral density filter of 1.5 mm thickness
manufactured by Edmund optics was placed just in front of the light source. This
reflective filter helped in reducing the laser beam intensity and eliminates stray-light
artifacts so that clear and bright interferograms were produced for analysis. The
simulated turbulence was introduced in the 200 mm gap between the light source

assembly and the main receiver train.

2.4 The collimators

Three identical collimating lenses of 200 mm focal length and 121.5 mm long were
placed on a 60.96 cm dovetail rail. The lenses were moved forwards and backwards
along the train to focus, shape and modify the Gaussian beam. This was obtained
from noting the size of the beam formed on the PDI plate. A smaller sized beam
was necessary for the beam to pass through the PDI pinhole. The collimators were

also used to minimize beam wandering and spreading.

2.5 The PDI

A point diffraction interferometer (PDI) manufactured by Astro Electronics was used
in this work. It consisted of 55 pinholes which were distributed on an array of pitch
Imm. The PDI was mounted together with the carrier cell on an Edmund XYZ
stage. There were three adjustments on the XYZ stage that were used to locate the

laser beam so that it would pass through the PDI pinhole. The PDI was mounted
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between the collimators and the camera assembly so that the beam will pass through
the pinhole and interferograms were formed. This type of interferometry was used
since it is simple to align and it uses a single laser beam to produce clear and bright
interferograms. The PDI was positioned at a distance of 872.10 mm with reference
to a module in point A in figure 2.1. This helped in locating the beam after it has

been collimated by the collimating lenses.

2.6 The camera

A Nikon D3100 camera was mounted on a 15.24 c¢cm dovetail rail. This was held
in place by a strap-down bar. The strap-down bar was used to hold and lock the
camera onto the bench plate to prevent movements and reduce distortions of the
interferograms caused by the surroundings. The camera consisted of a doublet lens
of 150 mm in focal length. This lens helped in focusing on to the formed fringes from
the PDI pinhole. The camera was used to take colour videos and still images. The
camera had an output of High Definition Multimedia Interface (HDMI). The pictures
obtained from the camera were saved onto a 4 gigabytes micro SD memory card. The
obtained pictures of interferograms were transferred to a computer and then analysed
using ImageJ computer software which is an image processing and analysis in java
software that can be used to measure area, mean, standard deviation, minimum and
maximum of selection or entire image, lengths and angles. ImageJ uses real world
measurement units such as millimeters. It calibrate using density standards and can
generate histograms and profile plots. The data obtained from the ImagelJ software

can then be compared to the results predicted by theory and other workers.
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2.7 The monitor

A 24 inch Samsung monitor screen with an HDMI input helped to display the live
video. This monitor was connected to the camera through an HDMI cable with C-
style mini-HDMI male connector. The monitor was used to display the images and

videos taken by the camera.

2.8 Experimental procedure

To test the effectiveness of the above experiment setup, a cigarette lighter was used
as the source of the applied turbulence. This was chosen for the very fact that it
is a stable applied thermal turbulence which increases the temperature of the air in
close proximity to the propagating beam. The cigarette lighter was switched on for a
few minutes to enable fully developed thermal turbulence to ensue. The laser beam
then passes through this turbulent region before reaching the collimators and the
PDI. Random fluctuations in the laser beam direction results directly from refractive
index variations consequent of the variations in temperature created by the thermal
turbulence of the cigarette lighter. It affects the propagation of a laser beam by
changing its structure and this can be visualized from the produced interferograms.
If the proposed method is able to effectively produce clear interferograms which
exhibit interference patterns, the experimental setup and technique may then be

used for a more detailed analysis.
3. Results and Discussion

There has been a lot of theoretical work covered on the propagation of laser beams
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that could be verified by conducting experiments [33]. However, more experimental
work needs to be done to verify and improve the existing experimental difficulties
[34]. An experiment to measure phase perturbations of a laser beam propagating
through air was conducted in a dark room which was painted black to minimize
the contamination of the produced interferograms from stray/ environmental room
light. Room temperature fluctuations due to environmental conditions were minimal
(0.50 °C over an experimental period). The change in the room temperature closest
to the propagating beam was influenced by the amount of heat produced by the
applied turbulence. Figure 2.3 shows the interferogram of an unperturbed beam
in the absence of any thermal turbulence. Numerous artifacts are observed in the
interference pattern and this is indicative of stray light. The presence of stray light
artifacts will compromise the experimental results and prevent the true effect of the
thermal turbulence to be analysed and quantified. Such stray lights can over or
under-compensate for the thermal turbulence effect. This type of light resulted from
the reflection of the laser light on the optical components and back onto the detector.

A stray light correction was then necessary and this
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Figure 2.3: An interferogram with some stray-light artifacts on an unperturbed beam.
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Figure 2.4: Profile plot of interferogram with stray-light artifacts on an unperturbed

beam.

was achieved by placing and tilting (by a small angle of about 2 °C) a neutral
density filter in front of the light source. Thus, there is no light from the receiver
train which reflects back onto the light source assembly or the objective lens. The

importance of removing stray-light when performing the experiment was to ensure
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that the observed interferograms were bright and clear so that the plot profile in
figure 2.4 was avoided in the experiment. The plot profile in figure 2.4 shows a
cross-section of the light intensity profile as a gray value which indicates that the
stray light is of a very strong intensity and thus overshadows the actual intensity
of the interference pattern, making analysis of the interference pattern impossible
since it is buried in the noise of the stray light. If there are no stray-lights, figure 2.4
should be symmetrical about the gray value and be similar to figure 2.5. Figure 2.6
shows the intensity distribution of an interferogram produced from an unperturbed
beam before commencing with thermal agitation and it was used as reference when

analyzing the perturbed interferograms.

Figure 2.5: Interferogram of an unperturbed propagating beam.
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Figure 2.6: Profile plot from an unperturbed beam.

The intensity distribution of a perturbed beam changed dramatically when compared
with that of an unperturbed beam. Figure 2.7 indicated that the increase in tem-
perature near a propagating beam distorts the beam’s wavefront and its intensity
distribution is shown in figure 2.8. The relation of temperature changes and the
distance to the start of the optical train is shown in Table 2.1 The Rytov’s approx-
imation of weak turbulence indicates that the increase in thermal turbulence can
cause intensity fluctuations. This is shown by the increase in intensity in figure 2.7
of the perturbed beam as it is compared to that of the unperturbed beam. It is also
apparent that energy redistribution occurs on the propagating beam as indicated by
the intensity distribution of the perturbed beam in figure 2.8 with a maximum peak
of the gray value which is between 400 and 800 pixels whereas in figure 2.6, the peak
assumes that of a Gaussian distribution which is narrow and is between 250 and 370

pixels.
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Figure 2.7: Interferogram obtained from a perturbed beam with a cigarette lighter.
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Figure 2.8: Profile plot obtained from a perturbed beam.
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Table 2.1: The relation between the changes in temperature and distance from laser
light source to point A
| Distance (mm) | Temperature (°C) |

0 25.5
60 39.1
120 56.5
140 49.4
160 39.5
200 27.1

4. Conclusion

In conclusion, we have effectively developed and tested an inexpensive, but very
robust laboratory experiment to detect thermal turbulence effects on a laser beam
propagating through a PDI pinhole. Preliminary results showed that the propagating
laser beam is dramatically affected by a change (+25 °C) in temperature. The
temperature change was generated by the applied turbulence. These temperature
fluctuations do not directly affect the beam, however the changes in the refractive
index of air in which the beam propagates through results indirectly changing the
beam propagation profile. This change in the refractive index is directly associated
with the changes in temperature.

Future work will consider these preliminary results and analyse them using a more
appropriate and comprehensive technique for analysis such as Fast Fourier Transform.
This information can then be used to fully classify the exact impact or effect of
thermal turbulence on laser beam propagation. Also of interest to us is the nature and
extent to which other lasers are affected by directional turbulence and more especially

the Kolmogorov theory [35]. This may then be used as a comparative study for future
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field work. Such results are sought after by many research groups especially those
working in defense laser weapons. The beam displays propagation patterns which
include the redistribution of energy, scintillation, wandering and spreading and these
will need to be comprehensively classified in future work to be of use to the research
community. Different light sources together with varying thermal and directional

turbulence sources will be used in future work to verify these initial results.
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Chapter 3

Analysis of the detected thermal

turbulence effects

This chapter covers the analysis of the fluctuations of a propagating laser beam due to
thermal turbulence. The temperature variations near a propagating laser beam cause
perturbations in the beam profile and this leaves researchers with questions that can
only be answered by experimental work. In this work, a new method was considered
to characterise and quantify the effect of thermal turbulence on a propagating laser

beam. This paper is currently being submitted to the Optics Express.

57



Analysis of the fluctuations of a laser beam due to thermal turbulence.

Sphumelele Ndlovu and Naven Chetty!

University of KwaZulu-Natal, School of Chemistry and Physics, Pietermaritzburg,
South Africa

LChettyN3@Qukzn.ac.za

58



Abstract

A laser beam propagating in air and passing through a point diffraction interferome-
ter (PDI) produces stable interferograms that can be used to extract wavefront data
such as the major atmospheric characteristics: refractive index structure constant

(turbulence strength), C?

n’

inner scale, [y, and outer scale, Lg, of the refractive in-
dex. The parameters need to be taken into consideration when developing defense
laser weapons since they can be affected by thermal fluctuations. These thermal
fluctuations are due to the changes in temperature in close proximity to the propa-
gating beam and results in phase shifts that can be used to calculate the temperature
which causes wavefront perturbations on a propagating beam. The experimental re-
sults showed that an increase in temperature caused fluctuations in the refractive
index of air. This was then used to calculate the strength of atmospheric turbulence
which was found to be 2.2x107""m~2/3 and thus in the Rytov regime of less than
0.3, a clear representation of weak turbulence. Further, the results demonstrate the
suitability of the PDI interferogram method in detecting, quantifying and localising

the effects of thermal perturbations on a laser beam propagating through air.
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1. Introduction

Measurement of atmospheric parameters such as distance, pressure, temperature and
refractive index are very important for the development and applications of defense
laser weapons [1]. Such measurements can help to ensure that a laser weapon is fast
enough in air to track, disable and destroy any incoming missile before countermea-
sures can be initiated [2]. Friehe et al. [3], and Roddier [4] described the influence
of temperature and humidity fluctuations on a propagating laser beam and showed
that such effects can degrade a beam’s profile. In order to detect and measure the
effects of thermal turbulence on a laser beam propagating through air, Ndlovu and
Chetty considered and developed a method to study these effects using a PDI [5].

Using the experimental setup described by Ndlovu and Chetty [5], an interfero-
gram was obtained from a laser beam undergoing thermal turbulence whilst prop-
agating in air to pass through a PDI pinhole. The obtained experimental results
indicated that phase perturbations are due to thermal fluctuations and thus, such
results can be used to study the behavior of a laser beam propagating through air in
order to obtain the strength of atmospheric turbulence, which is an important pa-
rameter when characterising the effects of thermal turbulence on propagating laser
beams.

Problems can arise when characterising the effects of thermal turbulence on a
propagating laser beam, this includes the measurement of temperature near the
propagating beam using a thermocouple and the distance between the position of
the thermocouple and turbulence source. However, these problems can be minimised

by using the phase shifts that occur due to temperature fluctuations and thus, a
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more accurate temperature value can be obtained from measuring the change in
the refractive index since it is the parameter that directly causes divergence on a

propagating laser beam.
2. Theory

The study of the effect of thermal turbulence on a propagating laser beam is governed
by the classical Kolmogorov turbulence theory which describes the atmospheric opti-
cal dynamics within the inertial subrange which is between the inner scale and outer
scale of the refractive index fluctuations [6-9]. The Kolmogorov theory of turbu-
lence operates under the assumption that the random refractive index fluctuations
are inhomogeneous and isotropic. It can also be used to characterise the atmo-
spheric turbulence strength which has three turbulence regimes which are classified
as weak if C2 < 107"m~%3, moderate if 10717 < C?(m~2/3) < 10~!* and strong if
C2 > 107"m=2/3 [10-12].

In practice, the atmospheric turbulence strength is calculated from the measure-
ment of the intensity fluctuations which can be achieved from measuring the peak
irradiance in the focal plane and the mean of such peaks is due to diffraction, random
jitter and thermal blooming [13-15]. Assuming a Gaussian beam at the source and

an average focused irradiance, the peak irradiance for such a beam is [16, 17],

Ppe
I, = 0 , (3.1)
T (afl + af + a?)

where P is the output power, 7 is the attenuation coefficient, a is the 1/e beam radius
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and the subscripts d, j and t refer to diffraction, jitter and turbulence, respectively.

The contribution of these subscripts to the focal spot area are [17],

2
al = (Bz;\mm) , (3.2)

ai =2 <9§> 22 (3.3)

. 4011\[2/5216/5

at - A2/5 ’ (34)

where [ is the beam quality factor which is equal to the observed beam radius divided
by the diffraction-limited radius and (62) is the variance of the single axis jitter angle
assumed to be equal to <9§> Equation (3.1) can be modified to account for thermal
blooming effect and thus can be written as [17],

Pe™* 1

I = . ) 3.5

Equation (3.5) is the simplified propagation equation for Gaussian beams and has
been used by Gebhardt to compare the propagation of seven laser wavelengths for
cw operation [17]. The simplified propagation equation cannot be considered in all
cases of atmospheric turbulence characterisation or for measuring the intensity from
the stray lights artifacts since it only occurs in high power lasers.

In order to obtain an accurate estimation of the atmospheric turbulence strength,

the refractive index fluctuations which arises from the changes in temperature and
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pressure must be used to calculate the turbulence strength which can be calculated

from [18],
P2
C? = (79 X 10—6T2> Ccz, (3.6)
where C? is the strength of atmospheric turbulence and C% is the temperature

structure parameter between the inner and the outer scales of the refractive index.

The temperature structure parameter is defined to be [18],

T, —T;)
Ct = <(RQ/3)>7 (3.7)

where R is the optical distance, T'. is the calculated temperature and T'; is the initial

temperature. The corresponding structure of optical path fluctuations predicts [23],
D, =2.91C2°5 [1 - 0.8 (2r/Ly)*] (3.8)

where D is the structure function of optical path fluctuations, r is the separation of
the inner, [y, and outer, Ly, scales of the refractive index and z is the optical path

distance.

3. Measurement principle

The relationship between the refractive index and density is written as [19],

pRc
—1+5F 3.9
n=1+=" (3.9)
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where p is the density of air, M is the molar mass of air and R is the Glastone-Dale
molecular refractivity constant which is related to the molecular refractivity and can

be expressed as [19],

Rg =Ry, (3.10)

where Ry is the molecular refractivity constant.

For an ideal gas, equation (3.9) is written as [19],

PRq

14+ —=
n —l—ROT,

(3.11)

where P is the pressure, R is the Universal gas constant and T is the measured
temperature in Kelvin. Equating equation (3.9) and (3.11) we get [19],
RyT

This equation can then be used to calculate the pressure change as the density varies

with temperature. The relationship between temperature and phase shifts is written

as [19],

o PRGTd
©" NARyT, + RoPd’

(3.13)

where N = % is the number of interferogram shifts, P; is the initial pressure and
P is as defined above. For unperturbed beams, N = 0 and hence the calculated

temperature is the same as the initial temperature.
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4. Experimental setup

In this work minor modifications were made to the experimental setup described
by Ndlovu and Chetty [5]. These modifications were necessary to extract relevant
wavefront and phase fluctuating parameters in determining the profile of the laser
beam as it propagates through thermal turbulence.

As the earlier work by Ndlovu and Chetty [5] indicated, stray-light artifacts
can contribute to spurious interferograms. The intensity of the stray-light artifacts
contributes to the intensity profile of the resulting interferogram which may mask
the actual intensity profile of a propagating laser beam. As such stray-light artifacts
must be avoided, and hence the monitor used in this work was placed as far away
from the PDI as possible. This ensured that the incident light from the monitor does
not appear as stray-light artifacts in the produced interferograms.

A j-type thermocouple was added to the optical train to measure the changes in
temperature within the turbulent region, as a result of the applied turbulence. The
thermocouple was connected to a K-type general purpose probe (manufactured by
TM Electronics) and fitted into lutron data acquisition device which was sensitive
enough to detect temperature changes up to 2 decimal places. This instrument had
a stated response time of 10 us which allowed the temperature to be recorded with
accuracy. Although it was possible to computer-control the thermocouple, manual
operation was preferred. In manual operation mode, the device was portable enough
to move around the turbulence application area and thus obtain a true temperature
of the air in close proximity to the propagating beam in real time.

In order to obtain interferogram of good contrast and free from edge effects or
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blurring, the NIKON DSLR camera was operated in video mode. The video was
then post-processed using iorgsoft video software which allowed snapshots of the
interferograms to be taken at intervals of less than half a second. The resultant
interferograms were then analysed using OpenkFringe software.

The interferometric analysis software used Fast Fourier Transform (FFT) to de-
termine phase shifts, intensity profiles and to compute wavefront surfaces. Zernike
based surface representations are standard in the package and were thus used to
study the intensity behavior of the propagating beam whilst undergoing thermal

perturbation.

5. Results, analysis and discussion

Two types of applied turbulence were used in the experiment. The first turbulence
source was Dust off which caused directional phase perturbations on a propagating
laser beam. Such perturbations were observed as phase shifts on the produced inter-
ferograms. The information presented in figure 3.1 shows (a) an interferogram for the
unperturbed beam and (b) an interferogram displaying the phase shifts that resulted
from a change in temperature of 25 °C to approximately 20 °C when Dust off was
used as the source of applied turbulence. The air in the turbulent region was cooled
when a spray of Dust off was released due to the extreme pressure of the contents in
the can. Figure 3.1 (b) thus shows the suitability of the PDI interferogram method
in detecting directional fluctuations on a laser beam propagating through air, but it

is not a focus of our work.
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This work focused on using a cigarette lighter as a source of applied turbulence
(second source) in order to investigate the effects of thermal turbulence on a prop-
agating laser beam for changes in temperature from 1°C up to a maximum of 30°C
above the room temperature. Figure 3.2 shows an interferogram that was obtained

from the use of a cigarette lighter as a source of turbulence.

(a) Interferogram for an (b) Interferogram for the perturbed
unperturbed laser beam laser beam by Dust off

Figure 3.1: The data show (a) an interferogram for the unperturbed beam and (b)
an interferogram displaying the phase shifts that resulted when Dust off was used as
source of turbulence.

Figure 3.2: Interferogram obtained when cigarette lighter was used as applied tur-
bulence source.

The perturbations resulting from the use of the cigarette lighter as the source
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Figure 3.3: The profile plots of the intensity dependence on the change in distance
and temperature. Figure 2.11 (a) shows an unperturbed laser beam propagating in
air under room temperature conditions and (b) is a profile plot of the perturbed laser
beam with cigarette lighter.

of applied turbulence are viewed as intensity fluctuations in the obtained interfer-
ograms. Such intensity variations are represented by the gray value axis shown in
figure 3.3. Clearly the intensity profile plot for a thermally perturbed beam (shown
in figure 3.3 (b)) shows an intensity fluctuation when compared with the intensity
profile for an unperturbed beam (as shown in figure 3.3 (a)). This may be the result
of a redistribution of power spatially in time as a direct consequence of the ther-
mal fluctuations [24]. Theory has predicted that the log-amplitude/intensity has a
Gaussian distribution [24], and again this is clearly evident in figure 3.3. This is
well documented [24], to only be applicable in the Rytov regime again verifying the
prediction of Ndlovu and Chetty [5], whereby the claim was that the turbulence
appeared to be in the weak regime. Another visible change on the obtained inter-
ferograms is the energy redistribution of the laser beam which is visually indicated
by a change in the centroid of the fringe patterns. These results proved that the
laser beam fluctuations increases with an increase in temperature as it is indicated

by figure 3.2 which has a broader centre when compared with that obtained from
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the unperturbed beam (figure 3.1 (a)).

The interferograms obtained from a beam perturbed by a cigarette lighter also
showed that the intensity of the propagating laser beam varies due to the non-stability
of the flame which leads to an inhomogeneous refractive index and is indicated by
similar phase shifts but of varying intensity on the interferograms shown in figure
3.4. The varying degrees of interferogram brightness indicated from the initial fringe

at A up until the final fringe at H are indicative of this intensity variation.

Figure 3.4: The intensity fluctuations detected from a perturbed laser beam.

As further substantiation of this, FFT wavefronts are provided for the unper-
turbed beam and the thermally perturbed beam in figure 3.5. Figure 3.5 (b) shows
an inverted FF'T wavefront which can be used to easily measure the seperation be-
tween these two Gaussian shaped distributions as indicated by the blue curves and
such interpretation can be used to estimate the change in temperature and turbulence
strength that can cause such perturbations. A surface plot of such an interferogram
was obtained by the application of ImageJ analysis tool software and this clearly
shows an energy redistribution as indicated in figure 3.6.

Turbulence strength is a crucial parameter to be considered whenever studying
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Figure 3.5: FFT wavefront presentations of the unperturbed laser beam and the laser
beam perturbed by cigarette lighter.
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Figure 3.6: Surface plot of a perturbed beam by cigarette lighter.
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Figure 3.7: The relationship between the structure function of optical path and
the outer scale under weak turbulence conditions. The lines were computed from
equation (3.8) with different values of the outer scale, L.

the effect of thermal fluctuations on a propagating laser beam and it may be deter-
mined from the use of equation (3.6). In this work, the turbulence was determined to
be 2.2x10~"m~2/3 which may be classified as weak turbulence. Using this turbulence
strength value and the experiment optical path length of 1.212 m, the relationship
between the structure function of the optical fluctuations and the outer scale, Ly,
of the refractive index is estimated. Figure 3.7 shows the variation of the geometric
structure function, D, with the radius of the refractive index fluctuations. There is
an indication of the strong influence Ly has on the geometric structure function. It
can clearly be seen that D, increases with an increase in Ly. This verifies the rela-
tionship which was proved by Born et al. [23], where by they showed that even for a
small outer scale ( Ly = 0.4 m), the generation of turbulence energy was not confined
to a scale less than Lg, rather the energy is distributed over nearly all spatial scales.

This relationship was first shown by Kerr [20], in a general case for all temperature
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fluctuations measured using fine wire probes. In order to compare these measure-
ments with the Rytov approximation theory, equation (3.8) must be modified by a

factor [20],

~\ 5/6
F=1-0213 (k) r3B3 1 —b(r, k)], (3.14)

where b is the log-amplitude correlation function. Tatarski [21], showed that for
r > (A\z)Y2, F approaches 1, whilst in the limit of < (\2)/2, I approaches 1/2.
The experimental data plotted in figure 3.8 strongly correlates with the Tatarski
prediction [21]. This shows the dependence of the geometric structure function on
the space between the outer and inner scales of the refractive index geometric struc-
ture function on space between the outer and inner scales of the refractive index.
Overington [22], suggested that such data can be used to determine the normalised
lens diameter for the limiting exposure. For small scales (r < ly), a prediction for

the structure function is given by geometric optics [21,23],
D, = 3.44C2% 215", (3.15)

If r is below [y, then the slope of figure 3.7 should be approaching a straight line with
value of 2 [22]. This is clearly not the case and we can conclude that /[y < 1lmm. In
reality we determine [y to be 0.8 mm which is distinctly lower than that predicted
by Kerr [20], of 1 < r < 10 mm. This seems to be better fit with the results of
Born et al. [23] who refute the claim of Kerr [20]. It is further substantiation of the

theoretical prediction that [y does not have any strong dependence on wind velocity.
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Figure 3.8: The dependence of modified geometric structure function on space be-
tween the outer and inner scales of turbuelnce.

Born et al. [23], could not identify any downward shifts in their D, values for small
r and thus concluded that the turbulence was applicable to the strong regime. Their
C? value is in current trends referred to as moderate turbulence [10]. In this work,
it is clearly evident that D, appears to be dropping even at r slightly greater than
0.05 m.

Table 3.1 shows the relationship between the turbulence strength and position of
the turbulence source with respect to the thermocouple. These measurements proved
that the perturbations on a laser beam caused by thermal turbulence depends on the
position of the transmitter and the detector of the turbulence. Thus, a researcher
cannot only rely on temperature measurements obtained from a thermocouple placed
in the turbulence zone. In order to avoid inaccuracy when determining the effect
of thermal fluctuations on a propagating laser beam, temperature values must be
extracted from the phase shifts and thus the turbulence strength may be determined

more reliable.
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Table 3.1: Results of turbulence strength versus position of the source of turbulence.

R(mm) | AT(K) | C2(K*m~2/3) | C?*(m~2/3) x 1077
-60 13.6 1.2 x 103 0.0114
0 31.0 00 00
80 23.9 3.077 x 10° 0.0254
100 14.0 9.098 x 10?2 7.8070
140 1.6 9.495 1.0670

6. Concluding remarks

In conclusion, a PDI was used to produce stable interferograms that were later
analysed to obtain the effects of thermal turbulence on the fluctuations of a laser
beam propagating through air. We have demonstrated the effectiveness of using a
PDI to detect, observe and quantify thermal perturbation effects on a laser beam
propagating in the atmosphere. The results for optical parameters such as C2, D,
lo, Lo and F' are shown to be in good agreement with the relevant literature and thus
the PDI interferogram method can be used with confidence.

These results also help to fully classify the laser beam propagation and will have
useful applications in defense laser weapons, target tracking and in optical commu-
nications. Such effects are also very important to be considered when developing
and testing optical systems especially for use in the military. This can be used to

ensure accuracy when pointing and measuring distance with a laser beam when de-
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tecting, disabling and destroying missiles in the atmosphere. This method provides
a significant improvement on experimental procedures and negates the need for ex-
pensive equipment and sophisticated laboratories. Its drawcard is its mobility and
ease of setup. An extension of this work is to delve into the effects of a laser beam
propagating through strong turbulence.

Experimentally, turbulence strength was determined to be 2.2x10~""m~%/3. How-
ever, the troposphere turbulence depends on the size of scatterers in the atmosphere
[9]. Our experimental value verified a weak turbulence effects with the Rytov weak
fluctuation parameter less than 0.3. The good agreement of how experimental values
with relevant literature substantiates our use of this technique and paves the ways
for future research into the effects of perturbations (thermal or directional) on a
propagating laser beam.

The results correspond to previous works in the field [20,24], even though the
experimental technique is new. Our results also clearly indicates a change in the
spatial intensity profile of the propagating laser beam (even for small distances - See
figure 3.7 and figure 3.8) and thus indicates the need for adaptive optics when using

the laser beam for defense laser weapons or communication.
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Chapter 4

Conclusion

In chapter 2, we developed a new method, using a PDI, to detect thermal turbulence
effects on a laser beam propagating in air. This method is inexpensive but very robust
with high accuracy and minimal error bounds. Stable interferograms produced using
this method were used to extract the wavefront data of a propagating laser beam. The
developed experiment was sensitive enough to detect small thermal turbulence effects
such as those attributed to body heat radiating from a hand placed in close proximity
to the propagating laser beam. The data obtained proved that the perturbation on a
propagating beam is due to the presence of atmospheric turbulence within the Rytov
regime which indicates that the variance of scintillation is saturated when there is
an increase in turbulence and slowly decreases for larger turbulence but still within
the realm of weak turbulence.

In chapter 3, we used the PDI method to determine the thermal turbulence

strength (using a lighter as a thermal turbulence source) on a laser beam propagat-
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ing through air. The average of the experimental turbulence strength was calculated
to be 2.2 x 10~1"m~2/3 and it is indicative that the propagating beam was perturbed
by a weak turbulence source. These results showed that the increase in turbulence
strength increases with the Rytov variance due to the fluctuations in scintillation in-
dex and this is governed by the Kolmogorov theory of turbulence which assumes that
the atmospheric turbulence variations range in size from macroscale to microscale
with each variation considered to be homogeneous but of different refractive index
to its neighbour.

Even though an outdoor experiment is required to verify that the results obtained
hold true in atmospheric conditions and thus fully describe the effect of turbulence
on a laser beam propagating in the atmosphere. The work in this thesis proves that
we can confidently use a PDI method to detect and localise atmospheric turbulence
parameters. Such parameters are very important for use in the military (defense
laser weapons) and this is vital for South Africa (SA) since it has natural resources,
involved in peace keeping and mediation to other countries, and hence must have a
strong defense system that will be able to locate, detect and destroy incoming missiles
and other threatening atmospheric systems in order to protect its environment and

avoid the initiation of countermeasures on its land.
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Sample of the unperturbed interferograms.

00000 00001 00002 000032

00009 00010 00011 00012

00013 00019 00020 00021

00027 0002z 00029 00030

00036 00037 00038 00029

00045 00046 00047 00043
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Sample of the interferograms obtained from a beam perturbed by Dust off.

00859 00&&0 00E61 00862

00868 00269 00&70 00a71

00&T7 D0&TE 00&79 00&E0

00&56 00&87 00&88 00&a9

00895 00E96 00897 00&98
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A notebook presented below illustrates how the geometric structure function depends
on the outer scale. Four different values (p, L, s and w) of the outer scale were used

to plot the graph with a = C',.

In[1}:= & 1= 1.4925
Infz}= 2 1= 1.212
Inf2i= L :=0.4

In[#= & t=1.181 %104 (7)

In[f}:= p :=0.35
Infél:= 8 1= 0.45
In[T}:= w 1= 0.51

In[gl= Plot[{2.91a*2r*(53/3)2(1-0.8(2mr/L)~(1/3)), 2.91a*2r*(5/3)2(1-0.8(2mr/p)*~(1/3)),2.91a*2r*(5/3)2z(1-0.8(2mr/s)~(1/3)),
2.91a*2r~(5/3)z(1-0.8(2mr/w)~(1/3))}, {r, 0.01, 0.05}]
o016
o014
0012
o010
) o.008
0.006

0.004 1

L1 L L L L L
0.02 0.03 0.04 0.05

The notebook below shows how the dependence of modified geometric structure
function on space between the outer and inner scales of turbulence was obtained

using a log-amplitude correlation function, B = 0.01.
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Plot[1-0.213 (z/k)*(5/6) r*(-5/3) (1-B), {r, 0.01, 0.05}]

0.5000 _ o
0.0008 - /’f

0827 F /

o.eoes b /

0.0005 |

—

0.59084 ;/’

0.02 0.03 0.04 0.05
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