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ABSTRACT

Title of Thesis: Optical and RF beam propagation in turbulent media
Nelofar Mosavi, Doctor of Philosophy, 2017

Thesis directed by: Curtis R. Menyuk, Professor
Department of Computer Science and
Electrical Engineering

The optical beam spread and the optical beam quality factor in the presence of both
an initial quartic phase aberration and atmospheric turbulence is analyzed. We obtain ana-
lytical expressions for both the mean-square beam radius and the beam quality factor using
the moment method. We compare these expressions to the results from Monte Carlo sim-
ulations, which allows us to mutually validate the theory and the Monte Carlo simulation
codes. We also discuss the reason for the discrepancy between the moment method and
the classical approach for calculating the ensemble-averaged mean-square beam radius in
a turbulent atmosphere that is described by Andrews and Phillips (1) and by Fante (2).

We analyze the first and second-order statistical moments of the fluctuating intensity
of a propagating laser beam and the probability density function versus intensity as the
beam propagates through a turbulent atmosphere. At the end, we compare our analytical
expression and our simulations to field test experimental results, and we find good agree-
ment.

We simulate the propagation of both a partially spatially coherent infra-red (IR) and
a visible laser beam through a turbulent atmosphere, and we compare the intensity fluc-
tuations produced in the simulation to the intensity fluctuations that are observed in both
maritime and terrestrial environments at the US Naval Academy. We focus on the effect
of the level of turbulence and the degree of the beam’s spatial coherence on the receiver

scintillations, and we compare the probability density function (PDF) of the intensity in



our simulation to the experimental data. We also investigate the effect of optical beam
spreading on the coherent and partially coherent laser beams along the propagation path.
Finally, we investigate the evolution of a radio frequency (RF) X-band signal as it
propagates through the solar corona turbulence in superior solar conjunction at low Sun-
Earth-Probe (SEP) angles. Our analysis of the data that was obtained during several MES-
SENGER (MErcury Surface, Space ENivornment, GEochmeisty, and Ranging) conjunc-
tions reveals a short term and long term effect. Amplitude scintillation is a smaller effect
and is evident on a short time scale. Phase scintillations are stronger, but occur over a longer
time duration. We examine different possible phenomena in the solar plasma that could be
the source of the different time scales of the amplitude and phase scintillations. We propose
a theoretical model in which the amplitude scintillations are due to local fluctuations of the
index of refraction that scatter the RF signal. These rapidly varying fluctuations randomly
attenuate the signal without affecting its phase. By contrast, we propose a model in which
phase fluctuations are due to long ducts in the solar plasma, streaming from the sun, that
trap some parts of the RF signal. These ducts act as waveguides, changing the phase veloc-
ity of the RF beam as it travels a zigzag path inside a duct. When the radiated wave exits
from a duct, its phase is changed with respect to the signal that did not pass through the
duct, which can lead to destructive interference and carrier suppression. The trapping of
the wave is random in nature and can be either a fast or slow process. The predictions of

this model are consistent with observations.
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Chapter 1

Introduction

This dissertation focuses on optical and RF beam propagation in turbulent media. For
an optical beam, the turbulent medium is the atmosphere and for an RF beam it is the
plasma in the solar corona. This research is broadly comprised of six separate projects. The
first three projects focus on optical beam propagation through atmospheric turbulence and
possible techniques to reduce scintillations at the receiver. The fourth and fifth projects are
concentrated on the data analysis and theoretical study of RF beam propagation through the
solar corona during planetary conjunction. Lastly, the turbulence model that was used in the
optical studies was implemented for an RF beam to reproduce the amplitude scintillation
that was obtained from the data analysis and also to compare the behavior of optical and
RF propagation through turbulent media.

First, we obtained an expression for the beam spread in the presence of both quartic
beam aberrations and atmospheric turbulence. We evaluated the mutual coherence func-
tion using the moments method, and we showed that an exact analytical expression for the
ensemble-averaged mean-square beam radius, (r_2> can be obtained, without first obtain-
ing an expression for the mutual coherence function. We also calculated the beam quality
factor, and we showed that this exact expression has the form M2 =1+ Mgb + M?

total turb’

where Mgb and Mtzurb are due to initial aberrations and turbulence respectively, indicating



2

2

that the contribution of the turbulence, M, .,

to the beam quality is strictly additive. We
computed the beam radius as a function of the propagation distance. We then compared the
analytical results to Monte Carlo simulations and demonstrated agreement. We also com-
pared the Monte Carlo simulation results to the field test data. This work was reported in

(3) and (4). Second, we showed that the turbulence contribution (W2

by to the beam radius

squared, is proportional to distance-cubed (23) for all distances and for all refractive-index
structure parameters C,%, in contrast to a classical result due to Fante (2). The analytical ex-
pression has been verified using Monte Carlos simulations. This work was reported in (5).
Third, we investigated the possibility of decreasing the receiver scintillations by reducing
the spatial coherence of the beam and thereby improving the bit error ratio. We focused on
the simulation of a partially spatially coherent laser beam and compared the results with
the field test data for both terrestrial and maritime environments. This work was reported
in (6).

In the fourth project, my colleagues and I investigated the effect of RF X-band signal
as it propagates through the solar corona turbulence in a superior solar conjunction at low
Sun-Earth-Probe (SEP) angles. We analyzed recent data obtained during superior solar
conjunction of MESSENGER spacecraft at X-band for days 114, 115, 339, 340, and 344
for year 2014 for an SEP angle between 0.7° to 1.84°. Analysis of the data that was ob-
tained over several MESSENGER conjunctions reveals a short term and long term effect.
Amplitude scintillation imposed on the carrier signal is a weaker effect and is evident on
a short-time scale. Phase scintillation imposed on the carrier is stronger, but occurs over a
longer time duration. There is an expected monotonic increase in phase scintillation with
decreasing SEP angle (23). However, we find SEP angles where phase estimates are noisier
than expected. We have observed two distinct characteristics for the phase scintillation that
is induced on the carrier, depending on whether the imposed phase modulation index is

about an odd multiple of 7t/2 or far removed from it. The proximity of 71/2 is related to
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carrier suppression. For example, a carrier suppression of 25 dB occurs within about 0.056
radians (3.2°) of an odd multiple of 71/2 and a 1 dB carrier suppression occurs within 1.1
radians (63.0°). The carrier suppression is significant when the fluctuations in signal-to-
noise ratio are noticeably different from those caused by thermal noise alone. Fluctuations
of the thermal noise are dependent on solar elongation angle, solar activity, and also re-
ceiver noise figure. We have also obtained the phase scintillation spectral density, and we
observed two distinct characteristics for it, depending on whether the phase fluctuations
suppresses the carrier or not. The phase scintillation spectral density when the carrier is
not suppressed is consistent with a Kolmogorov process for which the frequency depen-
dence is proportional to f ~8/3 and this result is in agreement with prior investigations by
Morabito (23) and Imamura (24). However, when the carrier is suppressed, the receiver
noise obscures the underlying turbulent process and produces instead an f ~1 dependence,
corresponding to the f ~1 flicker noise of the receiver. These results have been presented in
(7) and (8).

In our fifth project we concentrated on the physical explanation for why the amplitude
scintillations and phase scintillations occur on different time scales. The short time scale of
one second for the amplitude scintillations is not hard to understand. Solar wind turbulence
leads to constant changes in the local index of refraction. Variations in the index of refrac-
tion scatter the RF beam and cause the amplitude scintillations (8). The long time scale of
hundreds to thousands of seconds for the phase scintillations are harder to explain. We have
investigated four phenomena that exist in the solar wind that could potentially explain these
long-time phase scintillations. We first investigated the propagation of a radio frequency
(RF) wave in the positively and negatively charged clouds of protons and electrons that are
approximately a Debye length in size. The difference between the indices of refraction in
these clouds will lead to phase variation in the beam wavefront as the RF beam propagates.

Second, we investigated the passage of supersonic particles through acoustic waves that
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locally change the index of refraction, leading to phase variation in the beam wavefront as
the RF beam propagates. Third, we investigated the separation of electrons and protons that
are due to inhomogeneous solar magnetic fields. This separation leads to local changes in
the indices of refraction and hence phase variations in the beam wavefront as the RF beam
propagates. Fourth, we investigated ducts in the solar plasma that trap a part of the RF
beam, which leads to a phase difference in the beam wavefront as the RF beam propagates.
We concluded that the most probable explanation for the difference in time scales between
the amplitude and phase scintillations is the effect of the long ducts.

Lastly, we showed that the same phase screen technique that we used to study optical
communications in free space through a turbulent atmosphere can be used to simulate an
RF beam as it propagates through the turbulent solar plasma. We reproduced the amplitude
scintillations that were observed in our data using a Monte Carlo simulation. Our data and
theoretical model were consistent and showed that solar plasma turbulence is consistent

with Kolmogorov process, and we confirmed this result with a Monte Carlo simulation.



Chapter 2

Beam spreading in the presence of quartic beam

aberrations and atmospheric turbulence

2.1 Analytical Expressions

The classical approach for calculating the ensemble-averaged mean-square beam ra-
dius in a turbulent atmosphere is described in Andrews and Phillips (1) and Fante (2). This
approach is to find a good analytical approximation for the mutual coherence function and
then to carry out an integration over the transverse beam profile. This approach works
well with Gaussian beams, but it is not useful for aberrated beams where good analytical
approximations for the mutual coherence function are difficult to obtain. Therefore, it is
advantageous to use other approaches such as the moment method as described by Feizulin
and Kravtsov (9) and by Gbur and Wolf (10). The mean-square beam radius for a beam
with a quartic phase aberration in the presence of turbulence had not been studied prior to
our work.

The beam radius squared Wz(z) is traditionally defined as twice the mean-square

radius, and it can be written as



_ [ [2, d* r’Ta(r, 1, 2)
(W2(z)) = 2(r2) =2 i inr, o @.1)

where z is the propagation distance, r is the transverse distance, r is the corresponding

transverse vector, 72 is the spatial average of 7> over the beam profile, and <r_2> indicates
the ensemble average of 72 over all turbulence realizations. The mutual coherence function

[ (r,r,z) [(1),7.27] can be written as

[a(rr,z) = (%)zf/deQ//idzsu(SJr%) u* (S—%)

X exp {% (S—r) .Q} exp {—%DSP(Q)} , 2.2)

where Q = |Q| and Q is difference between two points in the wavefront, S is mean of two
points in the wavefront and k is the angular wavenumber. We use the definition [(1), Eq.

6.70] for the structure function D, (Q), and, when Q < Io, we find

Dyp(Q) = 1.09C2k%z I;1/3 Q2 [1 - 0.72(k010)1/3} ~1.09C2K2%21;V3Q% (2.3)

We note here that C,, is the refractive-index structure parameter, [j is the inner scale of the

turbulence, and kg is the outer scale wavelength of the turbulence.

The particular aberration of interest is the quartic phase aberration that has been de-

scribed by Siegman (11) and Siegman and Ruff (12),

r

2
U(r,0) =Uy(r,0)exp [ik <ﬁ - C4r4) } (2.4)
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The quantity Cy is the aberration strength of the non-ideal optical element, and F is the
focal length. The initial beam is a Gaussian beam profile for which Up(r,z = 0) =
exp (—r*/W3) , where Wj is the initial beam radius. The case in which the beam radius
is a minimum at z = 0 will be presented here. In that case, we find

o (2.5)

Therefore, using Eqs. 2.4 and 2.5, the initial wave function of a Gaussian-distributed beam

with quartic aberrations becomes

2
U(r) = exp [ — # + ikCy (2r°W§ — r4)} . (2.6)
0

Substituting Eq. 2.6 into Eq. 2.2 results in

cionar= () ] [ [Losen (5 &)

X exp {% {1 +Caz (4Wg — 4% - Q?) ]s Q- %r : Q} exp {—%Dsp(g)} . @

Even in the absence of turbulence, when Ds,(Q) = 0, Eq. 2.7 cannot be analytically
evaluated. However, the beam radius squared may be found using the moments method,

starting from Eq. 2.1. To do so, we first let Gg = f f_oooo d’r T'>(r,r,z), so that

B k 2 0 9 0 ’ 252 QZ
Go = (E) //ood Q//ood Sexp <_Wg_2wg



. 2
X exp {% {1 4 Cyz (4W§ 482 Q2> ]s : Q}(S (Q) = <i) %wg, (2.8)

271z

where 6(Q) is the two-dimensional Dirac-delta function. We next calculate G,, where

Gy = [ [Z,d*r 2 T(r,r,z), so that

o= (z) (7)) [t Lo (55 -55)
xexp{%{l—k@;z <4W§—4SZ—QZ)]S-Q}

k\? Wo nz? ’
_ <%> [ 2+ (1+2k c4wo)] (2.9)

We note here that Vé is the two dimensional Laplacian operator with respect to the coordi-

nates (Qx, Qy). Therefore, the beam radius squared in the absence of turbulence becomes

42
W2

G

W2(z) =2r2 =222
(2) = 2% =25

= WG+ ooy (142G, (2.10)
so that the beam quality factor due to quartic aberrations is given by M3 AB = 2k2C2W8

This result is consistent with earlier calculations of Siegman (11) and Siegman and Ruff

(12).

Adding the effect of turbulence is straightforward at this point. Since exp [—Dsp(0)] =
1, the quantity Gg is unchanged. The Vé operation produces no interaction between tur-

bulence terms and the other terms, so that



Vé exp {—%Dsp (Q)] = — (2.18(?,21k2.2:10_1/3 + higher-order terms) exp {—%Dsp (Q)} .

(2.11)
The higher-order terms in Eq. 2.11 are proportional to Q2 and tend to zero as Q — 0.

Adding the turbulence contribution to the total beam radius squared, we obtain

(W2(2)) = <7”_2> =2-= = W§ + Wi+ (War) + Was, (2.12)

where ngff = 422 /K*WZ, (W2

turb

) = 2.18C21,'/32% and W3y = 8z2CIWE. In the

absence of aberrations, this equation is consistent with that in [(9), Eq. 18].

The turbulent contribution to M#*

toray fOr all distances is given by

k2w2
My = 52 (218C31y °2) = 0.505C21, 2Kz W3, (2.13)
so that in total

M =1+ Mag + Miy. (2.14)

total

2

total V8- C,% with Wy = 5 cm and [j = 4 mm. Results

Using this expression, we plot M
are shown in Fig. 2.1, which should be compared to Fig. 6 in (14). While there are small
differences due to our particular choices of the parameter values and different definitions
of the M? factors, the behaviors are essentially the same, as we show in Fig. 2.1.

In order to verify this expression for an initial Gaussian beam, we calculated the beam

radius squared (W?)yc = 2(1’_2>Mc, using the Monte Carlo technique, where (-)yc de-

notes the ensemble average of the Monte Carlo realizations. We first write the paraxial
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Figure 2.1: M2 vs. C>

total

wave equation [(1), Eq. 7.3],

2ikaua—(ZR) + VAU (R) +2k*n; (R) U (R) = 0, (2.15)

where R = (r,z) is the position vector, V% is the transverse Laplacian operator, U (R)
is the envelope of the electric field, and 77 (R) is the randomly fluctuating portion of the
atmosphere’s refractive index. The solution of the wave equation, Eq. 2.15, over a small

Az can be written as

Az
U(x,y,z+Az) = U (x,y,z) exp [ik/ dz'ny (x,y,z’)} ) (2.16)
0

We then write the first two statistical moments of 6 = k fOAZ dz'ny (x,y,2'),

Az
©) =k [ d2/m(xy,2)) =0 2.17)
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0.062
E 0.058
[72]
E
®
% 0.054 C?=1.00x10""
(a]
0 = 243 x 10716
0.050; \ )

z (km)

Figure 2.2: The solid lines (—) indicate the exact result, Eq. 2.12, and stars () indicate the
Monte Carlo simulations

and

2 2 Az / Az 1 / 17
([6])=k/0 dz/o 2" (1 (x,y, 2 ) (%, v, 7). (2.18)

We use the method of randomly varying phase screens, combined with the split-step
method (13), to calculate U (r, z) for a particular realization, and from that we calculate
2= [ [* d?r?|U(r,z2) \2/f 2 d%r |U(r, z) \2. We use the von Karman-Tatarski (1)
spectrum to calculate the phase screens. Averaging over 10* realizations, we obtain an
estimate (W? (z))mc = 2(r? (z))mc. We show in Fig. 2.2 the comparison of Eq. 2.12
to Monte Carlo simulations with Wy = 5 cm, [p = 30 mm, C; = 0.08 m—3, and
A = 1550 nm. The agreement between the simulation and the exact solution is excel-

lent as shown in Fig. 2.2.

We have also compared the Monte Carlo simulation results to field test data. In

Fig. 2.3, we presents the spatial profiles of an infrared laser beam in a maritime environ-
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ment at three different propagation distances. The data were captured off the Atlantic coast
near Wallops Island, VA (15). These results can be compared to Fig. 2.4, which shows the
IR spatial profiles of a Gaussian beam with over 10* iterations using Monte Carlo simula-
tions at propagation distances of 5.1 km, 10.7 km, and 17.8 km. For the field experiment, a
bi-directional infrared optical link was established between a lookout tower and a research
vessel that was located in a range from about 5 km away from the lockout tower to almost
the optical horizon distance of 17.8 km. The link was mechanically fixed and with adaptive
optics pointing and tracking were maintained at the terminal. The data that are presented
here were collected from the 2.54 cm diameter of optical lenes aperture, and the beam from
the tower was transmitted from a 10-cm adaptive optics aperture. Observed realizations
are each one-minute long. Samples of data were collected at a rate of 10* samples/second
or 6 x 10° data points for the one-minute observation time, and then normalized to the
mean of the data. We found that we had to use C2 = 1.2 x 10~ m~2/3 at a propagation
distances of 5.1 km and 17.8 km, and C2 = 4.0 x 10~ m~2/3 4t a propagation distance
of 10.7 km to obtain good agreement between the probability distribution function (PDF)
of our simulations and experiments . These values differ somewhat from the path aver-
age value of 2.4 x 1071° m~2/3 that was estimated at the time of the experiments, but are
within the error range of this estimate. This estimate was rough, and, in fact, compari-
son to Monte Carlo simulations like ours (4) is an effective means of deducing the actual
value. Additional details of the experimental set-up as well as the overall environmental
characterizations can be found in (16) and (17).

Additionally, in Fig. 2.5, we show a comparison of the Monte Carlo simulations with
the field test data at a propagation distance of 17.8 km with both the lognormal and gamma-
gamma probability distribution function distributions (15). With moderate to strong turbu-

lence fluctuations the gamma-gamma PDF should agree well with both our simulations and
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(a) 5.1km (b) 10.7 km (c) 17.8 km

Figure 2.3: IR spatial profiles of the propagating beam from data collected near Wallops
Island, VA (16).

experiments. The fluctuation regime is characterized by the Rytov variance (1),
0% = 1.23C2k7/0711/6, (2.19)

The weak fluctuation regime corresponds to 0‘12{ < 1, while the moderate-to-strong fluctua-
tion regime corresponds to (712{ > 1. For our simulations, the Rytov variance is 4.7, and, for
the experiments, it is 10.5 at 17.8 km; so, the system is in the moderate to strong fluctuation
regime. Our results are consistent with those in (18).

Table 1 shows a comparison of the scintillation index that we obtain from our Monte
Carlo simulations and from our experiments. The scintillation index is a measure of the
degree of fluctuation that a signal’s amplitude experiences due to passage through turbu-
lence. The scintillation index is defined as the irradiance variance scaled by the square of
the mean irradiance (1),

2
o2(r,z) = \(r, Z)z 1, (2.20)

(I(r,2))
where the irradiance is equal to mutual coherence function, (I(r,z)) = Tp(r,r,z), and
the second moment of the irradiance is the fourth-order coherence function, (I?(r,z)) =
[4(r,r,r,r,z). In order to calculate the scintillation index of the simulation, we used 104

realizations, and we used the peak intensity for each run to calculate the irradiance vari-
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Figure 2.4: 1R spatial profiles of a Gaussian beam using Monte Carlo simulations averaged
over 10* realizations at three different propagation distances.

ance and square of mean irradiance. In the experiments, the scintillation index is computed
directly from the data run. As can be seen in Table 1, the scintillation increases as the
distance increases. The agreement between the scintillation index of the simulations and
experimental results is very good at all distances as shown in Table 1. As was mentioned
previously, we found that we had to use C2 = 1.2 x 101> m~2/3 at a propagation dis-
tances of 5.1 km and 17.8 km, and C2 = 7.0 x 10~16 m~2/3 at a propagation distance of
10.7 km to obtain good agreement for scintillation index and PDF between our simulations
and experiments. The results indicate the utility of using Monte Carlo simulations to obtain

good estimates of the turbulence parameters.
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Comparison of the Monte Carlo simulations and the field test at a propaga-
tion distance of 17 km with the lognormal and gamma-gamma PDF models.
(a) The probability density function of the normalized intensity. (b) Probability
density function of the normalized intensity shown on a log-log plot.
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Scintillation Index

Distance | Simulations | Experiment
5.1 km 0.066 0.066
10.7 km 0.127 0.123
17.8 km 0.662 0.635

Table 2.1: Simulation vs. field test data

2.2 Beam spreading in the presence of atmospheric turbulence

In this project, we showed that the turbulence contribution (W&lrb> to the beam radius
squared, is proportional to distance z> for all distances and for all refractive-index structure
parameters C2, in contrast to a classical result due to Fante (2). We have shown in Eq. 2.12

that (W2

2 ) = 2.18C2I; /323, This formula is in agreement with Fante [(2), Eq. 37a]

at long distances, but is in disagreement with Fante [(2), Eq. 37] and the result that was
reproduced by Andrews and Phillips (1) at short distances. This discrepancy is due to an
approximation of the structure function, which becomes invalid at small Q. We may write

the spherical wave structure function as [(1), 6.67]

1 poo
Dy (Q) = 87r2k22/0 /_oo kP (x) [1 — Jo(xkEQ)] drdC. (2.21)

A useful form for D, (Q) may be obtained by explicitly expanding the Bessel function to

yield

Dy (Q) = 87%(0.033)C2%2 ¥ () /OOKZ”“cpn (K)dx.  (2.22)
P mE M4+ 1)(nl)2 " Jo

In the limit Q — 0, we find D, (Q) = 0.02271°C2k?zQ? A, where A = [~ k3P, (k) dx

is independent of both Q and z. The salient points to note are: (1) This Taylor expansion
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of Dgp(Q) in powers of Q? is absolutely convergent and has Q? as its lowest-order power;
(2) Dy (Q) is strictly proportional to z. These points hold for any ®,(x), so that the
scaling that we derive for (r2) as a function of z holds for any @, (k). An expression that

closely approximates Eq. 2.21 [(1), 6.70] for Q < [ is
Dyp(Q) =~ 1.09C2k?z1,1 /32, (2.23)

and for Q > [ is
Dyp (Q) ~ 1.09C2k%zQ%/3. (2.24)

Fante (2) used Eq. 2.23 at long distances and Eq. 2.24 at short distances, which allowed
him to calculate an explicit approximation for I';(r, r, z) using Eq. 2.2, which he then sub-
stituted into Eq. 2.1 to calculate the beam radius. As we have shown, the mean square beam
radius (r2> is entirely determined by the behavior at Q = 0, where the approximation for
Dy breaks down and Dy, (Q) o Q*. We show the difference between Fante’s approxi-
mation for Dy, (Q) and the exact expression for Dy, (Q) in Fig. 2.6. In order to verify
this expression for an initial Gaussian beam, we used Monte Carlo simulations. Averag-
ing over 10* realizations, we obtain an estimate (W? (z))mc = 2(r? (z))mc. In Fig. 2.7,
we show a comparison of the Monte Carlo simulations at short distances to both the ex-
act result, Eq. 2.12, in the absence of abberations, and Fante’s expression [(2), Eq. 37].

We show the turbulence contribution <W§lrb

e = (W?)mc — Wg — W2... The Monte
Carlo simulations agree well with the exact result. Using a least-square fit to the variation

of log(W?

b)) )Mc With distance, we find that the 95% confidence interval for the slope is

3.0146 £ 0.0235, which is in agreement with the exact formula. the deviation grows on
a logarithmic scale as Q becomes small. This deviation at small Q translates into a dif-
ference in the beam intensity at large . As shown in Fig. 2.8, the intensity using Fante’s

expression has a tail at large 7 in contrast to the intensity using the exact expression, which
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Figure 2.6: Dy, vs. Q for short distances. We compare the exact and approximate ex-
pressions. The red line indicates Dy, (Q) = 1.09C2k?>2Q%/3. The green line
indicates Dy, (Q) = 1.09C2k%z1, /32

1s Gaussian-distributed at all distances.
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Figure 2.7: Turbulence contribution to the beam radius squared for short distances, where
A =630 nm, Iy = 0.011m, C;, = 7.0 x 107 m~2/3, The green line
indicates the exact result, the red line indicates Fante’s result, and open circles
(o) indicate the Monte Carlo result.
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Figure 2.8: Intensity as a function of radius, normalized to the initial peak intensity. Using
Fante’s expression for Dy, at short distance leads to incorrect results at large
r. Dashed lines indicates intensities with Dy, (Q) = 1.09C2k?zQ%/3. Solid
lines indicates intensities with Dy, (Q) = 1.09C2k*zl; /302 Blue, red, and
black indicate respectively z = 2z/ ng = 0.01,0.03, 0.06.



Chapter 3

Partially coherent beam propagation through

turbulence

3.1 Simulations description

We investigated the possibility of decreasing the receiver scintillations by reducing
the spatial coherence of the beam and thereby improving the bit error ratio. A laser beam
propagating in free space can undergo significant random intensity fluctuations due to tur-
bulence along the propagation path. A coherent beam (CB) becomes partially coherent
when it propagates in atmospheric turbulence, especially in strong turbulence. The theory
developed by Banach et al. (19) and by Ricklin and Davidson (20) that models a spatially
partially coherent source beam, as applied to atmospheric turbulence for the communica-
tion channel, shows that it is possible to decrease the receiver scintillations in some cases
by reducing the spatial coherence of the beam and thereby improving the bit error ratio
(BER).

We focused on the simulation of a partially spatially coherent laser beam and com-
pared the results with the field test data for both terrestrial and maritime environments.
Experimental and simulation implementation of the partially coherent laser light has been

accomplished using a spatial light modulator (SLM) for both visible (HeNe) and infra-red

20
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(IR) frequencies. A spatial light modulator allows direct control over the phase front of
the laser beam. We can generate a partially spatially coherent beam by passing a coher-
ent Gaussian beam through a random phase screen. Most studies consider the Gaussian
Schell-model (GSM) beam, which is an analytically tractable model in which the beam
field amplitude distribution and the spatial coherence function are both Gaussian. We de-
veloped a MATLAB code to generate a random phase screen using a technique described

by Shirai, Korotkova, and Wolf (21). The initial GSM beam can be written as

2
r .
Vo(r) = V(r,z=0) = exp <_W5> exp [ige(r)], (3.1)
where r = (x,y) is the transverse vector, ¥ = |r| is the magnitude of the transverse

vector, z is the propagation distance, Wy is the initial beam radius, and g¢(r) is a Gaussian-

correlated random function and can be written as a convolution integral,

80(r) = [ folr=rRy(")r" (32)

The quantity Ry(7) is a two-dimensional real-valued random function that is Gaussian-

distributed with zero mean, while f,(r) is a window function and is given by

fo(r) =exp (—r—22> , (3.3)

where g is a positive constant. Figure 3.1 shows sample phase screens with different

values of ’y(% that were used in our simulations and experiments.

In order to model the propagation of a GSM beam through turbulence, we use the

same method that was described in chapter 2.1.
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Figure 3.1: (a) fyé = oo (coherent), (b) ry(% = 1 (strong diffuser), (c) ’Y% — 16.

3.2 Field TEST Description

For the USNA field test, both an IR (1550 nm) and a HeNe (632.8 nm) laser were
used. The IR laser beam was used over land with a 180-m propagation distance, and the
HeNe laser was used over water with a 314-m propagation distance as shown in Fig. 3.2. In
both experiments, the laser beam was vertically polarized, went through a beam expander
(IR and visible), was reflected from a 7.68 mm X 7.68 mm SLM (IR and visible), and then
propagated through the atmosphere to a target receiver. At the receiver, an amplified pho-
todetector and data acquisition system were used to collect data at 10,000 samples/second.
Each data run was approximately two minutes in duration. A scintillometer was used to
estimate the value of refractive-index structure parameter, C%, over the propagation path
for both field tests. We measured C2 = 1 x 10~ m~2/3 for the 314-m path over a creek.
We suspect that the scintillometer was misaligned during the 180 m terrestrial test, and we
therefore estimated C2 = 1 x 10~'> m~2/3 based on previous measurements. For more

details on the field test data, see (22).
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(b)

Figure 3.2: USNA field tests, arrows show direction of laser beam propagation (a) 180 m
IR (1550 nm) laser beam propagation, scintillometer view is seen in left hand
image, (b) 314 m HeNe (632.8 nm) laser beam propagation over creek. Left-
hand side is the transmitter view, and the right-hand side image is the receiver
side view. Scintillometer was aligned along beam path (22).
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Figure 3.3: Comparison of the Monte Carlo simulations and the field test with a degree of
coherence 'y% = 2 to the lognormal PDF model for the IR beam at a propaga-
tion distance of 180 m.

3.3 Field test data vs. Simulations

Figures 3.3 and 3.4 show a comparison of the Monte Carlo simulations, the field test
data at a propagation distance of 314 m for the HeNe laser and 180 m for the IR beam,
and lognormal PDF distributions. In order to match the probability distribution function
from the simulations to the field test data, we used C,% =1x10"13 m2/3 for the IR
beam, and we used C,zl = 8 x 10715 m2/3 for the HeNe beam. These values differ
somewhat from the path average values that were estimated at the time of the experiments,
but are within the error ranges of these estimates. These estimates were rough, and, in
fact, comparison to Monte Carlo simulations like ours is an effective means of deducing
the actual values. With weak turbulence fluctuations, the lognormal PDF should agree
well with both our simulations and experiments. For the HeNe beam propagation, the
Rytov variance is 01% = (.05 and for the IR beam propagation, it is (712{ = 0.08; so, these

experiments are in the weak fluctuation regime.
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Figure 3.4: Comparison of the Monte Carlo simulations and the field test with a degree
of coherence ’yé = 2 to the lognormal PDF model for the HeNe beam at a
propagation distance of 314 m.

Tables 3.1 and 3.2 show a comparison of the scintillation index for varying spatial
coherence from fully coherent to nearly incoherent that we obtained from Monte Carlo
simulations and from the experiments for the IR beam over 180 m and the HeNe beam over
314 m.

For the IR beam simulations, the strongest diffusers, which correspond to ’yé =1
through 8, have higher scintillation indices than the fully coherent beam. The scintillation
index is lower than the coherent beam for the partially spatially coherent beam with 'y(% =
16 and 74% = 128, which constitute “possible sweet spots” of the scintillation indices.
Values of 742, at which the scintillation index is less than its value for the coherent beam
have been referred to as “possible sweet spots” (22). By “possible” we mean that the value
of 742) at which a “sweet spot” occurs depends on C2 and z. For the IR beam experiment, we
find a possible sweet spot at ’)/5, = 32. Table 3 shows the scintillation results for the HeNe
beam. The simulation results indicate that 742, = 16 is a possible sweet spot. The HeNe

experimental results indicate that all values of 'yé in the range of 1 < 'yé < 64 are possible



26

Scintillation
'yé Simulations | Experiment
Black (coherent) 0.0114 0.0063
1 (Strong diffuser) 0.0132 0.0110
2 0.0170 0.0121
4 0.0136 0.0105
8 0.0120 0.0102
16 0.0110 0.0079
32 0.0114 0.0057
64 0.0115 0.0077
128 (weak diffuser) 0.0113 0.0074

Table 3.1: Scintillation Indices for the IR laser beam at a propagation distance of 180 m
with a varying spatial coherence for both field test data [18] and simulations.
The italicized numbers indicate possible scintillation index sweet spots.

sweet spots. The simulations are in the reasonable agreement with the experiments, given
experimental uncertainties in C2. Both simulation and experiment indicate that possible
sweet spots exist for both the IR and HeNe laser beams. We attribute the differences in the
scintillation indices between the field test data and the simulations primarily to errors in the
estimates of the C,zl in the experiment, but we also note that the photodetector had a lense
aperture of 2.45 cm at the test setup, while the simulation used point measurements of the
center intensity profile in order to save computation time.

In Figs. 3.5(a) and (b), we show the beam spreading for the HeNe beam, both with
and without turbulence, for the coherent beam and partially coherent beam in the case
’yé = 16. As expected, the partially coherent beam spreads more both with and without
turbulence than does the coherent beam. In order to investigate the effect of beam spreading
that is due only to turbulence, we look at the relative beam spread, which is the difference

between the beam spread without turbulence and with turbulence for each case. The relative
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Scintillation
'yé Simulations | Experiment
Black (coherent) 0.0076 0.0119
1 (Strong diffuser) 0.0090 0.0101
2 0.0124 0.0115
4 0.0093 0.0107
8 0.0080 0.0095
16 0.0073 0.0107
32 0.0076 0.0094
64 0.0076 0.0095
128 (weak diffuser) 0.0075 0.0122

Table 3.2: Scintillation indices for the HeNe laser beam at a propagation distance of 314 m
with varying spatial coherence for both field test data [18] and simulations. The
italicized numbers indicate possible scintillation index “sweet spots”, where the
scintillation index of partially coherent beam is less than coherent beam.

beam spread for both the HeNe beam and the IR beam is presented in Figs. 3.6(a) and (b).
The results show that relative beam spread is lower for partially coherent beams than it
is for coherent beams. We conclude that partially coherent beams are less distorted by
atmospheric turbulence than are coherent beams in cases where the scintillation indices of

the partially coherent beams are smaller than is the scintillation index of a coherent beam.
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Figure 3.5: The beam spreading for the HeNe beam for a coherent and a partially coherent
beam with 42 = 16 at a propagation distance of 314 m (a) with turbulence
and (b) without turbulence.
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Figure 3.6: Relative beam spreading for a coherent and a partially coherent beams:
(a) HeNe beam at a propagation distance of 314 m and (b) IR beam at a prop-
agation distance of 180 m.



Chapter 4

Solar scintillation study during planetary

conjunction: Data analysis

4.1 RF beam propagation through Solar Corona

The goal of this project is to investigate the effect of an RF X-band signal as it propa-
gates through the solar corona in superior solar conjunction at low Sun-Earth-Probe (SEP)
angles. This information is needed for existing and planned missions in which spacecraft
operate near conjunction, such as STEREO, and solar Probe Plus. A superior conjunction
occurs when a solar system body or a spacecraft lies along a straight line joining the Earth
and the Sun, but is on the opposite side of the Sun from the Earth, as shown in Fig. 4.1. Dur-
ing superior conjunction the spacecraft has limited communication with the ground station
due to the effects of the Sun on the RF signal transmission. In order to analyze RF beam
propagation at superior solar conjunction with a low SEP angle, we analyzed the recent
data obtained during superior solar conjunction of the MESSENGER (MErcury Surface,
Space ENivornment, GEochmeisty, and Ranging) spacecraft at X-band for days 114, 115,
339, 340, and 344 for year 2014, for a Sun-Earth-Probe (SEP) angle between 0.7° to 1.84°.
MESSENGER was the Johns Hopkins University Applied Physics Laboratory mission to

Mercury. It was launched in 2004, and it was in orbit around Mercury from March 18, 2011

29
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Date DSS Location | Start Time | End Time | Start SEP angle | End SEP angle
DOY 114 2014 | 25 Goldstone | 57902 s 86400 s 1.7961° 1.4344°
DOY 115 2014 65 Madrid 23402 s 60600 s 1.1443° 0.7017°
DOY 3392014 | 35 Canberra 76625 s 86400 s 1.6114° 1.5622°
DOY 3402014 55 Madrid 33611 s 52200 s 1.14037° 1.3305°
DOY 344 2014 | 15 Goldstone | 59666 s 70133 s 1.7946° 1.8497°

Table 4.1:

until April 30, 2015.

Data analysis information

In this chapter we will focus on the data analysis and next chapter on the theocratical model.

4.2 Observation

The Deep Space Network (DSN) Radio Science Receiver (RSR) records a carrier

signal from the spacecraft, and the subcarriers are filtered. The DSN RSR captured the

MESSENGER’s X-band downlink throughout the Deep Space Station (DSS). For Day of

Year (DOY) 114, 115, 339, and 340, the spacecraft entered superior solar conjunction, so

that as the time increased the angle decreased. During DOY 344 the spacecraft egressed

from superior solar conjunction. Information on DOY, DSS location along with the dish

number, time and SEP angle is shown in Table. 4.1.

The data from MESSENGER for both DOY 114 and 115 were initially transmitted

through the low gain antenna (LGA) and later through the high gain antenna (HGA) for the

rest of the contact. During DOY 340, data were transmitted exclusively through LGA and

for DOY 339 and DOY 344 exclusively through HGA.
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Figure 4.1: Spacecraft in superior solar conjunction. The distance that the signal propa-
gates through the corona and solar wind is a function of the SEP angle. For
this data set, the distance was approximately 274 solar radii, the straight line
from spacecraft to earth.
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Figure 4.2: Data analysis process

4.3 Analysis Process

The data sample rate at the RSR was 1 ksps in the form of in-phase (/) and quadrature-
phase (Q) samples. We transformed the time-sampled 1/Q data to the frequency domain,
using a 1024-point FFT (duration approximately one second), so that each bin has a resolu-
tion of approximately 1 Hz. Also the auxiliary SEP angle data provided to us was available

in one-second intervals. In Fig. 4.2, we show a flow chart for the entire data analysis.
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4.4 Estimation of Noise Power and Peak Amplitude

The noise power is obtained by calculating the variance of the amplitude fluctuations
after excluding amplitudes that are 4 dB above the average, as shown in Fig. 4.2, marked
as A. We chose a 4-dB threshold to prevent strong signals from biasing our estimate. We
found that the noise power is independent of the SEP angle and that there is no correlation
between the SEP angle and the noise power. We further found that the phase variance of the
same bins were independent of SEP angle. Therefore, we conclude that phase scintillation
is obscured by antenna thermal noise on a one-second time scale.

We next proceeded to investigate the peak amplitude (carrier) and peak amplitude
position for a 1024-point FFT as illustrated in Fig. 4.2, marked as B. These data were
recorded for each bin. The peak power is obtained by squaring the peak amplitude in each
bin. The peak power for day 115 where the SEP angle is the smallest, between 0.7° to 0.9°,
shows that there is a slight power loss with decreasing SEP due to scattering of the signal
away from the line-of-sight, as shown in Fig. 4.3. We describe the variation of the peak

amplitude position in the next section.

4.5 Frequency Deviation

The peak amplitude position for each 1024-point FFT is recorded, as illustrated in
Fig. 4.2, marked as A. The peak amplitude position for DOY 114, 339, 340, and 344, shows
a systematic frequency deviation due to a spacecraft Doppler shift in approximately four-
hour periods. That is visible in Figs. 4.4(b), (c), (d), and (e). During these days, the SEP
angle changes from 1.33° to 1.84°. On DOY 115, there is a systematic frequency deviation
in the four-hour periods due to both the spacecraft’s Doppler shift and broadening due to
solar scintillation, as shown in Fig. 4.4(a). We stress that the time scale of the changes in

frequency due to the Doppler shift or due to frequency modulation from solar scintillation
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Figure 4.3: Peak power for an SEP angle between 0.7° to 0.86°

1s on order of hours. Therefore on the time scale of data frames, there will be no measurable
frequency modulation and no spectral broadening for SEP > 1.0°.

We have also investigated the bin shift distributions of the peak amplitude. In order
to find the frequency deviation distribution, we estimate the running average over 100 sec-
onds of all the peak positions, and we find the shifts for each bin from the running mean.
In Fig. 4.5, we plot the frequency distribution for every 1000 points. The SEP angle is
approximately constant over this time interval. Examination of the distribution of the peak
positions shows that the frequency deviation increases as the SEP angle decreases, and the
variance for an SEP angle of 0.7° is larger than for an SEP angle of 0.8°, as shown in

Fig. 4.5.

4.6 Phase Scintillation

Phase scintillation arises from frequency fluctuations that are imposed on the carrier

by fluctuations in the solar plasma. In order to calculate the phase scintillation, we per-
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Figure 4.5: Frequency deviation distribution for SEP angles of 0.7° and 0.8°.

formed a 1024-point FFT about some instant k, and we found the frequency bin 7 in which
the peak occurred. We denote this frequency bin by f,, (k). Next, we repeated the same pro-
cess at the next instant, k + 1, and we determined the frequency bin 1 at which the peak oc-
curred. The difference between two consecutive bins, [f, (k + 1) — f. (k)| At = Af(k)At,
where k = 1,2, ..., and At is approximately 1 second, as shown in Fig. 4.6.

The instantaneous phase is by definition (25)
t
P = 27(/ f(r)dr, 4.1)

so that Y Af(k)At = A®/2m. The value AP that is thus obtained has an embedded
Doppler shift, which we subtracted from our A®. We then find the standard deviation of
1000 samples of A® and that is our rms phase scintillation, @y, as shown in Fig. 4.7.

It is reasonable to expect a monotonic increase in phase scintillation with decreasing

SEP angle. However, we observe departures from the expected monotonic behavior on the
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Figure 4.6: The process to find the peak bin for each 1024-point FFT.

five data sets that was obtained. We have observed two distinct characteristics for the phase

scintillation depending on whether or not the phase fluctuation is sufficiently close to 77 /2.
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Figure 4.7: The rms phase scintillation for DOY 114, DOY 115, DOY 339, DOY 340,

and DOY 344. Each data set corresponds to the SEP angle that the data was
taken. When the normalized rms phase deviation approaches 0.25, 1 &£ 0.25,
2 +£0.25, ..., at which the corresponding phase deviation is an odd multiple of
7t/2, a deep fade of the signal strength is observed.
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We attribute this behavior to phase modulation of the signal, which translates into
carrier suppression when averaged over 1000 samples. In order to obtain a good carrier-
to-noise ratio, the receiver has a narrow loop filter, which in our case is about 60 Hz. If
after phase modulation by the turbulence, carrier power is shifted to sidebands that lie
outside the loop bandwidth, then the carrier is effectively suppressed, leading to a low
carrier-to-noise ratio and a poor phase estimate. To understand when we expect the carrier
to be spread outside the bandwidth of the loop filter, so that carrier suppression occurs,
we write the phase-modulated signal as s(t) = Acos [wt + go(t)} , where A is the signal
amplitude, w is the signal frequency, and ¢(t) is the time-varying phase. When ¢(t) varies
between +7t/2 and —7t/2 or more generally between +n7t/2 and —nrr/2, where n is
an odd integer, then s(t) will averaged to zero, and the carrier will suppressed. In Fig. 4.8,
we show the phase fluctuation for two cases. In the first case, in which the carrier is not
suppressed, the rms phase fluctuation is smaller than 7t /2. In the second case in which the
carrier is suppressed, the rms phase fluctuation is close to 7t/2. The carrier suppression
is never complete because the phase is randomly varying. We may characterize the carrier

suppression as

carrier suppression = 2010g;, cos (Prms), (4.2)

We show the carrier suppression versus @y in Fig. 4.9, and, as shown in the figure, when
@rms approaches 71/2, the magnitude of the carrier suppression (fade) becomes larger.
Therefore, the proximity of 71/2 relates to the depth of the carrier suppression. For ex-
ample, as shown in Fig. 4.9, a carrier suppression of 25 dB occurs within about 0.056
radians ( 3.2°) of an odd multiple of 71/2, and a 1 dB carrier suppression occurs whitin
1.1 radians (63.0°). The carrier suppression plays a significant role when fluctuations of

the signal-to-noise ratio becomes noticeably different from those caused by thermal noise
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Figure 4.8: Temporal phase fluctuations (a) when the carrier is not suppressed and (b)
when the carrier is suppressed. The red lines represent the rms phase devi-
ation, @, of phase fluctuations averaged over 1000 samples and its negative.

alone. Fluctuations of the thermal noise are dependent on the solar elongation angle, solar
activity, and also receiver noise figure. So, it is not possible to predict exactly how close
to an odd multiple of 77/2 the average phase fluctuation must be for the carrier to be sup-
pressed sufficiently for the receiver to lose its phase lock. However, as we noted, the effects
of losing lock are clearly visible in the data.

In conclusion, we attribute the non-monotonic behavior in Fig. 4.7 to this extrinsic
effect. When the ¢, caused by the intrinsic solar scintillation is at or near an odd multiple
of 7t/2, the carrier is suppressed at the receiver. The receiver’s own noise then plays
an increasingly important role in determining the carrier-to-noise ratio, P,/ Ny. Because
a degradation of P./ Ny produces a poorer phase estimate, we see larger fluctuations at
(n+1/2)m, wheren =0,1,2,...

Another way to analyze the data is to examine the number of occurrences and the
cumulative distribution function of the carrier fade depth, as shown in Fig. 4.10. The fade
depth is obtained by subtracting the maximum P,/ Ny from P,/ Ny for each data set and

then calculating a histogram of the frequency of occurrence of the fade depth with a bin
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Figure 4.9: Carrier suppression vs ¢rms. As the angle ¢, approaches an odd multiple of
7t/ 2, the carrier suppression increases.

size of 1 sec. The green line corresponds to the case in which the carrier is not suppressed.
We note that the green line, corresponding to DOY 114, has a lower SEP, but it has a lower
fade depth than the dark-red line, corresponding to DOY 344. In the DOY 344 data, the
carrier is suppressed, and the fade depth is larger but has a lower fade probability. The pink
line shows data that is obtained from DOY 98, 2015 from MESSENGER. The SEP angle
for DOY 98 is almost the same as DOY 344, but the depth fade of DOY 98 is smaller,
which is due to differences in solar activity. Due to solar activity, the carrier is no longer
suppressed. The solar activity for DOY 114, 344 from 2014 and DOY 98 from 2015 is
shown in Fig. 4.11. Solar activity can transform a carrier that is not suppressed to one that
is.

We have also obtained the phase scintillation spectral density, and we observed two
distinct characteristics for the phase scintillation spectral density, depending on whether

the carrier is suppressed or not, as shown in Figs. 4.12 and 4.13. The phase scintillation
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b) DOY 344 2014, SEP 1.79° to 1.84°
DOY 98 2015, SEP 1.89° TO 1.94°
5 10 15 20 25
Fade depth (dB)
(a) The percentage of the occurrence of fade depth within a bin size of 1 Hz.

(b) The corresponding cumulative distribution function.
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Figure 4.11: Solar activity for DOY 114 and 344 from 2014 and DOY 98 from 2015.
These images were obtained by the NASA Solar and Heliospheric Obser-
vatory (SOHO) (26). The small white object seen in DOY 98 and 344 is the
MESSENGER spacecratft.
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Figure 4.12: Phase scintillation spectra for DOY 114.

spectral density when the carrier is not suppressed is consistent with a Kolmogorov process
for which the frequency dependence is proportional to f ~8/3 " as shown in the trend line
in Fig. 4.12. This result is in agreement with prior investigations by Morabito (23) and
Imamura (24). However for a carrier-suppressed condition, the receiver noise obscures
the underlying turbulent process and produces dependence that is proportional to f —1 as

shown in Fig. 4.13, corresponding to the f ~1 flicker noise of the receiver.

4.7 Amplitude Scintillation

Inspection of the 1024-point FFT indicates that sideband power was confined to 10
bins on either side of the carrier. Beyond that, any sideband power is obscured by antenna
thermal noise. Because the time duration of each FFT is 1.024 seconds, we conclude
that any modulation due to the solar corona has an upper bound of approximately 10 Hz.

Moreover, we determined that the upper and lower side bands are symmetrical about the
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Figure 4.13: Phase scintillation spectra for DOY 344.

carrier, and hence the modulation on this time scale is predominantly due to amplitude
modulation.

The strength of the sidebands depends on how amplitude modulation (AM) and phase
modulation (PM) are combined. For 100% amplitude modulation, we expect that the lower
side band (LSB) and upper side band (USB) are symmetrical, i.e., they have the same
amplitude and phase. Phase modulation causes the sidebands to be out of phase. So, the
combination of both causes the spectrum to be asymmetrical, as shown schematically in
Fig. 4.14.

The power in the LSB and the USB is obtained by averaging the summation of the
squared amplitude of 10 bins from the left and right side respectively of the peak power.
Analysis of the sidebands from our data indicates: 1) The ratio of the powers in the side-
bands for DOY 115 are higher than for DOY 114, as shown in Figs. 4.15 and 4.16, which

indicates that the scintillation effects on the sideband power increase as the SEP angle de-
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Figure 4.14: Different Modulation Schemes.

creases. 2) Linear regressions for both data sets show a negative slope as expected, which
again indicates that the power in the sidebands increases as the SEP angle decreases. In
order to know the exact ratio of the amplitude modulation to phase modulation, one must
compare the amplitude and phase for each bin from LSB and USB. Since some bins were
dominated by noise, we compare the square root of the LSB and USB power for DOY 115.
The ratio of PM to AM for USB vs. LSB is (AM+PM) /(AM — PM) = 1.11, which cor-
responds to a 95% amplitude modulation and a 5% phase modulation. These results imply
that on a time scale of one second our data is dominated by amplitude modulation. There-
fore, we calculated the scintillation index, assuming that our data is amplitude modulated
as we explain next.

The scintillation index is a measure of the degree of fluctuation that a signal’s ampli-
tude experiences due to passage through the small-scale plasma irregularities in the corona.
The scintillation index is defined as the rms of the received intensity fluctuations divided by

the mean intensity. It can be calculated from a measured time series of the signal strength
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Figure 4.17: Amplitude scintillation index on a 1 sec time scale.

as the ratio of the rms of the received power fluctuations relative to the mean power over
the observation interval. Since our sideband power is dominated by amplitude modulation,
the root-mean square (rms) of the received intensity fluctuations is the rms of the received

power from both sidebands (25),

A 2
ps = MAL 4.3)
2
where m is the scintillation index. The mean intensity is the carrier power,
1 .2
Pc = -|AP. (4.4)

2

The scintillation index averaged over one second is shown in Fig. 4.17, and the results have
been compared to the theoretical model of Morabito (23). As shown in Fig. 4.17 our results
and Morabito’s follow the same trend, and the index of refraction reaches saturation when

the SEP angle is about 1.1°.
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Figure 4.18: Loss due to amplitude scintillation index vs. SEP angle.

4.8 Loss due to Amplitude and Phase scintillation

The power from the carrier signal is transferred to the sidebands due to scintillation.
Therefore, the sideband power contributes to amplitude scintillation loss, but this loss is
not an additive loss; instead, it is a multiplicative loss. Hence, we cannot improve the
performance of the carrier by increasing the carrier power. We can write the loss due to
amplitude scintillation as

Pc — Ps m?
Le= <" _1olog (1- 21 ). 4.
s Pe Oog( 2) (4.5)

As shown in Fig. 4.18, the loss to the sidebands is 3 dB when the SEP angle equals 0.7°. At
this angle, half of the carrier power goes into the sidebands regardless of the carrier power
level since this loss is multiplicative.

Analysis of these data indicate that on a one-second time scale, the signal fluctuations

are dominated by amplitude scintillation. This finding is consistent with Morabito (23) and

Imamura (24). However, amplitude scintillation does not tell the whole story. Indeed, the
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data on DOY 344, which exhibits a lower amplitude scintillation than predicted by Mora-
bito’s theoretical model, had severe carrier fading over the entire data duration. Moreover,
the severity and frequency of occurrence of this fading was worse compare to DOY 114
as shown in Fig. 4.10, even though it has a larger SEP angle. As shown in Fig. 4.10 (b)
for DOY 344, the probability of a 10 dB fade is about 50 percent, which is due to phase

scintillation. This behavior is explained in the next section.



Chapter 5

Solar scintillation study during planetary

conjunction: Theoretical study

5.1 The Sun’s dynamic atmosphere and plasma

We analyzed recent data obtained during superior solar conjunction of MESSENGER
at X-band for days 114, 115, 339, 340, and 344, during which SEP angle varied between
0.7° to 1.84°. We observed a short time-scale and a long time-scale effect. On a short
time scale of one second, the amplitude scintillations dominate. On a long time scale of
hundreds to thousands of seconds, the phase scintillations dominate. Prior to our work,
there was no physical explanation for why there are two different time scales for these
observations.

The rapid amplitude scintillations are due to scattering from the rapidly changing in-
dex of refraction in the solar wind. The slower phase scintillations are harder to explain.
We investigated several possible phenomena that explain the slow phase scintillations. We
found that long-lasting solar wind ducts could explain this behavior. Other possibilities that
we considered were propagation through seperate clouds of protons and electrons, changes
in the index of refraction due to supersonic particles, and separation of electrons and pro-

tons due to inhomogeneous magnetic fields, leading to changes in the index of refraction.

51
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We found that these other possibilities, could not explain the slow phase scintillations. We
begin by reviewing the physics of the Sun’s atmosphere and the plasma that surrounds it.
The outer layer of the Sun near its surface is like a pot of boiling water, with bubbles of hot
electrons and protons in a fourth state of matter known as the plasma state. This plasma
circulates up from the interior of the Sun and bursts out into space (27). The steady stream
of particles blowing away from the Sun is known as the solar wind. The solar wind varies
in density, temperature, and speed as a function of time and the solar longitude. Its particles
can escape the Sun’s gravity because of their high energy. The solar wind plasma consists
of mostly electrons, protons and alpha particles.

A useful definition for a plasma follows: A plasma is a quasineutral gas of charged
and neutral particles that exhibits collective behavior (28). By collective behavior, we mean
that the motion of the particles not only depends on interactions with nearby particles and
external fields, but it also depends on the state of the plasma, which is determined by long-
range interactions among all the particles. As charges move around, they can generate local
concentrations of positive or negative charge, which give rise to electric fields. Motion of
charges also generate currents and hence magnetic fields. These fields affect the motion of
other charged particles far away. Therefore, the electron and proton charges of a plasma
exert a force on one another even at large distances. It is these long-range forces that give
the plasma a large repertoire of possible behaviors (28).

In order to investigate the origin of the two different time scales for amplitude scintil-
lations and phase scintillations, we will focus on the physics of single-component plasmas,
including the energy distribution of the charged particles that make up each component and

the separation between different components.
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5.2 Debye length in solar plasma

The Debye length (Ap) is the minimum distance over which a plasma can exhibit
collective behavior. For plasma phenomena that occur on length scales that are less than
Ap, the ions and electrons can be treated as individual particles. The length scales for

electrons and protons are given by (29)

eoKpT,\ /2
e
and
eoKpT,\ /2
Ap, = , 5.2
Dp ( Npez ) ( )

where ¢ is the permittivity of free space, Kp is the Boltzmann constant, T, and T, are
the electron and proton temperature, N and N, are the electron and proton density and
e is the absolute value of the electron charge. In Fig. 5.1, we show Debye lengths for
electrons and protons that are based on the fast solar wind temperature and density defined
in (30) and (31). The data on electron and proton temperature and density is provided
by the Solar Probe Plus Science team at the Johns Hopkins University Applied Physics
Laboratory (unpublished). Many of our results are functions of the solar radius, Rs. The
relation between Rg and the SEP angle is shown in Fig. 5.2.

The Debye length of the protons is longer than the electrons, as shown in the Fig. 5.1.
As mentioned above, the density of electrons and protons are constantly changing, and the
solar wind is dynamic. While Fig. 5.1 shows data for a fast solar wind, a similar difference

in Debye length exists for a slow and average solar wind. The degree to which collective
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Figure 5.1: Electron and proton Debye lengths as a function of the solar radius for the fast

solar wind.
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Figure 5.2: SEP angle vs. solar radius
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behavior occurs is determined by the number of plasma particles in a Debye sphere (N, p),

47
Nip = ?/\%NE. (5.3)

When this number is much greater than unity, collective behavior dominates. In our case
the number of particles in a Debye sphere is much greater than unity.

In order to explain the amplitude scintillations, it is important to look at the ratio of the
RF beam wavelength to the Debye length scale. The RF X-band wavelength is 0.0375 m.
The scale of the Debye length for electrons is smaller than the X-band wavelength at closest
approach to the Sun. Therefore, the amplitude scintillations are caused by scattering of the
RF beam as it propagates through the clouds of electrons. However, as we previously noted,
this scattering does not explain the phase scintillations and its time scale. In order to do
that, we will first study the impact on the index of refraction of the separation between the

electrons and the protons.

5.3 Index of refraction in solar plasma

We begin with the equation of motion of an electron in an applied electric field, E(t) =
E, exp (—iwt), where w = 27tf and f is the radiation frequency, which in this case is the
X-band RF wave frequency (32),
d’x dx

mﬁ = —cE, exp (—iwt) — mVCE' (5.4)

where X is the electron displacement from its neutral position, m is the electron mass and
v 1s the collision frequency of electrons with the gas molecules. The steady-state solution

must vary as exp (—iwt) and is
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e/m .
X = mEo exp (—iwt). (5.5)

We note that [(32), Eq. 5.2.9] is mistaken and predicts an index of refraction that is
less than one. However, we will show that the index of refraction in an ionized medium is
always greater than one. In order to compare our results to (32), we use cgs units in this
section.

The electric displacement D is given by

D = E +47P, (5.6)

where P is the polarization density. The electric displacement is also related to the electric
field as D = €E, where € is the permittivity, and we assume that P is linearly proportional

to E. Therefore, we can write Eq. 5.6 as

| P|
e=1+4m—. (5.7)
| E |

The polarization density is related to the electron displacement,

P = Nex, (5.8)

where N is the number of charge dipoles per unit volume in the ionized plasma or ion

density. By substituting Eq. 5.5 and Eq. 5.8 into Eq. 5.7, we obtain

2 2 .
w5/ w ws w — i
=1 ¢ 14— 5.9
€ +w+1vc +ww2+1/cz (>9)

where w? = 47Ne?/m is the plasma frequency. The real part of Eq. 5.9 is related to the

index of refraction. Therefore the index of refraction for the RF wave with 4 = 1 and
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1/2
O (1+wt/w?) . (5.10)
w

Equation 5.10 implies that the index of refraction is always greater than unity. In Fig. 5.3,
we show the indices of refraction for the electron and proton as the RF wave propagates
through them. The RF wave experiences different indices of refraction due to the mass
differences between electrons and protons. As the RF wave propagates further from the
Sun, the indices of refraction approach unity for both the electron and the proton, since the
plasma frequency gets very small, which also indicates that the effect of plasma on the RF

beam gets weaker.
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Figure 5.3: Index of refraction for (a) electrons and (b) protons.
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5.4 Investigation of possible sources of the long-time phase scintillations

We have investigated four phenomena that exist in the solar wind and that could po-
tentially explain the long-time phase scintillations.

We first investigated the propagation of radio waves in the positively and negatively
charged clouds of protons and electrons that are approximately a Debye length in size. The
difference between the indices of refraction in these clouds will lead to phase variations in
the beam wavefront as the RF beam propagates. Second, we investigated the passage of
supersonic particles in acoustic waves that locally change the index of refraction, leading to
phase variations in the beam wavefront as the RF beam propagates. Third, we investigated
the separation of electrons and protons that are due to inhomogeneous solar magnetic fields.
This separation leads to local change in the indices of refraction and hence phase variations
in the beam wavefront as the RF beam propagates. Fourth, we investigate ducts in the
solar plasma that trap a part of the RF beam, which leads to phase variations in the beam
wavefront as the RF beam propagates. We concluded that the most probable source of the

long time scale of the phase scintillations is the effect of long ducts.

5.4.1 The positively and negatively charge clouds of protons and electrons effect on

the RF beam

In the solar plasma, electrons and protons can be treated as individual clouds on the
scale of the Debye length, as shown schematically in Fig. 5.4. We investigated the propaga-
tion of radio waves in the positively and negatively charged clouds of protons and electrons
and whether the difference between the electron and proton plasma wave indices of refrac-
tion in these clouds can explain these long-time phase scintillations. To do so, we examined

the propagation of a radio wave in the plasma clouds.
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Figure 5.4: The solar wind plasma is shown schematically as patches of electron and pro-
ton clouds. These clouds are on the order of a Debye length in size.

The speed of a radio wave that propagates in these clouds of electrons and protons
is respectively, c¢/n, and c¢/ny, where c is the speed of light, while 7, and 7, are the
indices of refraction for electron and proton RF waves. The times required for radio wave

to propagate through the clouds of electrons, ., and protons, ,, are

t, = )\De% (5.11)
and
np
ty = App—L- (5.12)

As shown in Fig. 5.5 the time ¢, for the radio wave to propagate through a cloud of electrons
is three orders of magnitude less than the time £, for it to propagate through a cloud of
protons. However, the propagation time ¢, for electrons varies between nanoseconds and
microseconds, which is far smaller than the time scale of hundreds to thousands of seconds
that we have observed in the phase scintillations. Hence, this effect cannot explain the

long-time phase scintillations.
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Figure 5.5: Time required for RF wave to propagate through electron patch versus proton
patch

5.4.2 Passage of supersonic particles in acoustic waves and their effect on the RF

beam

Sound waves escaping the Sun’s interior create fountains of hot gas that shape and
power the chromosphere. They create a thin region in the Sun’s atmosphere that appears as
a red ring of fire (33). Ion acoustic waves in plasmas are frequently referred to as acoustic
waves or as sound waves. Acoustic waves are one type of longitudinal oscillation of the
ions and electrons in a plasma, much like acoustic waves traveling in a neutral gas. The

acoustic wave speed can be written as (34)
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Ka(vT, + T,
zmc::x/—ﬁﬁ%éli—fz, (5.13)
p

where K3 is the Boltzmann constant, T, and T}, are the electron and proton temperature, 7y
is the specific heat capacity ratio and 1, is the proton mass. As shown in Fig. 5.6, the ion

acoustic speed decreases at distances that are further from the Sun, as expected.

x10°

ion sound wave speed (m/s)

S

Figure 5.6: The speed of the ion sound wave decreases further from the Sun.

In the solar plasma, supersonic waves are constantly entering into the plasma, due to
eruptions on the surface of the Sun. Solar flares and coronal mass ejections (CME) both
generate supersonic waves (35).

When supersonic waves travel, the density, velocity, and pressure change across the
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shock. The index of refraction is related to the charge density as shown in Eq. 5.10. There-
fore, changes in density across the shock cause the index of refraction to also change.
We investigated the passage of supersonic particles through an acoustic wave that locally
changes the index of refraction, leading to phase variations in the beam wavefront as the
RF beam propagates.

The ion acoustic wave velocity, shown in Fig. 5.6, is 3.8 x 10° m/s at closest approach
to the Sun. This velocity is smaller than the velocity of solar flares, 2.99 x 108 m/s, and
CMEs, 4.4 x 10° m/s (35). When the particles in solar flares and CMEs are moving faster
than the local acoustic velocity, they create a shock wave (34). The change of the density

across the front of a shock wave, Ny, is (34)

(v +1)M?

— Ny, 5.14
2+ (y—1)M2 ! (.14)

2

where Nj is the density of the acoustic waves and M is the Mach number. The Mach
number is the ratio of the particle speed to the acoustic speed. The heat capacity ratio, 7,
for an ideal gas is 1.4. In both solar flares and CMEs, the Mach number M7 > 1, so that
Eq. 5.14 reduces to

N> v+1

L R S 5.15
R (5.15)
Therefore, the maximum change in density that exists across the shock waves is 6N;. From
the Clausius-Mossotti equation, we obtain the relation of the index of refraction to the

number density (36),
-1 1

= Nau, 5.16
212 3¢ (5.16)

where N is the number density, # is index of refraction, « is the polarizability, and € is

the permittivity of the vacuum. We let K = (1/3€y) Na, and at one solar radius we obtain
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K ~ 6.2 x 10°. The index of refraction of the sound waves may be written

Mound = 21K_+K1 : (5.17)
and the index of refraction of the shock waves may be written
nghock = % (5.18)
Therefore, the ratio of the indices of refraction becomes
Mook _ <121<+1) <1—K>' (5.19)
ngound 2K +1 1-6K

We concluded that #1ghock ™ Mgound- This result also is consistent with Eq. 5.10. The second
term in the index of refraction is dominated by the RF beam frequency, so that increasing
the density by a factor of 6 will not make a significant change to index of refraction. Hence,
this effect cannot cause phase scintillations on the time scale of hundreds to thousands of

seconds that we have observed in our data.

5.4.3 Charge separation due to an inhomogeneous magnetic field

Electric currents inside the Sun generate a magnetic field that spreads throughout the
solar system. A solar wind composed of charged particles carries the magnetic field away
from the Sun’s surface and through the solar system. The Sun’s magnetic influence extends
well past the planets and into interstellar space (27).

The magnetic moment of electrons, the Bohr magneton (pp), is a factor of 1836 larger
than the magnetic moment of protons. Also, the force on an electron for a given gradient of

the magnetic field, is stronger than the force on a proton. The electron is a factor of 1836
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lighter than the proton. Thus, acceleration of electrons is a factor of 18362 stronger than
the acceleration of protons.

We investigated the separation of electrons and protons that is due to inhomogeneous
solar magnetic fields. This separation leads to local change in the indices of refraction and
hence phase variation in the beam wavefront as the RF beam propagates.

To investigate this possibility we must compare the two dipole forces that a charged
particle experiences due to the magnetic field gradient. The first dipole force is due to the
Larmor motion or gyro-motion of the particle in a magnetic field. The second dipole force
is due to the Bohr magneton.

The force on a charged particle in a magnetic field gradient is given by,

F=V (i B). (5.20)

where F is the external force, p is the magnetic dipole moment and B is the applied mag-
netic field. For simplicity, we assume the gradient of the magnetic field only changes in
the z-direction as shown in Fig. 5.7. Therefore, the force due to the Bohr magneton on an

electron and on a proton becomes

oB
Fpe = ppe (5) , (5.21)
and
0B
Fgp = ugy (a_;) , (5.22)

where 11, and jip, are the magnetic dipole moments for the electron and protons respec-

tively. The Bohr magnetic moment for a charge particle is

eh
UB = 2 (5.23)
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where e is the elementary charge, 7 is the reduced Plank constant, m is the rest mass of
the electron or proton. The Bohr magneton for an electron is g, = 0.58 eV/G and for a

proton is jig, = 3.1 X 107* eV/G.

Figure 5.7: The spin and gyromotion of a charged particle in the presence of a magnetic
field gradient.

The charged particle also experiences a gyro-motion. The corresponding Larmor

dipole moment is

2

UL = 2B (5.24)

where v | is the speed of the particle. We may write mvi /2 = W/, where W, is the

perpendicular kinetic energy of the charged particle. The Larmor forces, acting on the
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electrons and protons, Fy, and Fp, respectively, are

_ Wie aBZ

Fre = ( B ) <_az) (5.25)
Wi,\ /9B

Frp= (%) ( a;) . (5.26)

In Fig. 5.7, we show a schematic illustration of these forces.

and

We now write the perpendicular kinetic energy as W,, = KgT, and W, = KpT),
since KgT is the kinetic energy. Therefore, the ratio of the forces due to the Bohr magneton
magnetic moment and the Larmor magnetic moment is

FBE . ]/lBeB (06CV/G) (1G)

e — ~ 1 5.27
FLe KB Te 100eV < ( )

for an electron. The ratio of forces is

Fpy _ pppB (3 x107%eV/G)(1G)
Fi,  KgTy 100eV

<1 (5.28)

for a proton. Therefore, thermal motion dominates the charged particle motion, and inho-

mogeneity in the solar magnetic fields cannot cause a significant charge separation.

5.4.4 Plasma ducting effect on the RF beam

The influence of atmospheric refraction on the propagation of electromagnetic waves
has been studied from the beginning of radio wave technology (37). The path bending of
electromagnetic waves due to an inhomogeneous spatial distribution of the refractive index
can cause adverse effects such as multipath fading and interference. These effects signifi-

cantly impair radio communication, navigation, and radar systems. Atmospheric refractiv-
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ity is dependent on physical parameters of the air such as its pressure and temperature. It
varies in space and time due to physical processes in the atmosphere that are often difficult
to describe in a deterministic way and have to be, to some extent, considered as random
with its probabilistic characteristics (38). Atmospheric ducting is a mode of propagation of
electromagnetic radiation, usually in the lower layers of the Earth’s atmosphere, where the
waves are bent by atmospheric refraction. In over-the-horizon radar, ducting causes part
of the radiated and target-reflection energy of a radar system to be guided over distances
far greater than the normal radar range (39). It also causes long distance propagation of
radio signals in bands that would normally be limited to line of sight. We investigated the
possibility that the same phenomenon exists in the solar wind plasma. In particular, we in-
vestigated whether an inhomogeneous spatial distribution of the refractive index can create
a plasma duct in the solar plasma, so that part of the radiated plane wave is trapped in the
duct on a time scale of seconds to minutes.

To address this issue we start with a simple slab model. We consider a plane wave
that propagates through solar plasma and reaches a plasma duct as shown schematically in
Fig. 5.8. Ducting occurs due to refraction that bends the propagation path of the RF wave
as it propagates through layers of different density. Some parts of the radiated plane wave
are refracted into the duct due to a change of the index of refraction. Changes of the index
of refraction exist, as shown in Fig. 5.3. The index of refraction for protons is smaller than
for electrons, i.e, n, < n,. When a portion of the radiated wave is trapped inside a duct, it
bounces many times before exiting from the duct, as shown in Fig. 5.8. When the radiated
wave leaves the duct, it can destructively interfere with radiation that was not in the duct,
suppressing the carrier. As shown schematically in Fig. 5.9, an RF uplink beam can pass
through many ducts before reaching Mercury. The wavefront of the beam that has traveled
a length [ outside the duct and the wavefront of the trapped beam that has traveled a length

V12 + d? inside the duct, interfere with each other. When the phases of the two wavefronts
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differ by an odd number of half wavelengths, so that
neVI2+d> —nyl = 2m+1)A/2, (5.29)

where m is an integer, or

I[ney/14 (d/1)2 —np) = 2m+1)A/2, (5.30)

then this interference is destructive. The odd number of half-wavelengths can be accumu-
lated over many ducts. As shown in Fig. 5.9, the thicknesses of the ducts are on the order of
a Debye length. After passing through all of the ducts, the ducted and unducted wavefronts
merge and diffract as the beam propagates.

The threshold angle of incidence to achieve total internal reflection can be obtained
from Snell’s law,

. np
sinf; = —, (5.31)

Ne
and the grazing angle, 6, = 71/2 — 0;. Therefore, we can write Eq. 5.31 as
n

cos Oy = n—” (5.32)

e

We can also write Eq. 5.32 as

1 1 ny
cos by = = = . (5.33)
\/1+tan20g \/1+(d/l)2 Re
Therefore, we can solve Eq. 5.30, for [ to obtain
ny(2m+1)A/2
| =-F : 5.34
e (5.34)
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Equation 5.34 yields the accumulated distance that radiation must travel along multiple
ducts for destructive interference to occur.

As we showed in Fig. 4.18, the maximum loss due to amplitude scintillations is 3 dB.
Therefore, any larger fade is due to phase scintillations. Our model can explain the large
fades that are grater than 3 dB that are observed in the peak power plot for DOY 115 in
Fig. 4.3. The speed of the Mercury at aphelion is 38.7 km/s. So in order for the space-
craft that is moving around the Mercury to experience a fade that is one second long, the
diffracted beam front has to be about 40 km wide.

Our model is also consistent with the fade depth statistics that were observed. For
example, we may examine the 15 dB fade depth for DOY 344 in Fig. 4.10. Based on the
data that we obtained for 374 fade occurrences of 15 dB or higher over 10800 seconds, a
carrier suppression of 15 dB occurs within 10.2° of an odd multiple of 77 /2. Therefore, the
probability of a fade for 15 dB is 10.2/360 = 0.028. Our model predicts 302 events in this
time period, which agrees well with the 374 fades that we observed in the data.

In order to obtain a good carrier-to-noise ratio, the receiver has a narrow loop filter,
which in our case is about 60 Hz. If after phase modulation by the turbulence, carrier power
is shifted to sidebands that lie outside the loop bandwidth, then the carrier is effectively
suppressed, leading to a low carrier-to-noise ratio and a poor phase estimate. We have
observed such carrier fading over a time scale of hundreds to thousands of seconds.

Ducting is a random process, and it varies in space and time due to physical processes
in solar wind plasma that cannot be described in a deterministic way and must be charac-
terized probabilistically, like atmospheric turbulence. However, at smaller SEP angles (less
than 3°), the electron and proton densities are larger; so, the the difference in the index of
refraction between the electron and proton plasma wave is larger. Therefore, the probabil-
ity that ducts exist is larger. We are proposing that these ducts are responsible for the large

fades that are observed in our data over a time scale of hundreds to thousands of seconds.
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Figure 5.8: Schematic illustration of a portion of radiated plane wave that refracts into a
duct because of the change in the refractive index, with a small grazing angle
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Figure 5.9: In order to reach Mercury an RF uplink beam can pass through many ducts.
The thickness of the ducts are on the order of Debye length. After passing
through all of the ducts, ducted and unducted wavefronts merge and diffract as
the beam propagates.
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Chapter 6

RF beam propagation simulation through solar

plasma’s turbulence

In this section of the dissertation, we present Monte Carlo simulations that reproduce the
amplitude scintillations that we obtained from our data analysis. The scintillation index is
a measure of the degree of fluctuation that a signal’s amplitude experiences due to passage
through turbulence. The definition of scintillation applies to any electromagnetic wave
propagation through any turbulent medium. In the case that we study here, the RF wave
scintillation is caused by scattering of the beam due to the refractive index irregularities that
are related to the density fluctuations of the ions and the ducts. We will use the same phase
screen method that is frequently used in optics to describe the amplitude scintillations that
are due to plasma turbulence. We will use the Kolmogorov theory of turbulence in our
simulations, as we have done in optical systems [(3) and (4), see Chapter 2].

We use the phase screen method to reproduce the scintillations. The starting point for

our study is the paraxial wave equation [(1), Eq. 7.3],

2ikaua—iR) + VAU (R) + 2k*n; (R) U (R) =0, (6.1)

where R = (r,z) is the position vector, r is the transverse distance, r is the corresponding
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transverse vector, k is the angular wavenumber, VZT is the transverse Laplacian operator,
U (R) is the envelope of the electric field, and 71 (R) is the randomly fluctuating portion of
the refractive indices of electron and protons. The solution of Eq. 6.1 over a small distance

Az can be written as

Az
U(x,y,z4+ Az) = U (x,y,z) exp {ik dz'ny (x,y,2')|. (6.2)
0

We then write the first two statistical moments of 6 = k fOAZ dz'nq (x,y,2),

Az
0) = k /0 a7 (m(x,,7)) = 0 6.3)

and

0 =2 [T az [V a2 (g, 2y (x,y,2) 6.4)
- 0 0 1Y, 11X Y,z . .

Hence, we use (.) to denote the expected value, which we estimate by averaging over
many realizations. We will use the method of randomly varying phase screens (3) and (4),
combined with the split-step method (13), to calculate U (r, z) for a particular realization,
and from that we will calculate the scintillation index as the irradiance variance scaled by

the square of the mean irradiance (1),

2

o3 (r,z) = M ~1, 6.5)

where the irradiance is (I(r,z)) = (U (r,z) U* (r,z)), and U* (r, z) denotes the complex

conjugate field. The second moment of the irradiance is

(I*(r,z)) = (U (r,z) U* (r,z) U (r,z) U* (r,2)). (6.6)

We averaged over 5000 realizations to obtain the expected values. This procedure is similar
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Figure 6.1: The simulation geometry.

to the procedure that we described in chapter 3, except that we are using a plane wave and
not a Gaussian beam, since due to the long propagation distance the RF beam at the aperture
is accurately approximated as a plane wave.
The geometry that we used is shown in Fig. 6.1, where
R = 6.955 x 108 m, solar disk radius,
r = solar corona radius, 100Rs,
z = the distance from Earth to the element dz in the signal path being integrated,
Res = distance from earth to Sun, 1.5 X 101 m,

"min = Res Sin(SEP), the shortest distance from solar disk to the propagation path,
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bya; = distance from earth to where the turbulence media starts,
bic = Res cos(SEP), half of the total distance,
b1by = 2 X Res cos(SEP), total propagation distance,

aiap = the distance that the beam propagates in the turbulent medium,

ajc = \/r2 =712, |
cap; — a1c,
biay = azby,

r(z) = [ [R% + 2% — 2zRcs cos(SEP)] l/zdz, and

C% may written as (23)

Cr=m {W‘)} B + by r(z)} _7, (6.7)

where a1 and by are fitting coefficients (23).

In Fig. 6.2, we compare the amplitude scintillations that we obtained from our Monte
Carlo simulation to Morabito’s result (23). As shown in the figure, our simulations predicts
lower amplitude scintillations than does Morabito. We attribute this differences to bias in
Morabito’s result (23) from phase scintillations. We showed in Fig. 4.7 that the phase
scintillations only occur when the rms phase deviation is an odd multiple of 77/2, so that it

is not always present.
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Figure 6.2: Amplitude scintillations from our Monte Carlo simulation compared to Mora-
bito’s result (22).



Chapter 7

Conclusion

In conclusion, we have studied the optical and RF beam propagation in turbulent media. For
the optical beam, the turbulent medium was the atmosphere and for the RF beam it was the
plasma in the solar corona. This research was broadly comprised of six separate projects.
The first three projects focused on optical beam propagation through atmospheric turbu-
lence and possible techniques to reduce optical scintillations at the receiver. The fourth and
fifth projects were concentrated on the data analysis and theoretical study of RF beam prop-
agation through the solar corona during planetary conjunction. The turbulence model that
was used to study optical propagation was then applied to RF beam propagation to explain
the amplitude scintillations that were observed in the data analysis and also to compare the
impact of turbulence on optical and RF beam propagation.

In the first project, we obtained an analytical expressions for both the mean-square
beam radius and the beam quality factor using the moment method that was first developed
by Feizulin and Kravtsov (9). We have showed the moment method eliminates the need for
knowledge of the turbulence structure function. Prior to our work there was no analytical
expression for the spread of a laser beam and its degradation as it passes through atmo-
spheric turbulence when there is an initial quartic aberration. Our expressions are valid

for all distances, in contrast to the previous studies. We compared these expressions to the
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results from Monte Carlo simulations, which allowed us to mutually validate the theory
and our Monte Carlo codes. Also with simulations we showed the beam intensity follows
a Gaussian-distribution for all distances as shown in Fig. 2.8. Additionally, we compared
the simulation results to field test data. The agreement was excellent as shown in Fig. 2.5.
In particular, we obtained good agreement between the scintillation index that is found
experimentally and the scintillation index that is calculated in our simulations. We have
shown that the probability distribution for the mean-square beam radius that the simula-
tion predicts is a gamma-gamma distribution in agreement with experiments. Our results
demonstrate the usefulness of Monte Carlo simulations as a way to both understand the
experimental behavior and estimate the turbulence parameters.

We also used the Monte Carlo simulations to explain the discrepancy between a classic
expression of Fante’s for a Gaussian beam at a short distance of propagation versus using
the result from the moment method. In the short-distance limit in which our result differed
from Fante’s, the beam radius was dominated by diffraction. So, the quantitative difference
between the exact expression and Fante’s relative to the total beam spread was small as
shown in Fig. 2.7.

In the third project, we carried out simulations of partially spatially coherent infrared
and visible (HeNe) laser beams with different degrees of spatial coherence as they prop-
agate through a turbulent atmosphere. The results have been compared to both maritime
and terrestrial field test data that were collected at the US Naval Academy. We compared
the probability density function of the simulated intensity to what was observed in the field
test data. The simulations predict a lognormal probability distribution function in agree-
ment with experiments as shown in Figs. 3.3 and 3.4. We have shown that the scintillation
index has possible sweet spots that are associated with specific degrees of partial spatial
coherence of the laser beam and that depend on the propagation distance and atmospheric

parameters as shown in tables 3.1 and 3.2. We obtained good agreement between the scin-
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tillation index that is found experimentally and the scintillation index that is calculated in
our simulations. We showed that partially coherent beams whose scintillation indices are
lower than the index of a coherent beam are also less distorted by atmospheric turbulence.

In our fourth project, we analyzed recent data obtained during superior solar con-
junction of MESSENGER spacecraft at X-band for days 114, 115, 339, 340, and 344 for
year 2014 for an SEP angle between 0.7° and 1.84°. There have been prior studies of RF
beam propagation during superior solar conjunction, but we obtained several new findings.
Analysis of the data that was obtained over several MESSENGER conjunctions reveals a
short-term and long-term effect. We showed that the amplitude scintillation imposed on
the carrier signal is evident on a short-time scale. We also showed that the phase scintil-
lation imposed on the carrier is stronger, and it occurs over a longer time duration. We
also observed a non-monotonic behavior as the SEP angle changes. We have observed two
distinct characteristics for the phase scintillation that is induced on the carrier, depending
on whether the imposed phase modulation index is close to an odd multiple of 77/2 or is
far removed from it. The proximity to 7t/2 is related to carrier suppression. For example,
when the phase modulation index is within 0.056 radians, a carrier suppression of 25 dB
is expected; when the phase modulation is within 1.1 radians, a carrier suppression of 1
dB is expected as shown in Fig. 4.9. We have also obtained the phase scintillation spectral
density, and we observed two distinct characteristics for it, depending on whether or not the
carrier is suppressed. The phase scintillation spectral density for a non-carrier-suppressed
condition is consistent with a Kolmogorov process for which the frequency dependence is
proportional to f ~8/3 and this result is in agreement with prior investigations by Mora-
bito (23) and Imamura (24) as shown in Fig. 4.12. When the carrier is suppressed, the
receiver noise obscures the underlying turbulent process and produces instead an f 1 de-
pendence, corresponding to the f ~1 flicker noise of the receiver as shown in Fig. 4.13.

In our fifth project, we investigated possible explanations for the difference in time
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scales between the amplitude and phase scintillations. Prior to our work, there was no
physical explanation for why there are two different time scales for these observations. Our
starting point was a study of the Sun’s atmosphere and the plasma that surrounds it. We
investigated four phenomena that exist in the solar wind that could potentially explain these
long-time phase scintillations. We first investigated the propagation of radio waves in the
positively and negatively charged clouds of protons and electrons that are approximately
a Debye length in size. The difference between the indices of refraction in these clouds
will lead to phase variations in the beam wavefront as an RF beam propagates. Second, we
investigated the passage of supersonic particles through acoustic waves that locally change
the index of refraction, leading to phase variation in the beam wavefront as an RF beam
propagates. Third, we investigated the separation of electrons and protons that are due to
inhomogeneous solar magnetic fields. This separation leads to local change in the indices
of refraction and hence phase variation in the beam wavefront as an RF beam propagates.
Fourth, we investigated ducts in solar plasma that trap a part of an RF beam, which leads
to a phase difference in the beam wavefront as an RF beam propagates. We concluded
that the most probable explanation for the difference in time scales between the amplitude
and phase scintillations is the fourth, effect of long ducts. These ducts act as waveguides,
changing the phase velocity of an RF beam as it travels along a zigzag path inside the duct.
When the radiated wave exits from a duct, its phase is changed with respect to the signal
that did not pass through the duct, which can lead to destructive interference and carrier
suppression. The trapping of the wave is random in nature and can be either a fast or slow
process. The predictions of this model are consistent with observations. Also our model
explains the difference in time scales between the amplitude and phase scintillations.

Lastly, we showed since ducting is a random process, and it varies in space and time
due to physical processes in solar wind plasma that cannot be described in a determinis-

tic way and must be characterized probabilistically, like atmospheric turbulence, we can
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characterize the solar wind turbulence as a Kolmogorov process. We used the same phase
screen technique that was used to model optical propagation through turbulent atmosphere
to simulate an RF beam as it propagates through the turbulent solar plasma. We reproduced
the amplitude scintillations that we observed using Monte Carlo simulations. Our data and
theoretical model were mutually consistent and indicate that solar plasma turbulence is a
Kolmogorov process. Our Monte Carlo simulations confirmed this conclusion.

Reducing the scintillation at the receiver is one of the primary issues in free-space
optical communication systems. We looked at a partially coherent beam technique with
both IR (1550 nm) and HeNe (632.8 nm) lasers. We found a decrease in the scintillation
compared to a fully coherent beam. In future work, it would be interesting to use different
wavelengths and also different beam shapes, such as nonuniform polarized beam, which
may lead to a significant scintillation reduction.

Our study of RF X-band propagation through the solar plasma will aid future missions
that operate at or near solar conjunction to design communication links that can operate at
SEP angles that are less than 3°. In future work, it would be interesting to also investigate
how much improvement can be obtained by increasing the frequency, for example in the

Ka-band, and compare the stability of links through the solar plasma.
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