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Wave-front Aberrations of Laser Beams Propagating through the

Atmosphere
Nurdan Anilmis Baci*®, Aydin Yeniay?
*TUBITAK BILGEM National Research Institute of Electronics and Cryptology, Kocaeli, Turkey

ABSTRACT

Small temperature variations carried by the turbulent velocity field in the Earth’s atmosphere produce small phase
perturbations in laser beam propagating through it. Perturbations in the phase cause wave-front errors and may
significantly decrease the Strehl ratio of the laser beam. For compensation of atmospheric distortions, adaptive optics
systems are used. Before the design of any adaptive optics system, the simulation of the atmospherically distorted laser
beam is important. In this work, we describe the purpose, theory, implementation, and results of a wave optics
propagation simulation code LAtmoSim and we investigate the effect of laser system parameters on the degree of the
wave-front error caused by turbulence.
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1. INTRODUCTION

Laser beams that are used in directed energy and free-space optical communication applications can become severely
distorted by optical turbulence when propagating through the atmosphere. Those distortions mostly originate in the
atmospheric boundary layer, which typically extends up to a height of about 2 kilometers and contains 75% percent of
the atmosphere’s mass. Effects are beam wander, beam broadening and irradiance fluctuations. The use of adaptive
optics techniques is possible to mitigate the effects of turbulence and such systems are well known for astronomical
applications but implementation and performance in directed energy applications are still not very well known. Any AO
system’s goal is to eliminate the distortions in the wave-front of the light that is the result of optical path variations
through measuring the errors using a wave-front sensor, calculating an appropriate correction, and applying this
correction to a deformable mirror. This feedback loop is carried out several hundred times a second to comply with the
temporal bandwidth requirement. To determine the characteristics of an AO system, the effects of the atmospheric
turbulence on the wave-front has to be simulated. The estimation of the performance of laser systems depends on the
accuracy of the atmospheric models being used in the propagation prediction codes. After decades of research, some
analytical theories such as geometrical optics’, Rytov Method and Markov approximation®* have been developed to
calculate the characteristics of laser beam propagation. But these methods are approximation in certain conditions,
therefore their applicability is limited and theoretical calculations of the statistics of scintillation are difficult especially
when the intensity fluctuations become large. Therefore, numerical methods are developed to get a more realistic
representation of atmospheric turbulence effects on laser beam propagation. These methods are known as beam
propagation method®. Other names for the methods are the split-step Fourier technique® and the random phase-screen
method” &, Here we introduce laser beam propagation code LAtmoSim which enables us to assess the effect of the
atmosphere on the laser beam wave-front and to determine the design parameters of the AO system by using methods
described above. In this paper, we also present the results from the work done to predict the intensity of the atmospheric
turbulence. A quantitative measure of the intensity of optical turbulence is called the refractive index structure
parameter, C,2. The measurement of C,? is difficult; it requires expensive and bulky detectors and optical imaging
systems. Estimating boundary layer C,? from easily available meteorological parameters, such as temperature and
humidity makes to predict the effectiveness of a laser system before its use easy.

The remainder of the paper is organized as follows. Section 2 introduces the capabilities of the simulation software
LAtmoSim. Section 3 describes the basic mathematical models used for simulation operations such as the phase screen
model. Section 4 presents the results of the work done to predict the refractive index structure parameter. In Section 5,
models of wave-front aberrations are explained. In Section 6, we conclude with the prospect of how this work might be
extended.
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2. LATMOSIM: SIMULATIONS OF LASER BEAM PROPAGATION THROUGH THE
ATMOSPHERE

LAtmoSim is developed to do numerical calculations on laser beam propagation through the atmosphere. The software is
written in Python and TKkinter is used to develop the user interface of the software. The code takes into account
atmospheric effects such as absorption, scattering, turbulence and thermal blooming. Including effects of aerosol and
molecular absorption and scattering of radiation is achieved by providing a user interface for parameters in FASCODE.
As an alternative to FASCODE, LAtmoSim calculates atmospheric transmittance by utilizing data fitted analytic models
of visibility and rain® '°. For slant path engagement scenarios such as ground to air and air to ground, it uses the
Hufnagel-Valley model for vertical C,? profiles. LAtmoSim can create multiple numbers of focused or collimated
Gaussian, super-Gaussian and Bessel Gaussian laser beams with properties including wavelength, beam size, truncation
ratio, beam quality M2, total power, and super-Gaussian order and Bessel coefficient. Atmospheric turbulence is
modeled by generating random phase screens and filtering with the Kolmogorov spectrum. The loss of low spatial
frequencies is handled with the sub-harmonic method. Those methods are described in detail in Section 3. The code
calculates ensemble averages with a large number of realizations for the calculation of beam wander, long-term spot
size, on-axis scintillation index SlI; and compares those simulation results with values obtained from analytical
calculations from Rytov theory. The code may be run both wave optics and geometric propagation mode to allow the
code to be checked against linear analytical models. The other calculations include power-in-the-bucket, tracked-beam
Strehl ratio, RMS wave front error, Peak to Valley (PtV) value of the phase distribution.

In addition to atmospheric turbulence, a high-energy beam introduces an entirely new physical effect: Thermal
blooming. Thermal blooming is the spreading of a laser beam when the beam heats the medium through which it is
propagating. As the laser beam passes through the atmosphere, some of the beam's energy is absorbed, heating the
atmosphere. The heated region will be less dense and will, consequently, have a lower index of refraction. Since the
hottest regions will normally be in the center of the beam, a negative lens will develop in the atmosphere, and this lens
will cause the divergence of the beam. LAtmoSim has both analytical** and numerical steady-state model? of thermal
blooming. Figure 1 shows the results of two different atmospheric cases. In the first case, we take into consideration
only the turbulence. In the second case, we added the effect of thermal blooming to turbulence. The simulation
parameters are given in Table 1. The short term spots for each case are seen in Figure 1.

Table 1: Simulation parameters

Beam Parameters Atmosphere parameters
Initial beam size 10 cm Distance 5km
Beam quality 2 C. | 1.0e-14m™?
Wavelength 2141 nm | Transverse wind speed 4 m/s
Power 10 kW | Absorption coefficient 1.0e-4 1/m
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Figure 1: Gaussian beam propagation in LAtmoSim left: only with turbulence, right: turbulence and thermal blooming

3. ATMOSPHERIC TURBULENCE MODELING

Turbulence is a complex phenomenon, and characterizing and modeling its effect on optical propagation poses a
significant challenge. Both analytical***® and numerical'” '® methods have been developed. A promising method of



numerical simulation uses a split-step phase screen approach. The fluctuations in refractive index are very small and
their scale size is very large compared to the wavelength of the light, diffraction and scattering can be separated in
numerical calculations. The propagation path is divided into many short intervals so that the propagating wave is hardly
disturbed by each interval, but their cumulative effect can be significant. The starting point of numerical models is the
parabolic approximation to the wave equation where the continuous random media is treated as a series of random phase
screens transverse to the propagation direction of the electric field E. The field is propagated between the phase screens
using the numerically efficient fast-Fourier-transform (FFT) algorithm. Random phase screens are generated with a
spectral-domain algorithm also based on the FFT. Generation of random phase screens ¢(x, y) is accomplished by*’

o(jAx,1Ay) = iNzy[a(n, m)+ibz(n,m)]><exp[27zi(jn/ N, +Im/ Ny)] @

n=0 m=0

Where Ax and Ay are the grid spacing in the x and y coordinates, respectively; N, and N, are the array dimensions; L, =
Ax Ny and L, = Ay Ny are the linear dimensions; and a (n, m) and b (n, m) are zero-mean Gaussian uncorrelated random
numbers with

(a*(n,m)) = (b*(n.m)) = Aq,Aq, P, (nAd,,mAG, ) @

Where <> denotes ensemble average, ®,, (4, gy) is the spatial spectrum of the phase screens as a function of propagation
distance z, A qx = 2n / (Nx Ax) and Agy, = 2r / (N,Ay) are the grid size of the simulation in spectral space. The phase
spectrum is

O, 27K A2® ©)

Where k =2zt / A is the wavenumber of the field, Az is the separation between phase screens in the propagation direction
z, and @, is the spectrum of refractive-index fluctuations. The Kolmogorov model is the most frequently used for
turbulence description because of its relative mathematical simplicity and good agreement with experiment™.
Kolmogorov model of the index of refraction power spectrum is

@, (q) =0.33C *q ™" 4

Where q is the magnitude of three-dimensional wave vector and C,” is the refractive-index structure constant.

Because the phase screens produced by the FFT algorithm are periodic, the simulation of the fields has errors for those
statistics that are sensitive to large-scale turbulent fluctuations. These errors will be removed by an improved simulation
algorithm for the phase screens. The simulation algorithm does not include the power in the spectral region (-Agy/2,
Ag./2) and (-Aqy/2, Aqg,/2) which produces an error in the large-scale phase fluctuations. Lane et al.?® proposed an
algorithm based on the addition of sub-harmonics with random complex amplitudes to improve the large scale statistics
i.e.,

Pan (JAX, 1AY) = NZ > S fa(n,m, p) +ib(n,m, p)kexpf2rdin/(3° N, ) + 2:dIm/(3° N, )] (5)

p=1 n=—Im=—1

(a®(n,m, p)) = (b*(n,m, p)) = AQ,,AQ,,®,, (NAG,,, MA, ) (6)

If n#0 and m#0. Here, Agyx,=Aq,/3” and Aq,,=Aq,/3" are the spectral domain grid sizes for sub-harmonic order p.

The FFT sub-harmonic phase-screen simulation is no longer periodic and the discontinuities of the phase at the edges of
the simulation may produce additional errors. These errors are negligible for beam-wave simulations if the beam is
located at the center of the simulation. In Figure 2, phase screens with and without high-frequency components are
shown.

In the following example, we explore the impact of the transmitting beam size on the far-field intensity calculated by
LAtmoSim. For an atmospheric turbulence condition where the Fried radius is equal to 6 cm, we propagate several
collimated beams with an ideal Gaussian shape. The beam diameters are chosen; 1cm < ry, 6 cm = ry, and 20cm > ro. The
propagation distance used in this simulation is 2 km. Figure 3 shows the resulting intensity profiles for each beam. Beam
with a diameter equal to the Fried parameter seems to be the least affected by turbulence.
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Figure 2: Phase screen with only high-frequency component (left), the low frequency component of the phase created by using the
sub-harmonic method (middle) and the total phase screen (right)
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Figure 3: The intensity patterns of collimated beams with different beam sizes wy =5 mm, 3 cm and 10 cm passing through an
atmosphere with r0 = 6 cm are shown.

4. C\*PREDICTION MODELS

We made simultaneous measurements of C,? and other atmospheric parameters that are known causing boundary layer
turbulence. From the analysis of C,? data gathered from scintillometer measurements and meteorological data, we found
that net radiation of the atmosphere, relative humidity, and wind to be the atmospheric parameters that are most
correlated with C,%. Unfortunately, net radiation data is also not easily available. Therefore, we used Holtslag model*
which uses the time of the year, latitude, longitude, temperature, cloud cover and albedo as variables to calculate the net
radiation. We compared net radiation data from pyrradiometer measurements with the Holtslag model for clear sky
conditions and we found quite good agreement between the two (Figure 4).

Next, we used artificial neural networks to have C,? as a function of net radiation, relative humidity, and wind speed.
Approximately six months of data from measurements of C,?, net radiation, relative humidity, and the wind is used as a
training set. Later, a user-interface for the C,” estimator is developed which allows users to predict C,? from date, time,
latitude, longitude, temperature, relative humidity, wind speed, cloud cover, albedo and height from the ground level. In
Figure 5, a comparison of estimated and measured C,? values for the 24-hour duration is shown.
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Figure 4: Holtslag model comparison with data



Figure 5: Comparison of estimated and measured C,” values

5. MODELING OF WAVEFRONT ABERRATIONS

The performance of an AO system can be evaluated using several different metrics. The most common performance
metric for AO is the wave-front error variance. By minimizing the variance of wave-front error %2, according to
following Marechal approximation

S =exp(-c,’) %

It is possible to maximize Strehl ratio S. The use of Zernike polynomials for describing the aberrations of atmospheric
turbulence is well known?. Beam wander is related to tip and tilt aberrations which are the second and third term of
Zernike polynomials. Higher-order terms are the result of scintillation. Far-field phase distribution of a laser beam
passing through atmospheric turbulence can be calculated by numerical propagation methods described in Section 3. If
we let o(x, y) be a turbulence-induced phase distribution, we can decompose this function over an orthogonal set of
Zernike polynomials Z; (X, y)

P(x.Y) = 282, (xY) ®

Using cross-correlations of Zernike coefficients of turbulent phase with Kolmogorov statistics, Noll** deduced that
residual wave-front error for piston removed and tip-tilt removed are respectively

A, =1.0299D/r,)** A, =0.582(D/r,)*®,A, =0.134D/r,)*"® ©)

Where 1, is the Fried parameter and D is the receiving aperture diameter. At first, LAtmoSim calculates Zernike
coefficients a; by using the least square method. The accuracy of the least square method is shown in Figure 6.
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Figure 6: Reconstruction of the phase by Zernike polynomials with 37 modes
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Figure 7: The change observed in the Z1 coefficient as the number of Zernike terms added in the calculations at different sampling
values; 128(red), 256(black) and 512(yellow)

We also tested the numerical stability of Zernike coefficients against the changing the number of Zernike terms included
in the calculations. Although Zernike polynomials form an orthogonal and complete set in the continuous domain, in
discrete numerical calculations to have orthogonal and complete set one has to increase the number of sampling. Figure
7 shows that the stability of the Zernike tilt coefficient increases with an increased sampling number. We conclude that
we need to increase the sampling size to 512 to have the correct Zernike coefficients. On the other hand, the Gram
Schmidt orthogonalization scheme exists as a solution for the stability problem?.

After finding Zernike coefficients, the total wave-front error in the first J modes is deduced by using Noll’s formula

o, =i<‘aj‘2 > (10)
=1

This allows us to determine how many modes are needed to be corrected to achieve Strehl ratios close to the diffraction-
limited performance.

In Figure 8, we see the result of the simulation run for a laser beam with a transmitter aperture size of 12 cm focused at a
distance of L=1000 m passing through various atmospheric turbulence conditions. For the simulation, the physical size
of the computational grid was set to 0.8 m for both transverse directions and the resolution of the grid was 512 x 512.
This corresponds to approximately 1.5 mm pixel size. In the computational domain, pixel size determines the inner
scale; lo of atmospheric turbulence. For the case where C,? is equal to 1.0e-15 m?2 the Strehl ratio increases from 0.25
to 0.65 with the correction of only the first two modes; tip and tilt.
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Figure 8: Strehl ratio calculated after correction of each mode




The number of modes corrected is roughly proportional to the number of actuators a deformable mirror used in an AO
system has. With the Strehl ratio calculations, we can determine the number of actuators needed for the compensation of
atmospheric errors for different engagement scenarios for an ideal AO system. Another important design parameter for
DM is stroke; dynamic range of the mirror. The stroke value depends on the PtV of the turbulent phase map.
Conventional adaptive optics (AO) systems perform adequately when the phase of a distorted wave-front is continuous
across the aperture, which occurs when the turbulence is weak. However, when an optical field is propagated through
strong turbulence, it experiences nulls in its amplitude leading to branch points in the phase. It is shown by Fried® that
when branch points are present in the phase of a turbulence-distorted optical field, the ability of an adaptive optics
system to sense all of the perturbations is limited. Because in the case of strong turbulence where the value of Rytov
number exceeds 0.3, phase values larger than 21t wrapped to the principal-values which are confined to the range [, 7],
unwrapping of the phase is required to be able to obtain true PtV and RMS wave-front error. We used the software
package® which contains a robust phase unwrapping algorithm based on the transport of intensity equation. The
aberration coefficients of the unwrapped phase corresponding to different C,% values are calculated. The resulting RMS
wave front error and PtV values are shown in Table 2.

Table 2: RMS and peak-to-valley values of wave-front error calculated for different levels of atmospheric turbulence

CoA(m??) RMS(jum) PtV (jum)
1.0e-15 0.02 1.1
1.0e-14 0.24 2.1
1.0e-13 1.19 6.2
2.0e-13 2.09 9.8

6. CONCLUSIONS

In this work, we aimed to determine the design parameters of the AO system that are related to the atmospheric
turbulence. We calculated the PtV and RMS wave front errors in the beam for different atmospheric turbulent
conditions. Our plan includes making experiments that measure the wave-front errors of the laser beam traveling through
the atmosphere and compare measurement results with the results obtained from the simulations.
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