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Abstract

The resolution achieved by an optical imaging system in the presence of the random effects

of the atmosphere is severely degraded from the theoretical diffraction limit. Techniques exist

for recovering near diffraction limited performance of an imaging system in the p:esence of atmo-

spheric turbulence. These image enhancement techniques include speckle imagin!!, deconvolution,

.. •and adaptive optics. A turbulence generator is needed to test these curient, as well as future adap-

tive optics and image enhancement techniques. Current turbulence generators used to simulate

atmosp1 'eric turbulence have been characterized by measur~ng characteristics of the turbulence,

such as temperature. The effects of the generated turbulence on optical propagation must then be

inferred from the measured characteristics.

As opposed to laboratory testing, testing image enhancement techniques in the Earth's at-

mosphere imposes many limitations. In the atmosphere there is no control over meteorological

conditions. Unfavorable weather conditions could result in the loss of time and money invested in

conducting the experimer.. With a properly characterized turbulence generator, with statistics

that match those of the atmosphere, experimental testing of image enhancement techniques can be

conducted in a controlled laboratory env'ronment.

A tui oulence chamber has been designed and built for laboratorj testing cf current and

future adaptive optics and image enhancement techniques. The turbulence is produced within a

chamber consisting of two small fans and a heating element. A unique method of characterizing

the statistics of the turbulence has been developed. The effects of the generated turbulence on

optical propagation are directly measured by sensing the perturbed wavefront phP .a subjected to

the turbulence. The wavefront phases are measured using a shearing interferometer. The statistical

properties of the turbulence are then characterized by estimating the phase structure function from

the wavefront phase measurements. The phase structure function is a measure of the correlation

,dv



of the phase between two points in a plane perpendicular to the direction of propagation. It has

been found that the estimate of the phase structure function depends only on the magnitude of the

separation between the spatially separated points, r I f - F21, and follows the Kolmogorov r1/3

power law.

xv
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Characterization of Laboratory Generated Turbulence

by

Optical Phase Measurements

L. Introduction

The resolution achieved by an optical imaging system in the presence of the random effects

of the almosphere is severely degraded from the theoretical diffraction limit. Increasing .the size of

the largest optical component of the imaging system does not, in all cases, increase the resolution

achierei by the system. The characteristics of the atmosphere impose a limit to the amount of

r resolution achievable regardless of the diffraction limit. Atmospheric turbulence arises from random

variations in the temperature and pressure of the air that are induced by the nonuniform heating of

the Earth's surface by the sun. The random variations in temperature and pressure cause random

fluctuations, both temporal and spatial, in the index of refraction of the air. These refractive

index in~1omogeneities cause random variations in the phase and amplitude of the wavefront that

is propa td through the atmosphere.

The performance of an optical imaging system is often described in terms of its spatial fre-

quency response, the optical transfer function (OTF), which is related to the size of the optics.

If the optical imaging system could respond ideally to all spatial frequencies, the image produced

by the system would be identical to the object. However, there is a theoretical diffraction limit

to the spatial frequency response of imaging systems. Telescopes used for imaging astronomical

objects are designed with this theoretical limit in mind-the larger the telescope pupil, the better

the spatial frequency response of the system. There is another factor that limits the amount of

resolution attainable in astronomical imaging systems-the Earth's atmosphere. In the presence of

-~atmospheric turbulence, the performance of an imaging system can be described only in terms of an

average OTF. The average OTF is the product of ~e diffraction limited OTF and the average OTF



of the atmosphere [101. The average OTF of the atmosphere is related to a second order statistic of

the random phase variations induced by the atmosphere, specifically, the phase structure function,

Da. The phase structure function is a measure of the correlation of the phase between two points

in a plane perpendicular to the direction of propagation. If the turbulence is homogeneous, the

value of the phase structure function will depend only on the coordinate differences, Az and Ay,

between the two points. If the turbulence is homogeneous and isotropic, D, will depend only on

the magnitude of the separation between the two points, V/Az2 + Ay 2 .

There are currently several methods that attempt to restore diffraction limited imaging per-

formance in the presen:e of the turbulent atmosphere. Techniques include, but are by no means

limited to: speckle imaging [1, 3, 17, 28, 29, 31 32, 42, 471, deconvolution [5, 40], and adaptive

optics [2, 14, 16, 20, 21, 22, 36, 38, 39, 46].

Adaptive optical systems provide real-time control of the optical wavefront phase to improve

imaging performance in the presence of atmospheric turbulence. The components of an adaptive

optical system are: a wavefront measuring device; a wavefront modifying device, such as a de-

formable mirror; and an information processing device to provide the proper control signals to the •"N-

wavefront modifying device. The perturbed wavefront phase is measured by the wavefront sensing

device and the data is passed to the information processing device where the control signals for the

wavefront modifying device are calculated.

Speckle imaging is a type of post-processing technique used to overcome the effects of atmo-

spheric turbulence on imaging systems. The technique, developed by Labeyrie [29], extracts high

spatial frequenc) information about the object from a series of short exposure images. There are

various techniques for extracting the information about the object from the short exposure images.

Another post-processing technique involves the deconvolution of the short exposure image

and the associated point spread function. In the spatial frequency domain, this deconvolution
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becomes a division of the Fourier transform of the image by the instantaneous optical transfer

function (OTF). The deconvolution yields an estimate of the structure of the original object.

A properly characterized turbulence generator with statistics that match tho)se of atmospheric

turbulence would allow for testing adaptive optics and image enhancement techniques in a controlled

laboratory environment. With such a turbulence generator, the ability to test current techniques,

as well as develop new techniques, would be greatly enhanced. Also, the time and money invested

in testing image enhancement techniques in the Earth's atmosphere as opposed to laboratory test-

ing would be reduced because the uncertainty of weather conditions would no longer be a factor.

It should be noted that the author does not mean to imply that testing these tkchniques with

simulated atmospheric turbulence could totally eliminate the need for testing the techniques in the

atmosphere. Laboratory testing would give more careful insight into the operating characteristics

of the techniques before deciding to invest the time and money for testing in the Earth's atmo-

sphere. Laboratory generated turbulence has been utilizcd to simulate the effects of atmospheric

turbulence and test the properties of optical propagation in a random media. However, several of

these turbulence generators have been developed without thoroughly characterizing the statistical

properties of the turbulence [6, 10, 35]. In order to test wavefront compensation techniques, a fully

characterized turbulence generator with statistics that match those of the atmosphere is needed.

Applications of a properly characterized turbulence generator are not limited to the testing

of image enhancement techniques. Atmospheric turbulence adversely affects the propagation of

all electromagnetic waves. Experiments could easily be develc ed to test the operation of elec-

"tromagnetic communications--both radar and laser, directed energy weapons, and electro-optic

designators, as well as any other application dealing with the propagation of electromagnetic waves

in the Earth's atmosphere.
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1.1 scope

A statistically characterized turbulence generator, with statistics that match those of atmo-

spheric turbulence, is needed to test current and future adaptive optics and image enhancement

techniques. The scope of this effort is to build a laboratory scaled turbulence generator that can

be used to study effects of turbulent media on an optical imaging sý item. In order to determine

the effects of this turbuleuce on optical imaging, the statistical properties of the generated turbu-

lence must be determined. The random effects of the generated t,. bulence are characterized by

directly measuring the wavefront phase perturbation induced by the turbulence and, from these

measurements, estimating the phase structure function. From this estimate of the structure func-

tion, homogeneity and isotropy, as well as presence of an inertial subrange, will be determined. No

effort wpIl be made to determine how the turbulence is distributed within the cell, because we are

concerned only with the overall effect of the turbulence.

Chapter II briefly summarizes the theory involved with imaging in the presence of random

media. A widely accepted model of atmospheric turbulence and the effects of atmospheric turbu-

lence on optical imaging are also presented. Examples of past work relating to this project are then

discussed. The chapter closes with a statement of the problem adfdressed by this project. Chap-

ter III describes the operation of the wavefront sensing instrument and the design of the turbulence

chamber used in this experiment. The experimental setup and the procedures for characterizing

the generated turbulence are also discussed. Chapter IV presents the results of the experiment and

Chapter V gives some conclusions about the results.
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HI. Background

This chapter will introduce some background information needed to understand the problem

that is addressed by this research. The theory involved with characterizing the performance of

optical imaging systems is outlined. A brief summary of some of the past research relating to

the design and characterization of turbulence used for imaging experiments is also discussed. The

chapter closes with a problem statement, giving the motivation and purposes of this research

project.

2.1 Current Theory

In this section, the foundation for characterizing the performance of an optical imaging system

is laid. Introduced first is the primary measure of performance for imaging, the optical transfer

function (OTF). The effects of random wavefront phase variations on the OTF are also presented.

Next, a widely accepted model of atmospheric turbulence is discussed. Using this model, an OTF/

7 'for a system subjected to the random effects of the. atmosphere is presented.

2.1.1 Frequency response of imaging a8stema. The spatial frequency response of an

incoherent imaging system under quasi-monochromatic conditions is described in terms of the

optical transfer function (OTF), W.(vz, vv):

fdx dy s , PIZ - 1Af., Y - XPVY)S I!74v. V = (2.1)
-.. :~~~~d ' .- ' - , ', P(X, ,Y)12

"where v. and vP are z- and V,-directed spatial frequedcies, P is the pupil function, f is the effective

focal length of the imaging system, and X is the meai wavelength of the quasi-monochromatic light

[18]. If we consider a random screen, t.(z, y), placed at the pupil of the imaging system, the OTF
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becomes [19]:

74(vi, YO f dx dy P(x,9V) P(z - f v,,9 y Xf v,) t,(x, y) to(. -f fV., Y - XfVV)

.
. (2.2)

I/i dzd IP(X,v)1 2 It.(Zp )11

Due to the random nature of t.(x, y), a deterministic analysis of the OTF is impossible. The best

way to describe the OTF is an average OTF, (v, v,). The average OTF is defined as [191:

E [numerator of the OTF]
E [aenominator of the OTF]' (2.3)

where E[.I is the expectation operator. Substituting Equation 2.2 into Equation 2.3 yields an

average optical transfer function given by

3 =(v., 74) ="(v., V)•,(V.,VV), (2.4)

where W. is the OTF of the optical system in the absence of the screen and 37. is the average OTF

of the screen. If the transmittance function t,(x,9y) is of the form

t.(z,y) - expUO(z,V)j, (2.5)

then t.(Z, y) is referred to as a random phase screen. If O(x, y) is a Gaussian random process and

is at least stationary in first increments, then the average OTF of the screen is given by [19]

=7(. . exp [~D. (Xf v., if vy) (2.6)
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where D. is the phase structure function defined by,

D.(A.T, Ay) :([O(x Ax •=y + Ay) - O(z, y)]'), (2.7)

and (.) denotes the ensemble average.

These equations lay the basis for how the performance of an imaging system in the presence

of random medium is characterized. Under certain assumptions-near field approximations-the

effects of the atmosphere can be modeled as a simple phase screen of the form of Equation 2.5 and

the average OTF will take on the same form as Equation 2.4 where W, is the average OTF of the

atmosphere [19].

2.1.2 Atmospheric turbulence. The atmosphere undergoes random variations in its tem-

perature and pressure that induce random fluctuations, both temporal and spatial, in the index of

refraction, n. These refractive index inhomogeneities present in the atmosphere can be modeled

as turbulent "eddies," or packets of air, each with a characteristic refractive index. The quantity

and dimensions of these eddies can be characterized by a power spectral density t,' (9), where

9 = (P.x, rcy, Kz) is called the wavenumber vector, having units of radians per meter. tn (9)

is a measure of the relative occurrence of eddies with dimensions Lx = 27r/xx, Ly = 2wfly,

= = 21r/.Z. If the turbulence is homogeneous and isotropic, this power spectrum will depend

only on the radial scalar, ic = ji. For values of ic greater than some critical wavenumber x. and

less than some critical wavenumber ri,, called the inertial subrange of the spectrum, the form of

t,, can be predicted from the physical laws governing turbulent flow and is given by:

(= 0.033 C! r-
1 1 1 3  P-o < K < 1CM, (2.8)

where C~n is called the structure constant of the refractive index fluctuations (19]. C serves as

a measure of the strength of the index fluctuations, and the critical wavenumbers .. and am
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are related to the scale sizes of the turbulent eddies. The scale size L. = 27r/K is called the

outer scale of the turbulence, corresponding to the largest eddy size, and the scale size l1 =

2w/xa is called the inner scale of the turbulence, corresponding to the smallest eddy size. The

value of the structure constant, C•, depends on the local atmospheric conditions. Typical values

range from 10-13 meter-2 /3 for strong turbulence to 10-17 me6er-2/ 3 for weak turbulence, with

10-15 meter- 2/ 3 often quoted as the typical "average" value t,9].

The effect of these random variations of index on an optical system can often be described

using the phase structure function:

D . =F , 2 ( fl) - (J2)2' (2.9)

where 4 is a temporal realization of the pert'urbed wavefront phase, f: is a position vector in the

pupil plane, and (.) denotes ensemble. If the random variations in the index of refraction are

homogeneous and isotropic, the phase structure function, D., will depend only on the magnitude

of the separation, r = Jill - fij, between the two points. When the turbulence is characterized by

Kolmogorov statistics, this structure function will be proportional to r51/3 for values of r within the

inertial subrange [19].

In order to specify a detailed expression for the average OTF of the atmosphere, an expression

for the phase structure function must be found. Using the model of the atmosphere as described

above (Equation 2.8) and near-field approximations, a detailed expression for the phase structure

function, D., can be found [19].

D.(r) = 2.91 Cn z r (2.10)

where z is the propagation path length within the turbulence. In writing Equation 2.10 as a function

of"y of -i - if23 , it is implied that the turbulence is homogeneous and isotropic.
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2.1.9 Average OTF of the atmosphere. Atmospheric turbulence induces random fluctua-

tions in the phase and amplitude of an optical wave that has propagated through the atmosphere.

When imaging down through the atmosphere, as is the case when imaging stars and satellites, the

atmospheric turbulence exists from the surface of the Earth, where it is strongest, to an altitude of

about 20 kilometers [27]. If the observatory is iocated where the atmospheric "seeing" is good, for

;--. example on a mountaintop, a near field approximation can be made. Under these approximations,

the turbulence is weak enough that amplitude scintillation effects art not present and only phase

effects degrade imaging performance. These phase effects can be integrated along the propagation

path and be modeled as a phase screen placed in the pupil of the imaging system. If the phase

perturbation is a Gaussian random process and at least stationary in first increments, the average

OTF of the atmosphere can be given by:

=?(P) exp [-D.(•fv)] , (2.11)

where v [V.2 + v] 1/2 and D. is the phase structure function. Substituting the expression for D.(r)

from Equation 2.10 into Equation 2.11, the expression for the OTF of the atmosphere becomes:

T(f)exp -57.4 p 1-i/3 j (2.12)

By expressing 37. as a function of fl, frequency measured in units of cycles per radian of arc,

Equation 2.12 is independent of the optical system par&aeters. The relationship betw.een 11 and v

in fl = fv. Equation 2.12 can then be substituted into Equation 2.4 to obtain the total OTF of the

system. It should be noted that up until now it has been assumed that the value of C. is constant

over the propagation path. More generally, the phase structure function, D.(r), can be written as:

D.(r) 2.91 (- d)•?sfde Cn(4) (2.13)
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To simplify Equation 2.13, the atmospheric coherence diameter, r., is defined:

ro 0.185 fZ C.2 (2.14)

The atmospheric coherence diameter (also called the Fried seeing-cell size) was first introduced by

Fried [12]. Substituting Equation 2.13 into Equation 2.11, the average OTF of the atmosphere can

be expressed as:

,(fl) = exp -3.44 / "(2.15)

The atmospheric coherence diameter, ro, is useful in understanding the effects of atmospiaric

turbulence on optical imaging aystems. The resolution of an imaging system can be incT.-ased

by increasing the sire of the aperture until it reaches approximately tr. Increasing the size of the

aperture beyond r. does not increase the imaging resolution of the system. In other words, t)Ve best

resolution achievable by an imaging system in the presence of atmospheric turbulence is eqx.. vlent

to the resolution achievable by a diffraction limited imaging system with an aperture the size of r..

Typical values of r. at a good observatory range from 5 to 20 centimeters, depending on the seeing

conditions. A plot of the OTF for a diffraction-limited circular optic with a 4 meter diameter is

shown in Figure 2.1. Shown on the same plot, with a dotted line, is the average OTF for the same

"system in the presence of atmospheric turbulence with r. = 10 centimeters.

The expression for D. given in Equation 2.9 is a theoretical expression that can be estimated

only experimentally. In practice, D. can be estimated, either in the laboratory or at an actual

observatory, by using

1 (fl, -f2)(02)J2, (2.16)

where the ^ denotes an estimate, Oi(f is the measured value of the phase at point iF, and N is the

number of realizations of the wavefront phase. This expression for the phase structure function is

an estimate only due to the finite number of wavefront realizations.
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Figure 21. Comparison of the average OTF of a system with and without the effects of atmo-
spheric turbulence (~=0.5 micrometers). Solid line represents the diffraction limited
OTF.

2.2 Puit work

Several references address experimental measurement of turbulence effects on optical waves

propagated through laboratory generated turbulence. Techniques used for producing turbulence

vary from simple hot plates and convection [35] to complex water-filled tanks [7]. The design

found to best suit the type of turbulence desired has been built and partially characterized by

Majumdar and Gamo [15, 33, 34]. -This design utilizes a chamber 2.69 meters long, 0.78 meters

wide, and 0.23 meters high. The turbulence is generated by ten heater/blowers mounted on one

side of the chamber and is homogenized by a screen of aluminum foil and three layers of aluminum

meshes (see Figure 2.2). There are several different techniques used to experimentally characterize

the statistical properties of turbulence. The majority of these techniques focus on estimating the

second order statistics of some parameter, such as temperature. The effects of the turbulence on

imaging performance are then inferred, through existing relationships, from the measured statistics.

2-
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2.2.1 Temperature structure function. Majumdar and Gamo measure the temperature

structure function as a primary means of characterizing the generated turbulence [15]. The tem-

perature structure function is defined as the mean square, temperature difference between two

temperature probes,

DT ("I -') (TV (2.17)

where T is the temperature and F is the position vector of the temperature measuring probe. When

temperature fluctuations are homogeneous and isotropic, the structure function will depend only

on the magnitude of the separation of the probes, r, where r = lre - rej. Two micro-thermocouple

probes are used by Majumdar and Gamo to measure instantaneous temperature difference between

two locations within the turbulence. Probe separation is adjusted from 2 millimeters up to 20 cen-

timeters in increments of 10 micrometers. This data is then squared and averaged to obtain an

estimate of the temperature structure function. In the inertial subrange, the temperature structure

function is proportional to r2/3:

DT (r) = C1.r2 /3 , (2.18)

where CT is the temperature structure constant [45]. This 2/3 power relationship is often called

the Kolmogorov-Obukhov similarity law [15].

The data taken by Majumdar and Gamo indicate that the properties of the turbulence gen-

erated obey the Kolmogorov-Obukhov similarity law for probe separations between 2 centimeters

and 6 centimeters at the location z = 0.38 meters, y - 0.12 meters, and z = 1.09 meters

within the turbulence generator (see Figure 2.2). From a plot of the data obtained, a value for the

strenth of temperature fluctuations, C(,, was obtained and found to be 52.90 K2 m-2 /3 .

he refractive index structure function is defined as:

D. (it1, F2) ([n (rj) - n(r•)]2), (2.19)
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Figure 2.2. Tuirbulence generator used by Majumdar [15].

where n(f) is the index of refraction variation at position F. In the inertial subrange of homogeneous

and isotropic turbulence, Dn (F) can be expressed with the same 2/3 power relationship as the

temperature structure function:

A. (r) = ~ 2 .(2.20)

The refractive index structure constant, C,, can be expressed as a function of the temperature

structure constant CT, [15] assumiaig constant pressure,

C. (76 1 + ) 06C" 22)

where P is the pressure in millibars, T is the temperature in degrees Kelvin, and A is the optical

wavelength. Using this expression for the index structure constant and Equation 2.10, an expression

for the phase structure function can be found.

2.2.2 Mean square phase fluctuations. Another technique commonly used to characterize

the statistics of turbulence is to directly measure the statistics of the phase variations. Carnevale,

Bertolotti, and their associates utilize a Mach-Zender interferometer to measure the mean square

value of the phase fluctuations, (ý2), of a laser beam propagated through turbulence [6, 10]. If the

mean value of is zero and the turbulence is homogeneous and isotropic, then the phase structure
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function can be found using the expression

Da(,) = 2[- C¢#(r)], (2.22)

where C##(r) is the correlation function of €, defined by

C4#(r) O(I,)(,2). (2.23)

The turbulence is produced by flowing air over a heated nichrome grid as shown in Figure 2.3.

Carnevale and his associates measure the mean square phase variations between the two beams

propagated through the turbulence by examining the interference pattern formed [101. The mean

squared phase variations are measured for distances from the heated grid, z, ranging from 1 to

3 meters while holding the separation between the two beams, d, constant; therefore, the dependence

of the mean square phase fluctuatioci on separation distance cannot be determined. However,

Bertolotti and his associates measure this dependence for a similar turbulence generator, and the

data suggest that an inertial subrange, as described by Kolmogorov, does exist in this turbulence

d I

'X"

Figure 2.3. Turbulence generator used by Carne'vale [10].
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L.S Problem

A statistically characterized turbulence generatir is needed to test current and future adap-

tive optics and image enhancement techniques. The structure of the turbulence must match the

known characteristics of the atmosphere and the resulting phenomena must be scaled to laboratory

dimensions. As opposed to laboratory testing, testing these techniques in the Earth's atmosphere

"imposes many limitations. In the atmosphere there is no control over meteorological conditions

which can change over the time requu,-d to perform the testing. When attempting to characterize

a random process in terms of average effects, several realizations of the effects must be obtained to

ensure confidence in the estimate. In order to accurately characterize the effects of the atmosphere

on optical propagation, several "pictures" of the turbulence effects must be taken and averaged.

Obtaining an accurate estimate imposes the requirement of taking large amounts of data over ong

* periods of time to obtain an appropriate sample size. If the sample size is not large enough, an

accurate estimation of the turbulence effects is improbable [4]. Therefore, accurately testing image

enhancement techniques at an observatory becomes very expensive and time consuming. With

the added variable of w'-ather conditions, the burden becomes even greater. Using a laborasory

scaled turbulence generator, with statistics matching those of atmospheric turbulence, the testing

of image enhancement techniques can be conducted in the controlled environment of the laborastory

providing a first step in determining the performance of new image enhancement techniqu(.1.

This chapter has introduced some background information needed to understand the problem

that Is being addressed by this research. Of particular importance is the dependence of the average

optical transfer function of the atmosphere, from Equation 2.11, on the phase structure function,

D.. The phase structure function is a measure of the correlation of the phase between two points

in a plane perpendicular to the direction of propagation and can be estimated only in practice.

In the next chapter, the experimental procedures used to characterize the statistics of lab-

oratory generated turbulence are discussed. The technique used is new in that the effects of the
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turbulence are characterized by directly measuring the perturbed wavefront phase with a wavefront

sensor and estimating the phase structure function, D.. Becaus" phase structure function is

directly related to the verage OTF by Equation 2.11, the effects of the turbulence on imaging

performance can be realized without the need of inferring b. from other measured quantities.

2-12
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Ifi. Experimental Setup and Procedures

A turbulence chamber has been produced for the purpose of testing existing and future

techniques used to improve imaging performance in the presence of atmospheric turbulence. An

experiment has been designed to characterize a second order statistic of the turbulence, the phase

structure function. This experiment itilizes a unique technique for estimating the phase struc-

ture function, 1.,. The wavefront phase of an optical beam subjected to the random effects of

the turbulence is sensed with a wavefront measuring device-a shearing interferometer-and the

phase structure function is estimated from these phase measurements. Because the phase structure

function is directly related to the average OTF of an imaging system, no inferences ar- made about

the effects of the turbulence on imaging performance.

In this chapter, a description is given of the experimental procedures used to characterize the

statistics of the generated turbulence. Figure 3.1 shows a block diagram of the experimental setup.

A plane-wave is propagated through the lab-generated turbulence, and the perturbed wavefront is

sensed by the wavefront sensing device. The wavefront sensor gives an estimate of the wavefront

phase. It is from this measured wavefront phase that the phase structure function of Equation 2.16

is calculated. Section 3.1 discusses the wavefront sensor; Section 3.2 introduces the design of the

turbulence chamber; and Section 3.12 addresses the actual experimental setup.

WWMw

Paenbed Wavermat
UfLMUANCE

Figure 3.1. Block diagram of the experimental setup used.
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3.1 Shearing interferometer

The shearing interferometer (SI) is the wavefront measuring instrument used in the experi-

ment due to its high spatial resolution capabilities. The spatial sampling interval is approximately

0.5 millimeters. The SI is shown in Figure 3.2. For a detailed description of the shearing interfer-

ometer, including the mathematics describing its operation, the reader is referred to Appendix A;

a qualitative description and an example are given below.

Figure 3.2. Shearing Interferometer.

As can be seen in Figure 3.2, there are two identical legs of the SI, the z-interferometer and •'

the i#-interferometer. The purpose for the two identical legs will become apparent shortly; for now, i

the discussion is limited to one leg of the SI. The input beam, which is linearly polarized at 45

degrees, is split into two independent beams with orthogonal linear polarizations by a polarizing

beam splitter (PBS). The PBS, in combination with two mirrors, forms an equal path interferometer

that produces a laterat shear in one beam with respect to the other (see Figure 3.3). Tbe two beams,

one laterally displaced from the other in either the z- or the i/-direction, then pass through the

3-2
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Figure 3.3. Method of producing lateral shear. a) No lateral shear produced. b) Lateral shear
produced by rotating the PBS.

analyzer which recombines the independent beams and forms a pattern of interference fringes in

the area of overlap. The fringes produced are proportional to the slope of the wavefront in the

direction of shear (see Figure 3.4). In order to fully characterize the wavefront using a lateral

shearing interferometer, two interferograms with mutually perpendicular shear directions must be

used. This is the purpose of the two legs of the SI. The z-interferometer shears the beam in the

x-direction and the y-interferometer shears the beam in the y-direction.

CUN

Figure 3.4. Overlap fringes in a Shearing Interferometer.

The slope measurements obtained from the SI must then be reconstructed into a phase map

of the input wavefront. Wavefront reconstruction is performed by a software program that reads
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in the interference patterns formed by the SI and, using a technique discussed by Hudgin [261,

reconstructs the slope information into a phase map. This SI can sense a phase difference of 1/2

wave (X/2) per shear distance without any ambiguity. If the phase difference exceeds the 1/2 wave

per shear distance, an unresolvable ambiguity results. Therefore, decreasing the amount of shear

induced in the beam will increase the magnitude of the phase variations that can be sensed. A

larger shear induced into the beam tends to increase the signal, and the sensitivity to small values

of the slope. Thus, when setting the shear distance, a tradeoff must be considered; use a small

shear to sense large slopes with decreased sensitivity, and a larger shear to sense small slopes with

limited dynamic range.

As an example of the information provided by the SI and associated software, a beam that is

de-focused is input into the shearing interferometer. Figure 3.5 shows the raw interference patterns

for the de-focused wavefront. The interference fringes of the images indicate areas where the phase

difference between two points on the input wavefront separated by the shear distance is constant.

The six images with interference fringes correspond to the three images with n-shear and three

images with p-shear. The two sum images are simply the scaled sum of the three x-images and

the scaled sum of the three p-images. Figure 3.6 shows a cross section through the center of

each image parallel to the direction of shear. These plots clearly show the relationship described

in Equations A.6-A.8 and plotted in Figure A.3. From these interference patterns produced by

lateral shears, the n-tilt and p-tilt for each point within the aperture are calculated. The tilts,

shown as surface plots, are shown in Figures 3.7 and 3.8. The wavefront slope estimates are then

combined in a linear fashion and converted to absolute wavefront phase. The resulting wavefront

phase is shown in Figure 3.9. Figure 3.10 displays two computer generated interferograms. The

interference patterns are produced by digitally "interfering" the calculated wavefront with reference

plane waves having a user defined amount of x- and p-tilt in waves. The amount of z- and p-tilt in

the reference plane wave is shown below each interference pattern.
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Figure 3.5. Raw interference images and sums for group 2147S, frame 0 (2147S/0).

X SUM &IMAGES: 21.475/0 Y SUM &ýý IMGE 47S/0

400 300

300 -' 131

100~

'I 0 . ..

0 o too 1050 200 250 30 50 100 150 200 250 3001

Figure 3.6. Crosw sections of the raw images shown in Figure 3.5
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Figure 3.7. X-Tilt map for groý,up 2147S, frame 0
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Figure 3.8. Y-Tilt map for group 2147S, frame 0
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Figure 3.9. Phase map for group 2147S, frame 0.

Figure 3.10. Computer generated interference patterns for group 2147S, fraine 0.
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is controlled by a heating element connected to a Cole Parmer model 2603 Voltage Controller.

For experimental reproducibility purposes, fan speed and air temperature inside the chamber are

measured. The fan speed is measured with a calibrated strobe, and the temperature is measured

with a simple thermometer. If desired, screens can be inserted into the chamber to help break up

the flow and homogenize the turbulence.

Figure 3.11b shows the turbulence generator with the plexiglass sides removed. From this

diagram the airflow direction can be visualized. This turbulence chamber was designed by Thomas

Baudendistel and built by the fabrication shop at the Air Force Institute of Technology (AFIT).

Detailed design drawings of the turbulence chamber are given in Appendix C.

3.3 Experimental Setup

Figure 3.12 shows the optical setup used to experimentally determine the phase map of an

optical wave propagated through laboratory generated turbulence. The shearing interferometer

Figure 3.12. Experimental setup used.

shown in the figure is identical to that shown in Figure 3.2 and discussed in Section 3.1. The two

210-millimeter lenses, one on the SI, the other just prior to the SI, are the imaging optics shown

in Figure 3.2. The laser beam in Figure 3.12 is passed through the collimator at location 1. The

collimator produces a two-inch diameter beam. At location 2 the beam is linearly polarized in the

vertical direction. The beam then passes through the lab generated turbulence. The imaging optics

image a location just inside the turbulence generator onto the aperture at location 4. The location
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of the aperture is referred to as the pupil plane of the SI. It should be noted that there will be

other locations along th• optical path where intermediate images are formed. The wave-plate at

location 3 rotates the polarization by 90 degrees, giving horizontal polarization. The non-polarizing

beam splitter (NPBS) at location 5 splits the beam so that a portion of the energy is directed to

the Point Spread Function (PSF) camera. The Polarizing Beam Splitter (PBS) passes only the

horizontally polarized portion of the beam that is passed through the NPBS. This PBS can be used

with a pockel cell if a faster shutter speed is needed. The next two lenses, 210-millimeter focal

lengths, image the pupil plane of the SI onto the six cameras of the SI and collimate the beam.

The wave-plate just prior to the SI is an adjustable half-wave plate that can be rotated to change

the input polarization to the SI. This wave-plate can be set to pass the vertical, horizontal, or both

polarizations and is important to the calibration of the SI.

3.4 Experimental Procedures

In this section, the experimental procedures are described. The section begins with an in-

troduction and an explanation of the common terms used throughout this section. Next, an ex-

planation of how the measurement noise effects present in the experimental setup are determined.

Characterizing the measurement noise present in the setup is an important step in the experiment,

as it will determine the minimum sensitivity of the wavefront sensor. The final section provides a

detailed explanation of how the estimate of the phase structure function is calculated\

3.4.1 Common terms. Measured wavefront data is stored into groups. Each group con-

tains one or more frames--temporal realizations of the wavefront being measured. group is

classified as either a reference group or a data group, depending on the experimental nditions

under which the information is acquired. A reference group is a group of 16 frames acq *red with

the turbulence turned off. These 16 frames are averaged to limit the effects of measurement noise,

yielding a reference wavefront. A data group is a group of frames acquired under a particular set of
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experimental conditions. These conditions include turbulence turned off, for noise characterization,

and turbulence turned on, for phase structure function measurements. The strength of the turbu-

lence can be varied as described in Section 3.2, and each data group is taken with the turbulence

strength set to a particular level. Each data group consists of 120 frames, each giving indepen-

dent realizations of the wavefront phase. The number of frames in a data group is determined

by data storage limitations, instrument calibration, limitations (see Appendix A), and sample size

considerations-the larger the sample size, the more accurate the estimate of Da.

In order to limit the systematic error effects, such as the limited optical quality of the compo-

nents in the beam path, reference groups are acquired as closely in time as possible to data groups.

T]ie reference wavefront is then subtracted from each of the wavefronts in the data group, yielding

a delta-wavefront, A, that carries only the random effects induced by the measurement noise and

the turbulence.

3.4.2 Noise characterization. With the turbulence turned off, the noise is characterized

by1 acquiring a reference group followed by acquiring a data group, consisting of 10 frames. The

reference wavefront phase values are then subtracted from each of the measured data wavefronts.

If here were no noise present in the system, the data wavefronts would be identical to the reference

wavefront. Thus, subtracting the reference wavefront phase values from each of the measured data

wavefronts would yield perfectly flat wavefronts. However, due mainly to measurement noise in the

cameras, the measured delta-wavefront phases include some non-deterministic variations. These

non-deterministic variations are characterized by calculating the combined mean and standard

deviation of the phase values for all 10 delta-wavefronts, giving approximately 300,000 samples

of the measurement noise. A histogram of the phase variations is also plotted. A measurement

sensitivity can be calculated using the estimated statistics of the noise:

=e# - A X SNR cameras, (3.1)
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where e# is the sensitivity in the phase measurements, or& is the standard deviation of the delta-

wavefronts, and SNR cameras is the minimum signal-to-noise ratio required in the cameras.

3.4.3 Calculation of the phase structure function. The estimate of the phase structure

function is calculated by acquiring a reference group followed by a data group with the turbulence

at the desired setting. The reference wavefront phase values are then subtracted from each of the V

measured data wavefronts. The resulting delta-wavefronts, which carry the random effects induced

by the turbulence, are analyzed to determine an estimate of the phase structure function, defined

by Equation 2.16.

Because the phase structure function is directly related to the average OTF of the atmosphere,

as discussed in Section 2.1.3, it will be the main statistic that is calculated. As discussed in

Chapter II, the phase structure function is defined as the mean square phase difference between 7-..

two points on the wavefront. By calculating b.(i 1 ,fi2) as a function of the vectors i€1 and F2,

no assumptions are made about the homogeneity or isotropy of the turbulence. Without the

assumptions of homogeneity and isotropy, the averaging of the squared phase difference must be

done for each vector separation across the ensemble of delta-wavefronts.

) [ f - A(3.2)

where N is the number of realizations of Aý within the group of data and ?I1 and Ft9 are points

withijn the aperture. The number of delta-wavefront realizations in the ensemble is 120. Because AO -

is stored in a 256 x 256 array of which the aperture fills :ýbout 80 percent, there are approxdmately

52,425 different points that can be used for F•1 and iF2. If every permutation of Ft1 and it2 were

used to estimate the phase structure function, there would be as many as (52,425 x 52,424)/2 =

1,374,164,100 different vector combinations. To reduce the number of vector combinations, a
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representative sample of the 1,374,164, 100 combinations is used to estimate the phase structure

function.

The vectors used for calculating b.((fi, i 2 ) are determined by selecting a template of points

within the aperture as showr in Figure 3.13. The first step in making this template is to determine

where the wavefront phase should be sampled. Figure 3.13 shows the locations on the wavefront

where all of the vector separations are centered. The circle represents the area over which the phase

TEMPLATE
250 ......................

200

a a

00.

G"I 7 a

100 a a AS| I0 II

50 ,=

0 . . i .. . ! .. . .. . . .

0 50 100 150 200 250
X - PIXELS

Figure 3.13. Template used to determine number of vectors within the aperture.

has been calculated. Points inside the circle represent good data points on the reconstructed delta-

wavefront. The triangles within the circle serve as the origins for the different vectors, iF1 and ft2 .

The vectors used are oriented at 0, +45, -45, and 90 degrees from the x-axis and centered on the

template points shown in Figure 3.13. The magnitude of the difference between it1 and if2 is varied

from the smallest value possible centered over the location of interest to the largest value possible

while keeping both vectors, iF1 and iF2 , within the aperture. The number of possible vectors, and

the maximum separation, varies depending on the vector orientation and the location within the

aperture. For example, at location 0, the number of vector separations centered on that point in the
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p-direction is less than the number in the n-direction. Also note that the largest vector separation

between two points centered at location 0 is smaller in the y-direction than in the n-direction.

It is important to note that only the vectors having the same position, magnitude, and

orientation within the wavefront are averaged over all realizations within the data group. Therefore,

no assumptions are made about the homogeneity or the isotropy of the tu ~ence when estimating

the phase structure function using Equation 3.2. The presence of these properties is determined

by examining the functionality of the phase structure function. If the phase structure function is

independent of vector orientation about a particular location, the turbulence is locally isotropic

at that location. If the generated turbulence is homogeneous, the phase structure function will

depend on only the vector separation, Ft1 - F2 lIfthe phase structure function depends only on the

magnitude of the vector separation, If,1 - F21, then the turbulence is homogeneous and isotropic.

Figure 3.14 illustrates the definitions of locally isotropic turbulence, homogeneous turbulence, and

homogeneous and isotropic turbulence.

To test for isotropy, b.(f11,i 2) versus I,- f2i is plotted for vector separations centered on

one location within the aperture. Each of the four vector orientations ce ntered on this location

is plotted on the same graph. If the turbulence is isotropic, the plots will follow the same curve.

When plotted on a log-log scale, a line with a slope of 5/3 is superimposed to determine if the

- structure function follows the Kolxnogorov 5/3 power law relationship. This test for isotropy is

accomplished for all 13 locations (see Figure 3.13) to determine if the turbulence is isotropic over

the entire aperture. To test for homogeneity, t. (F1 , ft2 ) versus ljt1 -xfaI is plotted for a single vector

orientation-say the n-direction-and compared by location within the aperture. For example, the

structure function for locations 0, 1, 4, and 6 are all plotted on the same graph. If the turbulence

is homogeneous for n-directed vector separations, the plots will follow the same curve. Again, a

5/3 slope line, on a log-log scale, is superimposed to determine if tht structure function follows the

Kolmogorov 5/3 power law relationship.
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Figure 3.14. a) For locally isotropic turbulence, the value of the phase structure function, D.(f),
is equal for all orientations of i shown. b) For homogeneous turbulence, the value
of D.(I) is equal for all i shown. c) For homogeneous and isotropic turbulence, the
value of D,(!) is equal for all orientation and locations of 1 shown.

Properties of the phase structure function can be visualized by expanding the theoretical

equation for the phase structure function (Equation 2.9):

D. (FI,et) = ( 2(L)+ 2(f )) - 2C#,(,,£ 2 ),i

where C##(it1 ,1r2 ) is the correlation function of •S. As the magnitude of it1 - f2 increases, the

correlation function falls to zero and the phase structure function approaches the value (2(fiI) +

02(f2)). As the magnitude of F, - F2 decreases, the value of 2 C##(i,, f2) approaches (02(fl) +

0(f2)) and the phase structure function will fall to zero.

Using optical phase measurements to determine statistical properties of laboratory generated

turbulence eliminates the need for placing probes in the turbulence and possibly disrupting the

actual characteristics of the turbulence. As escribed in Section 2.2.1, Majumdar [15, 34] and

Bissonnette [7] use temperature probes to measure the temperature structure function, DT, as a

function of probe separation. These ieasuremLnts are taken only at discrete locations along the

length of the turbulence charLaber and are used to aracterize the turbulence at any location within

the chamber. This assumes that the turbulence i homogeneous and isotropic at all locations when

that may not be the case. The temperature structure function method used by Majumdar and
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Bissonnette ignores any boundary layer disturbances that may be present at the front and back

of the turbulent chamber. Boundary layers occur whenever a large gradient in the properties of

the air is present. Effects of these boundary layers are difficult to characterize. Using the phase

measurement technique, the effect of the boundary layer is not ignored; however, no attempt is

made to characterize this disturbance. The optical phase measurements will also yield a phase

structure function that is characteristic of the entire optical path within the turbulent chamber,

unlike the temperature structure function which yields characteristics of discrete portions of the

chamber. While measuring the temperature structure function does give an insight to the structure

of the turbulence, the effects of this turbulence on optical imaging cannot be determined without

calculating the phase structure function. The need to infer the phase structure function from the

temperature structure function is eliminated by measuring the phase statistics directly.

A shortfall of measuring only the phase structure functicn is that the effects of the turbulence

are integrated over the length of the cell giving no indication of how the turbulence is distributed

within the cell. However, as stated in Chapter 1, we are interested only in the integrated phase

effects of the turbulence.

This chapter has described the major components of the experimental setup, namely the

shearing interferometer and the turbulence generator. It will be important to remember the ori-

entation of the coordinate system as shown in Figure 3.2. The'experimental procedures were also--

outlined in this chapter. The equation used to estimate the phase structure function without any

assumptions about the structure of the turbulence was given (Equation 3.2). The methods used

for characterizing the homogeneity and isotropy of the turbulence were also presented.

Chapter IV presents the results from the experiment described in this chapter. A represen-

tative sample of the plots used to characterize the turbulence are given; and, observations of the

homogeneity and isotropy of the tuibulence are made. The remainder of the plots produced from

the experimental data are presented in Appendix D. The strength of the turbulence, as quanti-
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fled by the index structure function, C2, is characterized as a function of the turbulence settings.

Chapter IV closes with some observations about the general trends of the phase structure function /

as a function of the turbulence settings../
!-

/
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IV. Results

in this chapter, the results of the experiment are presented. The first section presents the

results of the measurement noise characterization. The sensitivity of the shearing interferometer

is estimated from the statistics of the measurement noise. In the second section, the results of

the characterization of laboratory generated turbulence are presented. An estimate of the phase

structure function is calculated from the acquired wavefront data. Conclusons are then drawn

about the isotropy and homogeneity of the generated turbulence using the the estimated phase

structure function.

4.1 Noise characterization results -.

To determine the magnitude of any noise effects within the system, including any noise from

the cameras, data is taken with the turbulence turned off. As discussed in Section 3.4.2, a reference

wavefront, consisting of the average of 16 realizations, is measured followed immediately by a group

of data consisting of 10 wavefront realizations. The reference wavefront phase is then subtracted

from each of these 10 wavefront realizations, yielding 10 realizations of AO, where AO is a measure of

the phase variations across the aperture. Any variations in the phase values are assumed to be due

to measurement noise. Figures 4.1 and 4.2 show two examples of the delta-wavefront phase maps

used to characterize the noise. Figure 4.3 shows the histogram of the phase variations, indicating

that the noise is approximately a zero mean Gaussian random process with a standard deviation of

7.91 x 10-i waves. The technique of plotting a histogram of the data as a means of characterizing

a random process is used because of its simplicity. More accurate techniques of estimating density

functions, such as Parzen windows and the nearest-neighbor rule, are described by Duda and Hart

[11]. The sensitivity of the shearing interferometer is calculated by using Equation 3.1 and found

to be 0.0237 waves, allowing for a signal-to-noise ratio in the cameras of 3. It should be noted that

the sensitivity is measured with the shear set to four pixels in both the z- and Y-directions. Thus,
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Figure 4.1. Delta phase for 2146, frame 0 (used for noise characterization).
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Figure 4.3. Histogram of the phase variations induced by measurement noise.

with four pixels of shear, the shearing interferomete~r can measure phase values as small as 0.02

waves and phase changes as large as 0.1 waves per pixel.

4.2 Phase structure function reut

Characterization of the turbulence is accomplished by estimating the phase .itructure function

as described in Equation 3.2. The design of the turbu!-nce chan~ber is such that the temperature

and the wind speed within the chamber can be controlled. The wind speed is controlled by varying

the voltage applied to the fans and the temperature is controlled by varying the voltage applied to

the heating element (see Section 3.2). The temperature inside the turbulence chamber is measured

with a thermometer, giving an estimate of the average temperature within the chamber. The wind

speed within the chamber is not measured directly; howe~ver, the fan speed, in rotations per minute,

is measured using a calibrated strobe. To help homogenize the turbulence, screens can be placed

in the turbulence flow.
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Different combinations of the fan voltage and element voltage are used to fully characterize

the properties of the turbulence. The structure of the turbulence is also characterized with and

without screens placed within the chamber. Acquiring data with different turbulence settings also

allows examination of the dependence of the phase structure function on average temperature, as

well as wind speed. Table 4.1 summarizes the conditions under which data is acquired as well

as identify'ing the group number for the settings. An estimate of the phase structure function

is calculated for each one of the groups listed in Table 4.1 by measuring the phase disturbances

induced by the turbulence. Figures 4.4 and 4.5 show example realizations of AO used to estimate

the phase structure function.

FAN (V) ELEMENT (V) SCREENS T___'C FAN SPEED (rpm) GROUP
20 35 NONE 27 830 2042
20 50 NONE 35 830 2050
20 65 NONE 49 830 2114
20 80 NONE 73 830 2108
20 35 ONE 32 830 2086
20 50 ONE 42 830 2092
20 65 ONE 60 830 2100
20 80 ONE 83 830 2116
35 50 NONE 35 1350 2112
35 65 NONE 44 1350 2068 1
35 80 NONE 56 1350 2080
24 53 ONE 42 1030 2122
28 55 ONE 42 1160 2124
32 58 ONE 42 1270 2128
36 60 ONE 42 1380 2132
40 61 ONE 42 1475 1 2138

OFF OFF -N/[A AXM-BIENT NIA 2ý146

The homogeneity and isotropy of the turbulence for the conditions outlined in Table 4.1 are

determined by plotting the phase structure function as discussed in Section 3.4.3. If the phase

structure function, 15,(FI1, F2 ), is independent of the vector orientation of ill - F~2 about a location

within the aperture, the turbulence is locally isotropic at that location. If the phase structure

function depends only on F1- f2 for all points in the aperture, the turbulence is homogeneous. For
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Figure 4.4. Delta phase for 2092, frame 0. The fan voltage is 20 volts; the element voltage is 50 --
volts; there is one screen in the chamber; the average temperature is 420 C.
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Figure 4.5. Delta phase for 2092, frame 234. The fan voltage is 20 volts; the element voltage is /
50 volts; there is one screen in the chamber; the average temperature is 428 C.
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turbulence that is both homogeneous and isotropic, the phase structure function depends only on

ift1  i 2j.

In this sectic :,the functionality of the phase structure function, D,, is presented for the

experimental conditions outlined in Table 4.1. Conclusions about the homogeneity and isotropy

are made based on these functional relationships. The effect of the turbulence settings on the

inner and outer scale sizes of the turbulence and the index structure constant, C,!, is presented

after determining if the generated turbulence is homogeneous and isotropic. The index structure

constant is calculated using Equation 2.10. Also presented in this section is the dependence of b.

on the wind speed and average temperature within the turbulence chamber. The section concludes

with some general observations about the characteristics of the estimated phase structure function.

4.2.1 Isotropy. To test for isotropy, the phase structure function, .b., is plotted versus

I,- F21[ The lines between the two points, it1 and f2a are oriented at 0, 45, -45, and 90 degrees

with respect to the x-axis (see Figure 3.14a). A line proportional to r6/3 is fitted to the linear

portion of the data. It should be noted that determination of isotropy is somewhat subjective-

determined by how closely packed the curves of b, are for the four vector orientations. If the

5/3 slope line matches the trend of the data, implying Kolmogorov turbulence, the mean squared

difference between the data and the r1/3 line can be used as a relative measure of the isotrcjpy.

For the remainder of this thesis, when the term mean squared error is used, it refers to the mean

squared error between the r5/3 curve and the data. Figures 4.6 and 4.7 show example plots of b, (r)

for vectors centered on location 6 of the aperture (see Figure 3.13). These plots are for the data

taken at the weakest and the strongest turbulence settings respectively. As can be seen in these

figures, the turbulence produced does follow the Kolmogorov 5/3 power law for a certain range of

separations; therefore, the mean squared error is used as a quantitative measure of the isotropy.

A comparison of the mean squared error to the magnitude of the phase structure function

in Figures 4.6 and 4.7 indicates that the turbulence appeare to be locally isotropic at the center
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of the aperture for both settings. Figure 4.6 shows 5.D(r) for 2042. The turbulence settings for

group 2042 are: 20 volt fan voltage; 35 volt element voltage; no screens; and 27*C temperature.

The magnitude of the phase structure function over the range of values for r that b.(r) follows the

5/3 slope line ranges from 10-1 to 10-1 while the mean squared error is on the order of 10-6. The

mean squared error is at least two orders of magnitude below the values, of b.. Figure 4.7 shows

.b.(r) for 2116. The turbulence settings for group 2116 are: 20 volt fan voltage; 80 volt element

voltage; one screen; and 8300 temperature. The magnitude of the phase structure function over

the range of values for r that b.(r) follows the 5/3 slope line ranges from 10-1 to 10+1 while the

mean squared error is on the order of 10-1. The mean squared error is approximately one order of

magnitude below the values of 1%. Figure 4.7 shows that the degree of isotropy tends to decrease

as the strength of turbulence increases.

Figures 4.8 and 4.9 shows a plots of b.(r) for vectors centered on location 6 of the aperture

for groups 2114 and 2092. The settings for these two groups are approximately the same in terms

of average temperature within the chamber. The only difference between the conditions for 2114

and group 2092 is that for group 2114, a screen is not used; and, for group 2092, a screen is used

(see Table 4.1). The screen that is used consists of a wire mesh of about 20 squares per inch.. This

wire mesh is placed on both sides of a frame that is inserted into the chamber so as to break up

the flow of air (see Figures 3.2 and C.8). One effect of placing this screen in the chamber is to raise

the average temperature within the chamber, most likely due to the restriction of airflow caused

by the screen. FRom Figures 4.8 and 4.9 it can be seen that placing this screen in the chamber has

a minimal effect on the isotropy of the turbulence.

Plots like those shown in Figures 4.6-4.9 are generated for each location in the aperture

yielding similar results. Figures 4.10 and 4.11 show example plots of D8 (r) for group 2092 at the

remaining points in the aperture. As can be seen in these plots, the generated turbulence exhibits

the properties of locally isotropic turbulence at all locations within the aperture; thus, the generated
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Figure 4.6. DN(r) for 2042, location 6. The fan voltage is 20 volts; the element voltage is 35 volts;
there is no screen in the chamber; the average temperature is 270 C.
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Figure 4.7. b.(r) for 2116, location 6. The fan voltage is 20 volts; the element voltage is 80 volts;
there is one screen in the chamber; the average temperature is 830 C.
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Figure 4.8. D.(r) for 2114, location 6. The fan voltage is 20 volts; the element voltage is 65 volts;
there is no screen in the chamber; the average temperature is 490 C.
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Figure 4.9. b.b(r) for 2092, location 6 test for isotropy. The fan voltage is 20 volts; the element
voltage is 50 volts; there is one screen in the chamber; the average temperature is 42.
C.
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turbulence appears to be isotropic. Note also on these plots that the magnitude oftb. is relatively

constant across the aperture. The remainder of the isotropy plots, included in Appendix D, show

that the turbulence appears to be somewhat isotropic for al the settings of turbulence outlined in

Table 4.1.

4.2.* Homogeneity. To test for homogeneity, the value of the phase structure function,

b., is plotted versus r, for vectors having the same orientation, f, - F2, and different locations.

The value of N.il) is compared by location of the vector F within the aperture (see Figure 3.14b).

Figure 4.12 shows the plots for group 2042; the fan setting is 20 volts; the element voltage is 35 volts;

no screen is placed in the turbulent flow; and the average temperature is 260 C. Figure 4.12 shows

four plots, one for each vector orientation. Again, because the phase structure function follows the

5/3 slope line, indicating Kolmogorov type turbulence, the mean squared difference between the

phase structure function data and the r1/1 line is used as a quantitative measure of the homogeneity.

Figure 4.13 shows the homogeneity plots for group 2116; the fan setting is 20 volts; the element

voltage is 80 volts; one screen is placed in the turbulent flow; and the average temperature is 83*

C. Figures 4.12 and 4.13 are plots for the data acquired at the weakest and strongest turbulence

settings respectively. From the plots it can be seen that the generated turbulence appears to

be homogeneous. Also shown in the plots is that the mean squared error, as compared to the

magnitude of b,, seems to increase as the temperature within the chamber increases, indicating

that the turbulence is becoming less homogeneous. The decrease in homogeneity with increase in

turbulence strength tends to hold for all the data groups. The remaining plots used to test for

homogeneity, included in Appendix D, also indicate that the generated turbulence appears to be

homogeneous for all settings.

As mentioned in Section 3.2, a screen can be placed in the turbulence chamber to help break up

the Hlow and homogenize the turbulence; however, an increase in the homogeneity of the turbulence

is not evidenced in the data. Figures 4.14 and 4.15 show example plots of D.(r) for data acquired
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Figure 4.11. D.(r) for 2092, locations 7 - 12. The fani voltage is 20 volts; the element voltage is
50 volts; there is one screen in the chamber; the average temperature is 420 C.
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Figure 4.12. b.(r) for 2042. The fan voltage is 20 volts; the element voltage is 35 volts; there is
no screen in the chamber; the average temperature is 270 C.
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Figure 4.13. b.(r) for 2116. The fan voltage is 20 volts; the element voltage is.80 volts; there is
one screen in the chamber; the average temperature is 83* C.
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4.2-3 -* f the .... . f, , /

at approximately the same turbulence settings; however, group 2092 is acquired with a screen in

the chamber and group 2114 is acquirel without the screen. Placing the screein the chamber

appea l to have minimal effect on the hn mogeneity of the turbulence, as can be seen by comparing

the plots from the Figures 4.14 and 4.15. o t r

,r.,rbt Inertiah aubrange. The value of the phase structure function, stn , appears to be2.1

independent of vector orientation an. location; thus, the turbulence is approximately homogeneousing

and isotropic. Figure 4.16 shows an example plot of the phase structure function versus r for all

vector locations and orientations. Estimates of the inner and outer scales of the turbulence, as

well as a calculation of the index str ture constant, Co, can be determined from the plots of

D.(r). The index structure constant is calculated by fitting a 5/3 slope line, on a log-log scale, to

the linear portion of the dist. The coefficient of the r 5 curve that minimizes the mean squaredby

error between the curve and the data is related to the index structure constant by Equation 2.10.

From the calculated value of in, a vdue for the Fried seeing-cell size, tm, is calculated using

Equation 2.14. The inner and outer sbales are estimated by qualitatively determining, from the
plots of b.,(r), where the phase structuire function no longer follows the Kolmogorov 5/3 power. '

relationship. The ratge of values of r etween the inner and outer scale is defined as the inertial

subrange. Table 4.2 gives the values of the inner and outer scales, C?•, r., and the average mean,

squared phase variations induced by the turbulence for each data group. The average mean squared

phase variation is denoted by

4(4.1)

where the over-line indicates an average over the aperture and (.) indicates an ensemble average.

Because the phase variations induced by the turbulence appear to be zero mean, as shown in

Figure 4.17, (A• 2) can be estimated by averaging the variance of the phase deviations. Again, the

remaining plots used to calculate C~n and the inner and outer scales of the turbulence are indluded

in Appendix D.
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Figure 4.16. b.(r) for 2042. The fan voltage is 20 volts; the ekiient voltage is 35 volts; there is
no screen in the chamber; the average temperature is 270 C.

Table 4.2. Test Results. The turbulence settings are indicated under the SETTINGS column and
numbers in the column indicate fan voltage, element voltage, number of screens and
temperature respectively.

GROUP SETTINGS C2 (m- 2 /) r(( 2) (rad2 ) /

2042 20/35/0/27tC 5.7 xT10-= 13.0 .400 9000 0.02
2050 20/50/0/35°C 2.3 x10=- 5.6 600 9000 O.0M
2114 20/65/0/49°0 1.7 x10-1 1 1.7 800 9000 0.77
2108 2048040473-C 4.2 xlO-1u 1.0 950 9000 1.39
2086 20/35/1/32-C 1.2 x 10-'7 2.1 900 8000 0.33
2092 20/50/1/420C 2.4 x10- 1 - 1.4 1000 1000 0.88
2100 20/65/1/600C 6.6 x10-1 0  0.7 1000 9000 1.63
2116 20/80/1/83-C 1.4 xlO0  0.5 1000 10000 3.56
2112 35/50/0/35-C 5.0 x1O-1 3.5 850 9000 0.13
2068 35/65/0/44-C 8.5 xl0"- 2.6 700 8000 0.31
2080 35/80/0/560C .4 xl0- u 1.4 900 9000 0.74
2122 20/53/1/42-C 2 1.3 1000 1000 1.04
2124 20/55/1/42-C 3.1 x10-1u 1.2 1000 9000 1.05
2128 20[58T1/42"C 2.2 x10- 1 0u 1.4 800 10000 0.92
21.32 20/6041442-C 2.7 x10-10 1.3 1000 9000 0.97
2138 20/6111/4200 2.6 x10-1  1.3 900 9000 1.04
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Figure 4.17. Histogram of the phase variations induced by turbulence for group 2042, location 6.
The fan voltage is 20 volts; the element voltage is 35 volts; the average temperature
is 270 C.

4.L.4 Dependence of D. on temperature and wind speed. The strength of the turbulence,

as quantified by the index structure constant, increases as the average temperature within the

chamber increases, as can be seen in Table 4.2. Figure 4.18 shows a plot of Cn as a function of

temperature. The increase in C,2 with increase in temperature is not surprising since the index of

refraction variations also increase with temperature. The dependence of C. on fan speed is realized

by comparing the index structure constant for groups 2092, 2122, 2124, 2128, 2132, and 2138. As

shown in Table 4.2, the index structure constant appears to be relatively independent of the wind

velocity. This phenomena is known as Taylor's "frozen flow" hypothesis [30,. If the exposure time is

fast compared to the wind induced variations, the wind will not affect the phase structure function.

The average value of C, for groups 2092, 2122, 2124, 2128, 2132, and 2138 is 2.6 x 10-1 0 m-2 /3

with a stendard d-.viation of 3.06 x lO-Im- 2/3 .
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Figure 4.18. Index structure constant, C.2, versus average temperature within the chamber.

4.3 Observations

In this sectioni some of the general trends of b.(r) as a function of the turbulence settings

are discussed. As mentioned in the previous sections, the generated turbulence exhibits the charac-

teristics of homogeneous and isotropic turbulence for all the settings tested. However, there seems

to be a trend of decreasing homogeneity and isotropy as the temperature within the chamber is

increased. This apparent decrease in homogeneity and isotropy could be due to the non-uniform.

heating of the heating element used to create the temperature variations. The element used is

a coil of wires arranged in a spiral pattern. When the temperature of the coils is hot enough

that the element turns red, it becomes obvious that the element temperature is higher toward the

center of the spiral pattern. This non-uniform heating of the element creates turbulence that has

non-uniform index of refraction variations across the chamber.

Another trend that is obvious in the data, and generally present for all settings of turbulence,

"is that the magnitude of the phase structure function for vectors in the y-direction tends to decrease
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at large separations, r. Theory predicts that the phase structure function should level and remain

constant for values of separation greater than the outer scale of the turbulence, L.. In light of

Equation 3.3, this trend indicates that either the mean squared value of the phase deviations

decreases near the edges of the aperture in the turbulence flow direction, or that the correlation of

the phase at apposite edges of the aperture increases. The former implies that the turbulence is

not homogeneous in the flow direction for separations on the order of the aperture size. The latter

implies that the phase deviations at the edges of the aperture are correlated in some way. The most

probable case is that of the mean squared value of the phase deviations decreasing near the edges

of the aperture, implying that the turbulence is not homogeneous at the edges of the aperture in

the direction of turbulence flow.

Theory predicts that for Kolmogorov type turbulence that is homogeneous and isotropic,

the phase structure function will be proportional to r1/ 3 for values of r between 1. and L., the

inertial subrange. For values of r less than I., the phase structure, function will follow an r2power

relationship. Plots of the phase structure function indicate that the turbulence does follow the

Kolmogorov 5/3 power law relationship within a range of values of r. Although the actual slope

has not been estimated for values of r less than the inner scale, the data does indicate that the

slope of the phase structure function, on a log-log, does decrease from the 5/3 slope for values of r

less than the inner scale.

As shown in Table 4.2 the values of C. range inmgiuefo 03t 0m . The

corresponding values of r. range from 13.0 to 0.5 cm. The values of Cý are approximately 4 to

5 orders of magnitude larger than typical C,, values for the atmosphere\ However, because the

propagation path length for the turbulence chamber is much smaller thaz the propagation path

length within atmospheric turbulence, in order to realize the same type of ~effects as atmospheric

turbulence, the turbulence chamber must create stronger turbulence.
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V. Conclusions

A unique method of measuring the effects of laboratory generated turbulence on optical

imaging has been developed. Direct measurements of optical wavefront phase are made using a

wavefront sensor; and, from these measurements, an estimate of the phase structure function is

calculated. The estimate of the phase structure function is calculated in such a manner as to

eliminate any assumptions about the structure of the turbulence. Because the phase structure

function is directly related to the average OTF of the optical system, the need to infer system

performance characteristics from other meesurements is eliminated.

The measurement noise associated with the shearing interfero-meter was characterized. The

sensitivity of the SI was found to be approximately 0.0237 waves, allowing for a signal-to-noise ratio /
in the cameras of 3. Thus, with the shear distance set at 4 pixels in both the z- and y-directions,

the shearing interferometer can sense phase values as small as 0.0237 and phase changes as large.

as 0.1 waves per pixel.

A turbulence generator has been designed and built to aid in the characterization of current

adaptive optics and image enhancement techniques, as well as the development of new image en-

hancement techniques. The generated turbulence has been characterized using the unique method

of directly measuring the wavefront phase perturbations induced by the turbulence. The char-

acteristics of the turbulence has been fouud to match reasonably well with those of the Earth's

atmosphere. Determinations of homogeneity and isotropy were made by observing the functional

dependence of the phase structure function on the magnitude, orientation, and location of the vec-

tor il -i• 2 . Plots of the estimated phase structure function, .b.(ir1 - indicate that the generated

turbulence is reasonably homogeneous and isotropic. The plots also show that the phase structure

function is proportional to If, - f215/3 for a certain range of values, indicating Kolmogorov-type

turbulence. Estimates of the index structure constant, which is often used to describe the strength

of the turbulence, range in magnitude from 10-12 to 10-1 meters-2/3. The corresponding values
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of the Fried seeing-cell size, r., range from 13.0 to 0.5 cm. The turbulence strengths are 4 to 5

orders of magnitude larger than typical values of C' for atmospheric turbulence. The inner scale,

as estimated from the plots of b., ranges between 400 and 1000 micrometers and the outer scale

ranges between 8 and 10 millimeters, depending on the turbulence settings. Average mean squared

phase variations range between 0.02 and 3.56 square radians.

The turbulence generator designed and characterized for this project provides the Air Force

Institute of Technology (AFIT) with the capability to test current and iuture adaptive optics and

image enhancement techniques in a controlled laboratory environment. The turbulence chamber

also provides a tool to aid in the understanding of turbulence effects on all electromagnetic propa-

gation.
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Appendix A. Shearing Interferometer '

There are several different types of shearing interferometers. The principal concept is that

the wavefront to be tested is interfered with a spatially shifted or sheared version of itself forming

a pattern of fringes that are proportional to the slope of the wavefront in the direction of shear.

This spatial shift can be created several different ways. Some examples are:

"* Lateral shear - the replica is laterally displaced relative to the original.

"* Radial shear - the original is interfered with a scaled replica.

"* Rotational shear - the replica is rotated some angle relative to the original.

"* Folded shear - the replica is inverted about some axis relative to the original.

LATERAL SHEAR RADtAL SHEAR

WYOTMIOAL SHEAR FOLDED SHEAR

Figure A.1. Types of Shearing Interferometers.

This appendix will concentrate on the lateral shearing interferometer (SI). For discussions and

descriptions of the other types of shearing interferometers, see, for example, [9, 24, 441.

A.1 Introduction to the lateral shearing interferometer

The first lateral shearing i',terferometers were developed by Lenouvel and Lenouvel in 1938,

Bates in 1947, and Haiharan an6 Sen in 1960 [24]. The Lenouvel and Lenouvel SI was based on

the Michelson interferometer, the Bates SI was a modification of the Mach-Zehnder interferometer,
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while the Hariharan and Sen SI was based on the Sagnac interferometer. These three shearing

interferometers could only be used with converging wavefronts. Several modifications to these

interferometers for use with spherical and planar wavefronts are discussed by Murty [37].

There are several applications of the SI. Because the shape of a wavefront is a function

of the optical element producing it, the SI can be applied to the testing of optical systems and

components (lenses and mirrors) for determining performance. Thus, the shapes of mirror surfaces

and aberrations of lenses can be obtained from the measurement of wavefront phrse or shape.

Shearing interferometry has also been applied to the high speed measurements of optical beams

transmitted through the atmosphere and diagnostic measurement of laser systems [23]. An SI can

also be used to directly measure the Optical Transfer Function (OTF) of a system. The method

for obtaining the OTF from SI measurements is described by Hariharan [24]. Other applications

of shearing interferometry are described in detail by Bryngdahl [9].

The primary advantage of a SI is that the wavefront is interfered with itself, thus eliminating

the need for a separate reference wavefront. Because the interfering beams travel nearly identical

paths, the problems of vibration and turbulence inherent in other interferometers are significantly

reduced. Another advantage is that a SI can be configured to operate with broadband or "white

light" sources [37]. The SI provides linear wavefront measurements over a large dynamic range

which makes it valuable in measuring steep aspherics. A major disadvantage of the SI is that the

interference pattern formed is not directly related to the wavefront shape, as is the case when a

separate reference wavefront is used. Because the fringe pattern is proportional to the slope of

the wavefront in the direction of shear, the shearing interferometer can only measure wavefront

slope over small sections of the wavefront. These slopes must be pieced together or reconstructed

to obtain the actual wavefront. In order to fully characterize the wavefront with a lateral SI, two

interferograms with mutually perpendicular shear directions must be used.
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Figure A.2. Overlap fringes in a Shearing Interferometer.

A.2 Theory of lateral shearing interferometer

In a lateral shearing interferometer (SI), a pattern of fringes is formed by interfering a beam

with a spatially shifted version of itself; fringes are produced in the overlap region (see Figure A.2).

This section discusses the mathematics associated with the formation of the fringe pattern shown in

Figure A.2. This description is independent of the method by which the lateral shear is produced.

The analysis is also limited to a shear in the z-direction; the analysis for the y-direction is identical.

Let the complex amplitude, O(z,y), of the wavefront entering the SI be described by:

P (xy)= A (z,y) expji(f'), (A.1)

where A(z, V) is the amplitude, t z, y) is the phase, and z and y are spatial coordinates. A spatially

shifted-in the z direction--versin of the complex amplitude of this wave is described as: A

*(z + y,) = A (z + Ax, y) expj#(z+Am,Y), (A.2)
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where Ax is the shear distance. Then the fringe pattern formed by the interference of the fields

described in Equations A.1 and A.2 is given by the squared magnitude of the sum of the amplitudes:

l0(X,Y) + 4D(z + Ax, y)12 = 2A,2 [1 + cos (A)], (A.3)

where

•(X, Y) - (X + AX, Y). (A.4)

It can be shown [8] that for small values of Ax, the phase of the interference fringes, within a scale

factor, at any point is given by:

AO Ax. (A.5)

ax

Thus, apart from the scale factor, the analysis of the wavefront is reduced to extracting A0 from

a signal of the form:

I, = 1 + cos AO. (A.6)

If phase retardatious crrrebponding to A and 2A can be introduced into the field of Equation A.6,

the intensities would become:

12 + OS A + L(A.7)

and

13-- 1+o COSA0+ 4r ,(A.8)

respectively. Thus A0 can be found by manipulating Equations A.6 - A.8 yielding:

A, = t 1n - 12) (A.9)
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Figure A.3. Hexflash method.

Due to the difficulties associated with calculating the arctangent, some algorithm must be used that

will yield unambiguous results. Such an algorithm has been developed in an independent research

program and is called hexflash phase analysis [43]. A brief description of this algorithm follows.

The three signals described by Equations A.6 - A.8 are shown in Figure A.3, where intensity,

I, is plotted on the y-axis and phase, A0 on the z-axis. Note that in any 60 degree interval the dif-

ference between the highest and lowest signal is approximately constant, and the difference between

the intermediate and lowest signal ranges from 0 to 1. There is thus a one to one correspondence

between the intensity measurements:

intermediate - low

high - low ' (A.10)

and the value of the phase, modulo 60 degrees. By observing which permutation of 1,, 12, and

I3, gives highest, intermediate, and lowest intensities, the 60 degree interval to assign the phase is
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known. The phase then is a function:

(=F intermediate - low + N x 600, (A.11)S~~~h-igh--G low°°'(.l)-.

where N is the permutation number. This functionality is implemented in software whose output

then yields A0, the phase difference between points on the wavefront defined in Equation A.4.

This phase difference is calculated for all pixel locations, (x, y), in the aperture. The array of phase

differences, or slope measurements, is then reconstructed to form a phase map. Reconstruction

techniques and an analysis of their performance are discussed by Rimmer [41], Fried [131, and

Hudgin [25, 26], for example.

For general shear distances the phase difference A0 is given to the first order by:

AO(X,Y) = 'A$ -A, (A.12)

where Ax and Ay/ are the x- and y-shear in one leg of the interferometer. In the a-leg of the

interferometer, the y-shear is set to Ay = 0. What nonzero value to set Ax to is determined by

practical considerations. A larger shear induced into the beam tends to increase the signal, and

the sensitivity to small values of 0§/Ox, at the cost of dynamic range. Small shears induced in

the beam will increase the amount of phase variations over the aperture that can be sensed, at the

cost of decreased sensitivity. Thus, when setting the shear distance to be used, a tradeoff must be

considered; use a small shear to sense large 0§/Ox, and a large shear to sense small 8§/Ox.

A.S Description of the SI used in the experiment

A diagram of the shearing interferometer located at AFIT's Atmospheric and Adaptive Optics

Laboratory is shown in Figure A.4. This SI is used to experimentally reconstruct the phase of an

optical wavefront subjected to a random disturbance. The imaging optics at the front end of the
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The interference pattern at each camera will be of the same form as described in Equations A.6 -A.S.
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Figure A.5. Method of producing lateral shear, a) No lateral shear produced. b) Lateral shear
produced by rotating the PBS.

The images produced by the SI must then be read in by the computer that houbjs the

analysis software routines. Figure A.6 shows the hardware interfaces between the cameras, camera

controllers, monitors and the image processing boards. All of the cameras are synchronized to

Camera 03. The Androx Boards are used as frame grabbers to acquire the six interference patterns

and the PSF and are housed in the Sun-4 computer that serves as the computer interface.

A.4 Alignment and calibration

The initial alignment of the SI is important to proper operation. Each of the six cameras,

three for each leg, must image the same wavefront. The six cameras are mounted on three axis

micro-positioning stages to enable accurate alignment and focus. The first step in ensuring that

the six cameras are imaging the same wavefront is to place a small object, such as a human hair,

in one of the object planes of the optical setup. The best location for the hair is at an object

point that is located at a mirror. The hair can then be placed at the mirror with the end of the

hair touching the mirror. The next step is to adjust the imaging optics and the l ocation of the

SI so that the hair is imaged at the cameras and the beam is collimated. This step works best

if only one polarization is allowed to pass into the SI, controlled by the half-wave plate prior to

the SI. Collimation can be verified by looking at the interference fringes, with both polarizations
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Figure A.6. Schematic of camera interfaces.

allowed to pass into the SI, and adjusting the imaging optics until the fringes disappear. This ''

process is an iterative process and works best if only small adjustments are made each iteration. If

all six cameras do not image the hair perfectly, minor adjustments to the quality of focus can be

made by adjusting the micro-positioner corresponding to the direction of beam propagation until

adequate focus is achieved. Another consideration while adjusting the focus/collimation is keeping

the images , autered on each of the six cameras.

Once the SI is positioned properly, some calibration of the cameras much be completed. The

software that drives the SI and acquires the images to be analyzed aids the user in alignment and

calibration of the SI. For a detailed explanation of the procedures to follow, see the corresponding

section in Appendix B. This section provides a brief explanation of the types of calibration and

alignment that are involved with the SI.

The alignment of the cameras must be calibrated. The three interference patterns for each

leg are required to reconstruct the phase map; thus, to ensure accurate results, the interference
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patterns must physically overlap. Pixel location 1 of imntge 01 must bc compared to pixel location 1

of image 02 and pixel location 1 of image 03. All six cameras must be aligned with one camera, a

reference camera. Camera 00, as sho~wn in Figure A.6, is chosen as the reference camera. Alignment

of the cameras is achieved by placing a set of cross-hairs in the pupil plane of the SI and adjusting

the location of the camera being aligned, using the micro-positioni'ng stages, until the cross-hairs

formed on Camera 00 overlap with the cross-hairs formed on the camera being aligned. The best

results are achieved if only one polarization is passed into the SI. This procedure is implemented

in the software code that is used with the SJ (see Section B.11.1.1).

The magnification of the cameras must also be calibrated. To ensure that all six images are

the same size, the magnification of each camera must be identical. This procedure is not written

into the code, but could very easily be added. With the circular aperture in the pupil plane, a set of

images can be acquired via the software interface. The pixel extent, both in the x- and y-directions,

can then be compared for each image. A procedure to implement the comparison of pixel extent

can be written in IDL, the code that the current interface is written in. Once the pixel extents have

been compared, the magnification can be adjusted by rotating the lenses on the cameras. This is

an iterative process that must be repeated until all six images have the same pixel extent. Note

that the x- and 1,-extent of the images is not the same even though the aperture is circular. This

is due to the iact that the pixels on the COD arrays of the cameras are rectangular.

Camera gain must also be calibrated prior to acquiring any data. Because the intensity of

each pixel carries the data for the phase map, the camera gains must be adjusted so th,-t they are

identical. Before the gain is calibrated the control boxes for each of the cameras (see Figure A.6)

must be set with the automatic gain control OFF, and the shutter speed at the fastest setting.

The software interface provides for the option of calibrating the gain/offset of the cameras (see

Section B.11.3). There are two methods that can be used to calibrate the gain of the cameras;--

however, only one of the methods caiibrates the camera offset as well as the gain. The preferred
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method is the one in which the camera gain and offset are calibrated. The calibration is achieved

by placing varying magnitudes of neutral density (ND) filters in the optical path and acquiring an

image. The software then compares the intensities of the images as a function of the filter density

and fits the gain curve to each camera. The, values of gain and offset r re then saved and can be

read in by the software when needed. Note that the gain/offset are adjusted for by the software

interface and no physical adjustments need be made to the cameras. This procedure does not need

to be completed as often as the alignment or shear/shift calibrations.

The calibration that needs to be completed the most often is the shear/shift calibration.

The software interface provides the option for calibrating the shear/shift of the SI by two different

methods, as discussed in Section B.11.4. The fist method is accomplished by placing a small

aperture in the pupil plane of the SI. The software acquires an image for each polarization, centroids

the image, and calculates the amount of shear, in pixels, and the amount of shift relative to

Camera 00 . The shift that is calculated will be zero if the alignment calibration mentioned above

is perfect (not likely). This shift is corrected for by the software when the images are analyzed to

reconstruct the phase. When using this method, several realizations should be performed prior to

and after each data run. The realization should then be averaged and the average values of shear

and shift should be used when the images are analyzed. The second method acquires images for

each polarization with the circular aperture in the pupil plane. The images are then correlated

to calculate the shear and shift. This method takes considerably more computational time butj

requires less realizations because it is more accurate.
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Appendix B. Software Users Manual

The calibration of the SI, data acquisition, and data analysis are all controlled by a user-

friendly, menu-driven software interface written in the IDL program language. All of the code \ \

is accessible to the user should any alterations to the code be required. This section provides

an overview of the operation of the code in some detail so that a new user can operate the SI

adequately after reading this appendix. It should be noted that not every nuance of the code will

be discussed here because the code itself can be followed by the user with an understanding of IDL.

The user is encouraged to have a detailed understanding of the IDL programming language prior to

embarkingon the operation of the SI. A detailed understanding of the IDL programming language

will help immeasurably when trying to understand the operation of the interface code as well as

writing any new code that may be required. The description of the code that follows is given with

the assumption that the user has a working understanding of the IDL programming language.

The main program and all of the procedures required to run the software interface for the SI

are located in the directory /home/shear, the home directory for user "shear". Thus the user must

be logged into the computer as user "shear". The program must be run from within the Sun-View

environment. When logged in as user "shear", Sun-View is opened as a default. At the user prompt

within a shell-tool window, the code is started by typing go, which is an alias for idi load. This

command starts a batch (load) that compiles all of the procedures, sets some parameters for IDL,

and runs the main menu program. After all of the rrocedures are compiled, a small window will

appear in the lower right portion of the screen. This is the idlO window that has to be opened

when using the menu procedures. This window allows the user to switch between the Sun-View

environment and IDL environment, determined by the location of the mouse pointer. After some

initial programming parameters are set, the main menu for the software interface will appear on

the screen. All interfacing to the software code is accomplished within the window from which the
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code was started. When the code prompts the user to input a parameter, the input is read from

that window. Likewise, any messages from the code are written to the window mentioned.

The main menu contains seven sections:

o DATA SECTION - Specifies the data on which operations are performed.

*REFERENCE SECTION - Specifies the baseline data used in delta operations.

o ACQUIRE SECTION - Tsed to acquire raw data.

o ANALYZE SECTION - Used to analyze raw data.

o ARCHIVE SECTION - Used to manage data files.

o CALIBRATE SECTION - Used to align and calibrate the SI.

o DISPLAY SECTION - Used to display raw and analyzed data.

Each section below is titled by the option in the main program and all subsequent options that fall

under that main option are explained within that section. If the sel--ctioi in the menu activates

another menu, the selections from the new menu are described in a different! section. The discussion

under each section identifies the routines that are activated by selecting that option.

B.1 DATA SECTION

B.1.1 Mode: (current data mode). This fine identifies the current data mode. Selecting

this option allows the user to change the current data mode, current data group, as well as the

current data frame. The data mode is a descriptor for the type of data that is current or the type

of data that will be acquired. The data mode also determines which sub-directory the data is or

will be stored in on the hard drive. The user can se'ect among three different data modes:

*real: Real data includes data that is acquired and will be analyzed as actual experimental

data.
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* cal: Cal data is data that is taken for calibration purposes.

* test: Test data is not used but could be implemented to describe data taken to test the system

operation, for exwa ple.

B.1.2 Group: (current data group). This line identifies the current data group. Selecting

this line allows the user to select a data group from the disk as well as the current data frame. The

groups on the disk are listed by categories:

o Data Groups - Listing all the raw data , by group, currently on the disk.

* Analysis groups - Listing raw data, by group, that has previously been analyzed.

Data is stored by group numbers with a letter as the last character of the group name. The letter

is a flag that identifies the method of acquisition. A group can contain several frames of raw

data. For example, if data group 2025S is acquired, the raw data will be stored in the directory

real/data/2025S/ and the analysis of the raw data for group 20255 will be stored in the directory

real/anal/2Of25S/.

B.1.3 Frame: (current data frame). This line identifies the current data frame. Selecting

this line allows the user to select a data frame from the current data group. The data frames are

separated into three categories.-

* DATA - Listing of the raw data frames within the current data group.

o TILT - Listing of the data frames within the current data group for which the tilt analysis

2 has been conducted previously.

*PHASE - Listing of the data frames within the current data group for which the phase analysis

has been conducted previously.

The data frames are numbered sequentially, by twos starting with 0, in the order of acquisition.

Each data file actually contains two video frames of raw data. For example, if, within the data
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group 2025S, there are 4 files (0, 2, 4, and 6) containing the raw data, file 0 will contain frames 0

and 1, 0 corresponding to the even rows of pixels within the image and 1 corresponding to odd

rows of pixels within the image. The two images are separated in time by -L of a second. This

interlacing scheme is the method by which the video frames are acquired and the separation of the

odd and even frames is accomplished by the software code.

B.1*4 Back: (current background data). This line identifies the current background data.

Background data are images of light leakage through the shutter of the pockel cell when switched

off. These images are subtracted from the data images to remove leakage effects. Note: THIS

ONLY NEEDS TO BE DONE IF THE POCKEL CELL IS BEING USED AS A SHUTTER TO

INCREASE THE SHUTTER SPEED. Selecting this line activates the background menu, described

in Section B.8.

B.2 REFERENCE SECTION

B.2.1 Mode: (current reference data mode). This line identifies and selects the current -

reference data mode, group and frame. This is very similar to the description in Section B.1. 1 with

the exception that this line selects the reference mode.

B.2.2 Group: (current reference group). This line identifies and selects the current

reference data group and frame. This is very similar to the description in Section B.1.2 with the

exception that this line selects the reference group.

B.2.3 Frame: (current reference frame). This line identifies and selects the current

reference data frame. This is very similar to the description in Section B.1.3 with the exception

that this line selects the reference frame.
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B-2.4 Source: (current reference source). This line identifies the source mode for selecting

the reference data that is associated with the data that is acquired. Selecting this line enables the

user to select from the following reference source modes:

*Data - This mode uses for analysis the reference data that was current when the data was

acquired.

*Anal - This mode uses for analysis the reference data that was current when the data was

analyzed.

*Current - This mode uses the current reference data for analysis.

* Initial - This mode uses for analysis frame 0 of the current data group.

B.3 ACQUIRE SECTION

B.3.1 Acquire (group to be acquired). This line is used to acquire new data. The number

shown indicates the next group to be acquired if a new data group is started. When selected,

the user is asked if a new data group is to be started. Depending on the acquisition mode that

is selected, other prompts may appear as described in Section B.3.2. After all of the prompts

associated with, the acquisition mode are given, the hardware is initialized for acquisition and a

response window appears. Data is acquired immediately after the clicking on the response box.

*As mentioned in Sections B.1.1 - B.1.3, data groups and data frames are identified by sequential

numbers and the data group numbers are followed by a letter signifying the mode of acquisition.

B.3.2 Mode: (acquisition mode). This line identifies the acquisition mode. Selecting this

line allows the user to select from one of the following modes:

*Group.- Used to acquire a group of data consisting of 8 frames, 4 pairs of interlaced frames.

The first frame of each pair is separated by -L of a second. Recall that the interlaced frames
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are separated by of a second. Group names for data acquired in this manner end with

*Group Pick - Used to acquire a group of data, 4 pairs of interlaced frames, with each pair

being acquired after clicking the mouse. Group names for data acquired in this manner end

with "P."

*Group Sync.- Used to acquire a user defined number of groups separated by a user defined time

interval. The actual time interval between subsequent groups depends on how the software is*

configured to display the acquired data. There is an inherent time delay that the computer

uses to write the acquired data to disk and display the acquired frames-if the acquire display

mode is set to "Images" (see Section B.3.4). This inherent time delay can be minimized by

setting the ac quire display mode to "None." The number of groups and time interval are

defined after the acquire option is selected. The user is prompted to input both parameters.

Group names for data acquired in this manner end with "X."

*Single Pick - Used to acquire single frames with each pair being acquired after clicking the

mouse. All frames will be stored in the same data group. Group names end with "S."

* Single Sync - Used to acquire a user specified number of interlaced pairs separated by a user

defined time interval. The actual time interval between subsequent frames depends on how

the software is configured to display the acquired data. There is an inherent time delay that

the computer uses to write the acquired data to disk and display the acquired frames-if the

acquire display mode is set to "Images" (see Section B.3.4). This inherent time delay can be

minimized by setting the acquire display mode to "None." The number of pairs and the time

interval are defined in the same manner as explained for Group Sync. All frames are stored

within the same data group and group names also end with "S."

B.3.3 Analyze: (analysis mode). This line identifies the state of the analyze after acqui-

sition. When th~e mode is set to ON, the raw data will be analyzed immediately after acquisition is
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completed. When using either the Single Sync or Group Sync acquisition mode, the analysis mode

should be set to OFF.

B1.34 Display: (acquire display mode). This line identifies what is to be displayed after

an acquire is completed. Selecting this line allows the user to choose either "images" or "none."

Choosing "images" sets the software to display the raw images associated with the data acquired.

B1.4 ANALYZE SECTION

B1.4.1 ANALYZE >. Selecting this line activatcs the analysis menu, described in Sec-

tion B.9.

11.5 ARCHIVE SECTION

B1.5.1 ARCHIVE >. This line activates the archive menu, dlescribed in Section B.10.

The archive facility produces 8mm tapes containing the raw and analyzed data groups. The tapes

are named TAPE-*., where 0 is a sequential tape number. New data is appended to a list of data,

stored in the file tape-.buffer, that has not been archived. When this new data is archived, it is

appended to the current tape.

11.6 CALIBRATE SECTION

11.6.1 CALIBRATE >. This fine is used to activate the calibration menu,described in

Section B.11. The calibration menu provides the commands needed for aligning and calibrating

the interferometer.

B1.7 DISPLA Y SECTION

11.7.1 DISPLAY >. This line activates the display menu, described in Section B.12.

From the display menu, raw and analyzed data can be displayed on the screen or printed.
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*B.8 BA CKGR .RUND MENU

B.8.1 Mode: (current background mode). This line identifies and selects the current

background data mode, group and frame.

B.8.2 Group: (current background group). This line identifies and selects the current

background data group and frame.

B.8.3 Frame: (current background frame). This line identifies and selects the current

background data. frame.

B.8.4 Source: (current background source). This line identifies the source mode for

selecting the background data that is associated. with the data that is acquired. Selecting this line

enables the user to select from the following background source modes:

"* Data - This mode uses for analysis the background data that was current when the data was

acquired.

"* Current - This mode uses the current' background data for analysis.

"* OFF - This mode disables the use of background data.

B.8.5 ACQUIRE: (group to be acquired). This line is used to acquire new background

data. The shutter should be closed when acquiring background data. When this option is sele cted,

the hardware will be prepared for acquisition and a response window will appear. Data is acquired

immediately after clicking on the response box.

B.8.6 Mode: (acquire mode). This line identifies the current background acquire mode.

Selecting this line allows the user to select one of the following acquisition mode* Group, Group

Pick, Group Sync, Single Pick, and Single Sync. Each acquisition mode is described in Section B.3.2
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B.8.7 Save Data Background. Selecting this line associates the current background data

to the data that is currently selected.

B.9 ANALYSIS MENU

B.9.1 DATA SECTION. This section allows the user to select the current data mode from

the following:

* Mode: - Identifies and selects the current data mode, see Section B.1.1.

& Group: - Identifie; and selects the current data group, see Section B.1.2

* Frame: Identifies and selects the current data frame, see Section B.1.3.

* Back: - Activates the background data menu, see Section B.8.

B.9.2 Analyze. This line initiates analysis of the current data according to the modes

and parameters set in tlhis menu.

B.9.3 Mode: (current analysis mode). This line identifies and selects the analysis mode

from the following:

"* All - In this mode, analysis is performed on all data groups currently stored on the hard drive.
/

"* Group - In this mode, analysis is performed on all of the frames in the current data group. 7

"* Single - In this mode, analysis is performed on the current data frame of the current data

group.

B.9.-4 UnWrap: (current UnWrap mode). This line identifies and allows the user to

change whether or not the raw data is unwrapped into tilt maps in the analysis. The raw data

must be present for this operation to function. The mode is either ON or OFF.
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B.9.6 Recon: j'current Recon mode). This mode determines if the tilt maps are to be

reconstructed into a phase map in the analysis. The tilt maps must be present or analyzed for this

mode to function. The mode is either ON or OFF.

B.9.6 Repeat-" (current Repeat mode). This mode detarmines whether or not the analysis

results are recalculated. When this mode is OFF, the analysis will not recalculate tilt maps or

phase maps if the analysis is already present on the disk.

B.9.7 Screen: (current Screen mode). This mode determines if analysis results are

displayed to the screen during the analysis. This mode is ON or OFF.

B.9.8 Gain Source (current Gain Source). This line identifies and selects the source of

the gain calibration. The source may be one of the following:

"* data - This source mode uses the gain calibration which was current when the data was

acquired.

"* save - This source mode uses the current saved gain calibration.

"* call/anal/*.gain - This source mode uses the gain calibration selected from a list of analyzed

calibration gains stored on the disk. .. .

B.9.9 Shear Source (current Shear Source). This line identifies and selects the source of

the shear calibration. The source may be one of the following:

"* data - This source mode uses the shear calibration which was current when the data was

acquired.

"* save - This source mode uses the current saved shear calibration.

"* call/anal/*.shear - This source mode uses the shear calibration selected from a list of analyzed

calibration shears stored on the disk.
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B.9.10 Shift Source (current Shift Source). This line identifies and selects the source of

the shift calibration. The source may be one of the following:

"* data - This source mode uses the shift calibration which was current when the data was

acquired.

"* save - This source mode uses the current saved shift calibration.

"* call/anal/*.shift .- This source mode uses the shift calibration selected from a list of analyzed

calibration shifts stored on the disk.

B.10 ARCHIVE MENU

B.10.1 Loaa Tape: (current tape). This line identifies the last loaded tape. Selecting this

line allows for selecting and loading a tape from the tapes available. This option is not necessary

since tape loading is performed within other options.

B.10.2 View Tape: (current tape). This line allows the user to view the contents of

archive tapes. The actual tapes do not need to be loaded into the tape drive for this command to

operate. A list of the data groups stored on each archive tape are stored in a file under the archive

directory. The file name is the same as the name of the tape.

B.10.3 Save Data. This routine is used to save to the current tape all data groups that

have not yet been archived. The routine gives instruction for inserting the proper tape. Depending

on the amount of data to be archived and the amount of data already on the tape, this could be a

long process. Data will be stored to 'he last created tape.

B.10.4 Restore Data. This routine is used to restore archived data back to disk. The

first step is to select which tape to restore data from (the View Tape command is useful in quickly

locating the data). Instructions for loading the selected tape are then given. Once the selected tape
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is loaded, a list of available groups is displayed. The user must then select the desired data group

to be restored. After the selected group is restorid to disk, the list of groups is again displayed so

that other selections may be made. This process repeats until the user selects the QUIT option

from the list of groups.

B.1O.5 Delete Disk. This routine safely deletes the data from the hard drive. The routine

will function only if all data has been archived with the Save Data command. The routine will give

a list of data currently on the hard drive. The user may then select the group to be deleted. The

data groups are categorized into sections for ease in locating the desired group. Each section is

headed by an "ALL" option that deletes all of the data groups within that section. Note that the

calibration section deletes only the raw calibration data; the analyzed calibration results are used

in the data analysis and are not deleted.

B.10.6 Create Tape. This routine creates a new archive tape for data backups. Each tape

is identified by a file written to the beginning of each tape, tape.id, that holds the tape name and

date created. This file is read each time a tape is inserted to ensure that the proper tape is loaded.

B.11 CALIBRATION MENU

B.11.1 ALIGNMENT SECTION.

B.11.1.1 Align: (zz). This routine allows for physically aligning the inerab tc the

reference camera, Camera 00. The xx is a two digit number identifying the camera for alignmnent.

The first digit is the Androx board number and the second digit is the Androx channel number,

see Figure A.6. The routine gives a visual display on the Androx output monitors that aids

in the alignment of the cameras. A cross-hair mask must be placed in the pupil plane of the

SI. The camera to be aligned is then selected. The display flashes the cross-hair image from
/

Camera 00 superimposed on the cross-hair pattern of the camera being aligned. Adjustments
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are then made using the two micro-positioners corresponding to the directions transverse to the

propagation direction of the beam until the images overlap.

.B.11.2 DATA SECTION.

B.11.2.1 Mode: (curent data mode). This line identifies and selects the current

data mode, data group and data frame, see Section B.1.1.

B.11.2.2 Group: (current data group). This line identifies and selects the current

data group and data frame, see Section B.1.2.

B.11.2.3 Frame: (current data frame). This line identifies and selects the current

data frame, see Section B.1.3.

B.11.2-.4 Back: (current background data). This line activates the background

menu, see Section B.8.

B.11.3 CAMERA (;AUN SECTION.

B.11.3.1 Acquire & Analyze Focus. This routine acquires and analyzes images for

calibration of the gain as described below. The raw images are stored in the cal/data/ sub-directory,

and the data group names end with the identifier "F". This method of calibrating the camera gain

is quick and crude and does not measure the camera offset.

B.11.3.2 Acquire Focus. This routine is used to quire calibration images with

a large amount of focus in the beam. The idea is to have several nges across the images and

therefore have areas of peak intensities on each camera.
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B.11.3.3 Ansdyze Focus. The focus images are read and analyzed with this routine.

The peak intensity for each camera is iound and the gains which would make all of the cameras

have the same peak intensity are calculated.

B.11.3.4 Read Focus Analysis. This routine displays the anialyzed focus results.

B.11.S.5 Acquire • Analyze Gain/Offset. This routine acquires and analyzes the

images for calibration of the gain and offset as described below. The raw images are stored in

the cal/data/ sub-directory, and the data group names end with the identifier "A". This method

calculates the gain and offset adjustments for the cameras based on the measured linear relationship

betwveen beam intensity and image intensity. This method is preferred over the focus method.

B.11.3.6 Acquire Gain/Offset. This routine is used to acquire a set of images

with various exposure levels. The data should be acquired with only one polarization present and

therefore no inter~erence effects. The routine repeatedly asks for expo3ure level and then acquire

new data for that level. The exposure level is varied on a linear scale by adjusting the shutter speed

or with ND filters.

B.11.3.7 Analyze Gain/Offset. This routine performs a in-ar regression of camera

intensity as a function of exposure level for each camera. The mean intensity for a central area

of each image is used for camera intensity. Then necessary gains and offsets which would make

all cameras have the same linear relationship between exposure level and camera intensity are

calculated.

B.11.3.8 Read Gain/Offset Analysis. This routine reads and displays the analyzed

Gain/Offset results.
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B.113.9 Save Gair./Offset. This routine saves the specified calibration data as the

current instrument Gain/Offset calibration. When new data is acquired, this current calibration is

stored along with the data.

B.11.4 SHEAR MEASUREMENT SECTION.

B.11.4.1 Acquire & Analyze Spot. This routine acquires and analyzes the images for

calibrating the instrument shear, as described below. The raw images are stored in the cal/data/

sub-directory, and the data group names end with the identifier "C". This method measures the

shear by centoiding the image formed by a pinhole placed in the pupil plane of the SI. Data is

acquired for both polarizations and the centroid of the spats gives the relative translations between

images. The difference in the centroid locations of the two polarizations is a measure of the shear.

B.11.4.2 Acquire Spot. This routine prompts the user for setting and then acquiring

data for horizontal and then vertical polarization. A pin hole mask should be placed .i the pupil

plane of the SI and not moved during data acquisition.

B.11.•4.3 Acquire Multi Spots. This routine allows the user to acquire a user defined

number of spots for calibration of the instrument shear and shift.

B.11.4,4 Analyze Spot. This routine calculates the centroids of the spot images and

then takes their differences to produce the measured shear and the camera translatioa corrections

relative to Camera 00.

B.11.,.5 Read Spot Analysis. This routine reads and displays the analyzed spot

results.

B.11.4,6 Acquire & Analyze Correlation. This routine acquires and analyzes the

images for calibrating the instrument shear, as described below. The raw images are stored in
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the /cat/data/ sub-directory, and the data group names end with the identifier "B". Thi~s method

measures the shear by correlating images of the full aperture. Data is acquires for both polariza-

t~ons and the correlation between the images gives the relative translations between images. The

corerlation between the two polarizations is a measure of the shear. This method requires longer

computation times, but is more accurate then the centroid spot routine described above.

B.11.4.7 Acquire Correlation. This routine prompts the user for setting and then

acquiring data for horizontal and the vertical polarization.

B.11.4.8 Analyze Correlation. This routine correlates the images and uses the

resulting lagp to produce the measured shear and the camera translation corrections.

B.11.4.9 Read Correlation Analy~si~s. This routine reads and displays the analyzed

correlation results.

B.11-4.10 Save Shear 8i Shift. This routine eaves the specified calibration data

a8 the current instrument Shear & Shift calibration. When new data are acquired, this current

calibration is stored along with the data.

B.12 DISPLAY MENU

B.12.1 DATA SECTION.

B.12.1.1 Mode: (current data mode). This line allows the user to select the current

data mode, group, and frame, see Section B.L1.1

B.12.1.2 Group: (current data group). Thir line allows the user to select the current

data group, and frame, see Section B.1.2.
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B.12.1.3 Frame: (current data frame). This line allows the user to select the current

d Ata frame, see Section B.1.3.

B.12-.1.4 Back: (current background data). This line activates the background datr

menu, see Section B.8.

B.12.2 REFERENCE SECTION.

B.12.2.1 Mode: (current reference mode). This line allows the user to select the

current reference mode, group, and frame, see Section B.2.1.

D.12.2.2 Group: (current reference group). This line allows the user to select the

current reference group, and frame, see Section B.2.2.

B.12.2.3 Frame: (current reference frame). This line allows the user to se!cct the

current reference frame, see Ssction B.2.3.

B.12.2.4 Source: (current reference source mode). This line allows the user to select

the current reference source mode, see Section B.2.4.

B..*2.3 SINGLE SECTION. This section is used to display the analyzed results of the

current data frame.

B.12.3.1 SLOPES. Selecting this option displays surface plots of the X and Y tilt

maps.

B.12.3.2 X SLOPE. Selecting this option diaplays a surface plot of the X tilt map.

B.-1.3.3 Y SLOPE. Selecting this option displays a surface plot of the Y tilt map.
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B.12.3.4 PHASE. Selecting this option displays a surface plot of the phase map and

displays the reconstructed interferograms on tke Androx monitors.

B.12.3.5 INTERFEROGRAM. Selecting this option displays the reconstructed in-

terferograms on the screen and on the Androx monitors.

B.12.4 SINGLE DELTA SECTION. This section is used to display the difference between

the analyzed results of the current data frame and the current reference frame.

B.12*4.1 SLOPES. Selecting this option displays surface plots of the AX and AY tilt

maps.

B. 12.4.2 X SLOPE. Selecting this option displays a surface plot of the AX tilt

map.

B.1•.4.3 Y SLOPE. Selecting this option displays a surface plot of the AY tilt map.

B.12.4.4 PHASE. Selecting this option displays a surface plot of the delta-phase

map and displays the reconstructed interferograms on the Androx monitors.

B.1•.•4.5 INTERFEROGRAM. Selecting this option displays the reconstructed in-

terferograms on the screen and on the Androx monitors.

B.12.5 GROUP SECTION. This section is used to scan through the analyzed results of

the current data group. Note: there are some software bugs with this option.

B.12.5.1 X SLOPE. Selecting this option displays surface plots of the AX tilt maps.

"B.1•.5.2 Y SLOPE. Selecting this option displays surface plots of the AY tilt maps.
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B.12.5.3 PHASE. Selecting this option displays surface plots of the delta-phase

m-ps and displays the reconstructed interferograms on the Androx monitors.

B.12.5.4 INTERFEROGRAM. Selecting this option displays the reconstructed in-

terferograms on the screen and on the Androx monitors.

B.12.6 GROUP DELTA SECTION. This section is used to display the difference between

the analyzed results of the current data group and the current reference frame.

B.12.6.1 X SLOPE. Selecting this option displays surface plots of the AX tilt maps.

B.12.6.2 Y SLOPE. Selecting this option displays surface plots of the AY tilt maps.

B.12.6.3 PHASE. Selecting this option displays surface plots of the delta-phase

maps and displays the reconstructed interferograms on the Androx monitors.

B.12.6.4 INTERFEROGRAM. Selecting this option displays the reconstructed in-

terferograms on the screen and on the Androx monitors.

B.12.7 IMAGES SECTION. This section is used to display the raw images of the current

data.

B.12.7.1 SINGLE. Selecting this line displays the raw images of the current data

frame on the Androx monitors and the gain/offset adjusted images on the screen.

B.12.7.2 GROUP. Selecting this line scans through the raw images of the current

data group and displays them on the Androx monitors.

B.12.7.3 PSF. Selecting this line displays, to the screen, the PSF image and a surface

plot of the PSF intensity of the current data frame.
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B.1L27.4 PSF GROUP. Selecting this line scans through the PSF images of the

current data group and displays them on the Androx monitors. The centroid coordinates of the

PSF are displayed to the screen.

B.12.8 OTHER SECTION. This section is used to set modes and parameters for the

S... display menu.

B.12.8.1 SCREEN. This line identifies and allows the user to select the display

screen mode from the following:

- ON - this mode, graphics output is displayed to the screen.

e ASK - this mode, the user is asked if the graphics output should be displayed to the screen.

- OFF - In this mode, graphics output is not displayed to the screen. Note: these options only

effect týe graphics outputs. All nun-graphics output, text instructions, and inputs are always

display•d to the window from which the software was started.

B.12.8.2 PRINTER. This line identifies and allows the user to select the display

print mode "om the following:

0 ON - In this mode, graphics output is written to a postscript file and sent to the laser printer.

o ASK - In this mode, the user is asked if the graphics output should be written to a postscript

file and sent to the laser printer.

* OFF - In this mode, graphics output is not wri'ten to a postscript file or printed.

B.12.8.3 X SECTION. This line identifies and allows the user to select the display

cross section mode from the following:

o ON - In this mode, cross sections of the surface plots are displayed.
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* ASK - In this mode, the user is asked if cross sections of the surface plots should be displayed.

* OFF - In this mode, cross sections of the surface plots are not displayed.

B.12.8.-4 SET UP >. Selecting this line activates the Set Up menu for display

parameters as described in Section B.13.

B.13 SET UP MENU

B.13.1 REMOVE CURVE FROM PHASE . This section allows the user to determine

which aberrations are to be removed from the phase maps prior to display. The piston, tilt, focus

and astigmatism of all phase and tilt maps are calculated and their values are listed on the surface

plot of the phase. An "It" following the value of an aberration listed on the surface plot indicates

that the aberrations have been mathematically subtracted from the surface plot. The menu lists

the four aberrations mentioned. Selecting one of the aberrations listed toggles the value following

the aberration between a "1" Lnd a "0". The "1" indicates that the aberration will be removed

while the "0" indicates that the aberration will not be removed.

B.13.2 REMOVE CURVE FROM SLOPES. This section alhows the user to determine

which aberrations will be mathematically subtracted from the tilt maps prior to display.

B.13.3 SHOW BORDER ON MAPS. This Fection allows the user to determine how the

borders of tae surface plots will be displayed. A ":" indicates that the border area is fit to the

curve while a "0" indicates that the border will be set to the minimum value of the data being

displayed. The plot border can be selected for both the phase maps and the tilt maps.

B.13.4 ADD TILT TO INTERFEROGRAMS. After the phase maps are calculated and

displayed, two computer generated interferegrams are displayed on the Audrox monitors. Each

interferogram is generated by "interfering" the calculated wavefront with a plane wave having
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some amount of tilt. This section allows the user to input the amount of tilt - in waves - present

in t12v reference wavefront.

B.13.5 1: X. Tilt. Identifies and sets the amount of tilt, in waves, applied to the reference

plane wave in the X direction for the first interferogram.

B.13. 6 1: Y- Tilt. Identifies and sets the amount of tilt, in waves, applied to the reference

plane wave in the Y direction for the first interferogram.

B.13?.7 2: X..Tilt. Identifies and 3ets the amount of tilt, in waves, applied to the reference

plane waire in the X direction for the second interferogram.

B.13.8 2: Y- Tilt. identifies and sets the amount of tilt, in waves, applied to the reference

plane wave in the Y direction for the second interferogram.

B.14 EXAMPLE

This section outlines the proc--dures to calibrate the SI and acquire a set of experimental

data. This section shouldd serve as an example only. Several of the parameter settings discussed

can be changed to the desired setting.- determined by the specific requirements of the experiment

being conducted. All menu choices are indicated by boldface type.

B.14.1 Calibration. The camera gain and offset should be calibrated prior to starting

a new experiment. For this procedure, the circular aperture should be placed in the pupil plane.

This calibration procedure does not need to be conducted again for the duration of the experiment.

The procedure is started by selecting the CALEIBRATION option from the MAIN MENU. This

selection activates another menu, the CALIBRATION MENU. Within this menu, select the Ac-

quire and Analyze Gain/Offset option. The software then prompts the user to set a single

polarization. The next step is to input the exposure level. The exposure level is determined by the
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ND filter placed in the beam. Start with the lowest amount of filtering 4at does nat completely

saturate the cameras, input the exposu:re and click the mouse to acquire the images. Increase

the filtering by a small amount and repeal the procedure. Continue this procedure approximately

10 to 15 times to ensure adequate sampling. After the last image has been acquired, select the

quit option. The code then analyzes the images to calculate the gain and offset and sends the user

back to the CALIBRATION MENU. Frrm this menu, select the Save Gain/Offset option which

saves the current gain/offset calibration Go the disk.

The next calibration to be performed is the alignment. For this procedure the cross-hair

mask should be placed in the pupil plane. From the CALIBRATION MENU, select the Align 01

option. The Androx monitors then flash the cross-hair pattern from Camera 00 superimposed on

the cross-hair pattern from Camera 01. Adjust the micro-positioners until the images overlap. The

cross-hair pattern is actually several pinholes arranged in a + pattern. When the images overlap,

the pinholes will be dark in the center. Once the images are aligned as desired, select the continue

option from the prompt window. The usei is then be sent to the CALIBRATION MENU. Reneat

this procedure for Cameras 02, 10, 11, and 12.

Next, the shear and shift must be calibrated. Recall that there are two methods by which

this can be accomplished. The first method is the spot centroid method. For this procedure the

pinhole mask should be placed in the pupil plane. From the CALIBRATION MENU select the

Acquire and Analyze ýpot option. The software then prompts the user to set the horizontJl

"polarization. This is accomplished by rotating the half-wave plate to the required position. After

setting the polarization, click the mouse on the prompt window. The image for the horizontal

polarization is then be acq ed. The user is then be prompted to set the vertical polarization.

After the polarization is set, •lick the mouse on the prompt window to acquire the image fcr the

vertical polarization. The hoft vare then determines a centroid for each of the images and computes

the shear and shift. Repeat this procedure about six times so that the results can be averaged. The
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user is then sent back to the CALIBRATION MENU. Do not save the shear and shift calculations

until after the results have been averaged. If the user decides to use the correlation method instead

of the spot centroid method, the full aperture should be placed in the pupil plane. From the

CALIBRATION MENU select the option Acquire and Analyze Correlation. The remainder

of the procedure is identical to the centroid spot method. After the images are acquired, the

software performs the correlations ti determine the shear and shift. Because this method is more

accurate, not as many realizations need to be scquired for averaging. Calibration of the shear and

shift should be performed for each new data gror,p being acquired. The shear and shift should also

be calculated prior to and after acquisition of a data group and the results averaged.

B.14.2 Acquisition. After the pr.ý-acquisition calibrations have been performed, a refer-

ence data a'roup must be acquired. For this procedure, place the full aperture in the pupil plane

and the set half-wave plate to pass Loth polarizations. The reference data is used to subtract the

effects due to the experimental setup without any turbulence introduced. From the MAIN MENU

under the ACQUIRE SECTION examine L'e line Mode: acquisition mode. The acquisition mode

should be set at "Single Sync." If it is not, select that line to change the acquisition mode to read

"Single Sync." The line Analyze: analysis mode should read OFF so that the analysis is not be

performed immediately after acquisition. The line Display: acquire display mode can be set to

either ON or OFF. Also at the MAIN MENU, under the DATA section, the line Mode: current

data mode should read "real" and the line Back: cur74nt background data should read OFF or not

list a current background data group. Next, select thl Acquire option from the MAIN MENU.

The software then asks if a new group is to be started, click on the yes option. The next window

displays the settings for the Single Sync acquisition mod . The number of interlaced frames should

be about 8; this tells the software to acquire 8 pairs of mages. This parameter can be changed

by selecting the line and inputting the desired number t the window from which the program

was initially started. The time interval can be changed in the same manner and, for this example,
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should read 0 se, The software then prompts the user with a continue window; this gives

the user a last chance to make sure everything on the optics b~nch is set correctly. Be sure that

the half-wave plate prior to the SI is set to pass both polarizations. If everything is set properly,

Eelect CONTINUE. The software then acquires the specified number of frame pairs. This data is

analyzed after the experimental images are acquired.

After the reference data is acquired, the experimental data can be acquired. The steps to

follow are identical to those followed for the reference data. The number of interlaced frames to be

acquired should be set to 120, and the time interval should read 17 seconds. The software code then

acquires the 120 frame pairs separated by about 30 seconds; the code has an inherent 13 second

delay in this mode.

After the reference data and experimental data are acquired, more shear/shift calibrations

should be performed. If using the spot centroid method, acquire and analyze the spot centroid about

4 more times. Next the shear/shift calibrations must be averaged. There is no current option for

this from the main menu, so the user musk exit the main program. Control is sent back to the

idl prompt in the initial startup window. All procedures that were inii.lly compiled are stored in

memory. The user must then edit the read-allocal procedure in the calib.pro file. This procedure

must be edited to reflect the calibration group results that are to be averaged together as well as the

filename to which the averaged results are to be written. After the file has been edited and saved,

it must be recompiled. At the idi prompt, type .run calib. The procedures contained in the file

calib.pro are recompiled. After the procedures are recompiled, call the procedure read_.alcal by

typing the procedure name. The procedure is activated and the calibrations results defined in the

procedure are averaged. These averaged results must then be made the current shear/shift results

used for analyzing the acquired data. From the idl prompt, the MAIN MENU can be entered by

typing .go. Enter the CALIBRATION MENU and set the Gain Source to "save", the Shear

Source to the file that the averaged results were saved to plus the extension "shear", and the Shift
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Source to the file that the averaged shift results were saved to plus the "shift" extension. Note

that the extensions for the averaged results are written automatically.

B.14.3 Analysis. Now the data needs to be analyzed. From the MAIN MENU select

the ANALYZE > option. This will activate the ANALYSIS MENU. The line Mode: cusrrent

anal ysis mode should read "ALL" so that all of the data is analyzed. The lines UnWrap, Recon,

&ad Repeat should read ON, ON. and OFF respectively. The Gain Source, Shear Source,

and Shear Source should read as described above. With everything set as described, select the

Analyze option to initiate the analysis.

When the analysis is complete, the experimental data must have the reference data subtracted.

From the MAIN MENU, verify that the current reference mode and group are set to the reference

data that was acquired. The reference frame should be set to group, the average of all the frames

In that group. The fine Source: current reference source should read current. From the DISPLAY

MENU under the GROUP DELTA section, select the Phase option to calculate and display the

delta phase maps. The display options for the screen and the printer need to be set to the desired

settings prior to initiating this step. The delta data are be stored in a group name reflecting the

two groups that were subtracted.
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Appendix C. Thrbulence Chamber Design Drawings

This appendix gives the detailed engineering drawings of the turbulence chamber used in

this experiment. This turbulence chamber was designed by rhomas Baudendistel and built by the

fabrication shop at the Air Force Institute of Technology (AFIT).

Turbulence Chamber Part List
for two Chambers

Part NumberLetter Description Reuired

A Fan Mount (Ire P 4

d Top and Bottom (IrP WOOd) 4

C End Cover (If- PyAwd) 2
D Heater Element Mount (16",shmtmwti) 2

E Filter Guides (1n6-I ,,eetu 8

F Front Support (I w • 2

G Side Covers (ir PtAwm 4

- 1/4"dia x 1" Wood Dowel Pins 48

Notes: Attach Parts A-F with glue and/or
wood screws. Part G is attached
to Chamber with wood dowel pins
for removability. Chambers should
also be able to connect together in
series Instead of side covers.
Therefore, wood dowel pins should
not be glued In place.

Table C.1.
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Part A
1/" Front View 112"H- Side View

4 1/4" Dia Holes
5"V2

All ateial- 1/" Pywod Bth sdes 21nshe
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Part C
Front View Side View

- ~ 1/2" 1/2" -- H 14

1/4" Dia Holes
8 1/2"

1/"

All Material - 1/2" Plywood Both sides finished
I Required

Figure CA3
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Part D

Hi112"- Top View -"1

L o o 1---3/16"

Front View Side View

4 3/8" Dia Hole

1/8' Dia Holes

52.5 Deg

5"

2 1/2"

2 1/2"

5"

All Material - 1/16" Thick Sheet Metal
1 Required

Figure C.4.
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Appendix D. Additional Phase Structure Function Plots

This appendix include! the remainder of the phase structure function plots that are -t

included in the main results section. All of the data presented in this appendix is used to determine

the characteristics of the turbulence generated.

2050.6
1.E+00

"1 .E-01

- 1.E-02

+- X DIRECTED
, 1.E-03 o Y DIRCTED

A +45 DIRECTED
S0 It, 0 -45 DIRECTED

- R* x 1.22E-07
1.E-04 + USE: 3.50E-04

V 1 .E - 0 5 . . ..... . . ....
100 1000 "10000

r (microns)

Figure D.1. D,(r) for 2050, location 6. The fan voltage is 20 volts; the element voltage is 50
volts; there is no screen in the chamber; the average temperature is 350 C.
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Figure D.2. D.(r) 'or 2108, location 6. The fan voltage is 20 volts; the element voltage is 80
volts; there is no screen in the chamber; the average temperature is 730 C.
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Figure D.3. b.(r) for 2086, location 6. The fan voltage is 20 volts; the element voltage is 35
volts; there is one screen in the chamber; the average temperature is 320 C.
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Figure DA4 b.(r) for 2100, location 6. The fan voltage is 20 volts; the element voltage is 65
volts; there is one screen in the chamber; the average temperature is 600 C.

2112.6
1.E+01
1.E+00:

N 0 1.E-01
1 .E-02

+ X DIRECTED
YDIRECTED

1.E-03 o+45 DIRECTED
o -45 DIRECTED

+~ R"' x2.05E-07
1.E-04 + SE: 3.52E-04

1.E-05 L _ _ _ _ _ __ _ _ _ _

100 1000 10000
r (microns)

I'I

Figure D.5. b,(r) for 211, location 6. The fan voltage is 35 volts; the element voltage is 50
volts; there in no screen in the chamber; the average temperature is 350 C.
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Figure D.6. D.(r) for 2068, location 6. The fan voltage is 35 volts; the element voltage is 65
volts; there is no screen in the chamber; the average temperature iE 44o C.
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Figure D.7. ba(r) for 2080, location 6. The fan voltage is 35 volts; the element voltage is 80
volts; there is no screen in the chamber; the average temperature is 56' C.
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Figure D.8. t.(r) for 2122, location 6. The fan voltage is 24 volts; the element voltage is 53
volts; there is one screen in the chamber; the average temperature is 420 C.
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Figure D.9. b.(r) for 2124, location 6. The fan voltage is 28 volts; the element voltage is 55
- - volts; there is one screen in the chamber, the ai erage temperature is 420 C.
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Figure D.10. b•(r) for 2128, location 6. The fan voltage is 32 volts; the element voltage is 58() -volts; there is one screen in the chamber; the average temperature is 420 C.
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Figure D.11. b,(r) for 2132, location 6. The fan voltage is 36 volts; the element voltage is 60
volts; there is one screen in the chamber; the average tempe!rature is 42" C.
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Figure D.12. Nr~) for 2138, location 6. The fan voltage is 40 volts; the element voltage is 61
volts; there is one screen in the chamber; the average temperature is 420 C.
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Figure D.13. t).(r) for 2042, locations 0 - 5. The fan voltage is 20 volts; the element voltage is
35 volts; there is no screen in the chamber; the average temperature is 27* C.
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Figure D.14. b.(r) for 2042, locations 7 - 12. The fan voltage is 20 volts; the element voltage is
35 volts; there is no screen in the chamber; the average temperature is 27* C.
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Figure D.15. b,(r) for 2050, locations 0 - 5. The fan voltage is 20 volts; the element voltage is
50 volts; there is no screen in the chamber; the average temperature is 350 C.
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Figure D.16. N O(r for 2050, locations 7 - 12. The fan voltage is 20 volts; the element voltage is
50 volts; there is no screen in the chamber; the average temperature is 350 C.
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Figure D.17. N O~r for 2114, locations 0 - 5. The fan voltage is 20 volts; the element voltage is
65 volts; there is no screen in the chamber; the average temperature is 49* C.
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Figure D.18. .b.(r) for 2114, locations 7 - 12. The fan voltage is 20 volts; the element voltage is
65 volts; there is no screen in the chamber; the average temperature is 490 C.
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Figure D.19. NO(r for 2108, locations 0 - 5. The fan voltage is 20 volts; the element voltage is
80 volts; there is no screen in the chamber; the average temperature is 73* C.
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Figure D.20. l).(r) for 2108, locations 7 - 12. The fan voltage is 20 volts; the element volt.itge is
80 volts; there is no screen in the chamber; the average temperature is 73* C.
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Figure D.21. b.(r) for 2086, locations 0 - 5. The fan voltage is 20 volts; the element voltage ;s
35 volts; there is one screen in the chamber; the average temperature is 32* C.
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Figure D.23. 1).(r) for 2100, locations 0 - 5. The fan voltage is 20 volts; the element voltage is
65 volts; there is one screen in the chamber; the average temperature is 600 C.
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Figure D.24. b.(r) for 2100, locations 7 - 12. The fan voltage is 20 volts; the element voltage is
65 volts; there is one screen in the chamber; the average temperature is 60* C.
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Figure D.25. b'(r) for 2116, locations 0 - 5. The fan voltage is 20 volts; the element voltage is
80 volts; there is one screen in the chamber; the average temperature is 83* C.
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Figure D.27. b.(r) for 2112, locations 0 - 5. The fan voltage is 35 volts; the element voltage is
50 volts; there is no screen in the chamber; the average temperature is 350 0.
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Figure D.28. b.(r) for 2112, locations 7 - 12. The fan voltage is 35 volts; the element voltage is
50 volts; there is no screen in the chamber; the average temperature is 350 C.
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Figure D.29. 1.,(r) for 2068, locations 0 - 5. The fan voltage is 35 volts; the element voltage is
65 volts; there is no screen in the chamber; the average temperature is 44* C.
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Figure D.31. N O(r for 2080, locations 0 - 5. The fan voltage is 35 volts; the element voltage is
80 volts; there is no screen in the chamber; the average temperature is 560 C.
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Figure D.32. b.(r) for 2080, lo cations 7 - 12. The fan voltage is 35 volts; the element voltage is
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Figure D.33. N O~r for 2122, locations 0 - 5. The fan voltage is 24 volts; the element voltage is
53 volts; there is one screen in the chamber; the average temperature is 420 C.
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SFigure D.34. b.(-) for 2122, locations 7 - 12. The fan voltage is 24 volts; the element voltage is
53 volts; there is one screen in the chamber; the average temperature is 420 0.
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Figure D.35. b,(r) for 2124, locations 0 - 5. The fan voltage is 28 volts; the elemeat voltage is

55 volts; there is one screen in the chamber; the average temperature is 420 C.
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Figure D.36. b.(r) for 2124, locations 7 - 12. The fan voltage is 28 volts; the element voltage is
55 volts; there is one screen in the chamber; the average temperature is 42* C.
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Figure D.37. .b.(r) for 2128, locations 0 - 5. The fan voltage is 32 volts; the element voltage is
58 volts; there is one screen in the chamber; the average temperature is 420 C.
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Figure D.38. b.(r) for 2128, locations 7 - 12. The fan voltage is 32 volts; the element voltage is
58 volts; there is one screen in the chamber; the average temperature is 42* C.
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Figure D.39. b.(r) for 2132, locations 0 - 5. The fan voltage is 36 volts; the element voltage is
60 volts; there is one screen in the chamber; the average temperature is 42° C.
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Figure D.41. NO(r) for 2138, locations 0 - 5. The fan voltage is 40 volts; the element voltage is
61 volts; there is one screen in the chamber; the average temperature is 420 C.

D-36



I10 aw 1.00

11-01 1.9-01

++

4+

0 +0OO~OI 0+

11- - .41 4 -RZ .- WDw

11-0 l1.-07

100 '00 1 0000 log ODD00o

14+00. 11+00

11-01 10

A+
I1-00 119-M0

+ U.100 I I000a0
0 0 ci: 3 2313

100 low0 am0 too 1000 ¶0000

21138.12
11+01 11+0.

11.0011+00

11-01 1.9-01 +~

00

+ + + V 00.01

W.-0 &11-01.090

100~OD low00 0010 1000

Figure D.42. N O~t for 2138, locations 7 - 12. The fan voltage is 40 volts; the element voltage is
61 volts; there is one screen in the chamber; the average temperature is 42* C.
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Figure D.43. D.(r) for 2050. The fan voltage is 20 volts; the element voltage is 50 volts; there is
no screen in the chamber; the average temperature is 350 C.
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Figure D.44. b1.(r) for 2108. The fan voltage is 20 volts; the element voltage is 80 volts; there is
no screen in the chamber; the average temperature is 7.30 C.
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Figure D.45. b.(r') for 2086. The fan voltage is 20 volts; the element voltage is 35 volts; there is
one :*creen in the chamber; the average temperature is 320 C.
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Figure D.46. b.b(r) for 2100. The fan voltage is 20 volts; the element voltage is 65 volts; there is
one screen in the chamber; the average temperature is 6O* C.
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Figure D.47. N O(r for 2112. The fan voltage is 35 volts; the element voltage is 50 volts; there is
no screen in the chamber; the average temperature is 350 C.
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Figure D.48. N O(r for 2068. The fan voltage is 35 volts; the element voltage is 65 volts; there is
no screen in the chamber; the average temperature is 440 C.
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Figure D.49. b.(r) for 2080. The fan voltage is 35 volts; the element voltage is 80 volts; there is
no screen in the chamber; the average temperature is 56° C.
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Figure D.50. b,(r) for 2122. The fan voltage is 24 volts; the element voltage is 53 volts; there is
one screen in the chamber; the average temperature is 420 C.
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Figure D.51. b.(r) for 2124. The fan voltage is 28 volts; the element voltage is 55 volts; there is
one screen in the chamber; the average temperature is 420 C.
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Figure D.52. b,(r) for 2128. The fan voltage is 32 volts; the element voltage is 58 volts; there is
one screen in the chamber; the average temperature is 42' C.
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Figure D.53. D.t(r) for 2132. The fan volftge is 36 volts; the element voltage is 60 volts; there is
one screen in the chamber; the average temperature is 420 C.
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Figure D.54. NOfr for 2138. The fan voltage is 40 volts; the element voltage is 61 volts; there is
one screen in the chamber; the average temperature is 420 C.

D-43



2050.all
1 .E+00

1. E-017 B

6 1.E-02

S1.E-03 ',.<-I

1.E-04
Cý: 2.3E-21

1. E-05 MSE: 6.38E-04

100 1000 10000
r (microns)

Figure D.55. b,(r) for 2050. The fan voltage is 20 volts; the element voltage is 50 volts; there is
no screen in the chamber; the average temperature is 350 C.
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Figure D.56. ,(Nr) for 2114. The fan voltage is 20 volts; the element voltage is 65 volts; there is
no screen in the chamber; the average temperature is 490 C.
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Figure D.57. b.(r) for 21G8. The fan voltage is 20 volts; the element voltage is 80 volts; there is
nto screen in th, chamber; the average temperature is 730 C.
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Figure D.58. b.(?) for 2086. The fan voltage is 20 volts; the element voltage is 35 volts; there is
one screen in the chamber; the average temperature is 32* C.
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Figure D.59. DN(r) for 2092. The fan voltage is 20 volts; the element voltage is 50 volts; there is
one screen in the chamber; the average temperature is 420 C.
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Figure D.60. b.(r) for 2100. The fan voltage is 20 volts; the element voltage is 65 volts; there is
one screen in the chamber; the average temperature is 60* C.
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Figure D.61. b.(r) for 2116. The fan voltage is 20 volts; the element voltage is 80 volts; there is
one screen in the chamber; the average temperature is 830 C.

2112.all
1.E+01

I 1.E+00
-Of

0~ 11E-01

'- 1.E-02

S1.E-03

1.E-04
C.' 5.OE-21

11E-05 MSE: I.74E-o

100 1000 10000
r (microns)

Figure D.62. ba(r) for 2112. The fan voltage is 35 volts; the element voltage is 50 volts; there is
no screen In the chamber; the average temperature is 350 C.
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Figure D.63. b.(r) for 2068. The fan voltage is 35 volts; the element voltage is 65 volts; there is
no screen in the chamber; the average temperature is 440 C.
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Figure D.64. b,(r) for 2080. The fan voltage is 35 volts; the element voltage is 80 volts; there is
no sc een in the chamber; the average temperature is 560 C.
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Figure D.65. b.(r) for 2121. The fan voltage is 24 volts; the element voltage is 53 volts; there is
one screen in the chamber; the average temperature is 420 C.
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Figure D.66. b.(r) for 2124. The fan voltage is 28 volts; the element voltage is 55 volts; there is
one screen in the chamber; the average temperature is 42* C.
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Figure D.67. b.(r) for 2128. The fan voltage is 32 volts; the element voltage is 58 volts; there is
one screen in the chamber; the average temperature is 420 C.
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Figure D.68. bJ(r) for 2132. The fan voltage is 36 volts; the element voltage is 60 volts; there is
one screen in the chamber; the average temperature is 420 C.
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Figure D.69. D.(r) for 2138. The fan voltage is 40 volts; the element voltage is 61 volts; there is
one screen in the chamber; the average temperature is 420 C.
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