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Quantification of Aero-Optical Phase Distortion Using
the Small-Aperture Beam Technique
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This paper discusses the small-aperture beam technique, a new way of experimentally quantifying the instan-
taneous optical wave front distortions imposed by propagation through an optically active, turbulent flowfield.
The paper lays out the theoretical basis for the technique and the relationship of the measured jitter of a small-
aperture probe beam to optical path difference. A numerical simulation of a two-dimensional heated jet is used to
explore the validity of using beam-jitter signals from multiple probe beams to obtain optical path difference in a
flow region where eddy production constitutes the major character of the "turbulent" flowfield.

I. Introduction

W HEN an otherwise collimated beam of light is made to prop-
agate through an aberrating index-of-refraction field, the

wave front becomes distorted. Depending on the spatial frequen-
cies/wavelengths of the distorted wave front and the aperture (diam-
eter) of the beam, the wave front distortion affects the beam's ability
to be focused and directed. As such, aberrating index-of-refraction
fields detract from the primary objective of an optical system that
might include a bore-site error and/or a centroid error in the case of
a tracking system, a blur and identification problem in the case of an
imaging system, or a reduction in (time-averaged) intensity on tar-
get both by defocus and jitter in the case of a directed energy (laser)
weapon system, for example. If the aberrating index-of-refraction
field is due to a turbulent flow (i.e., turbulent boundary layer, shear
layer, or wake, for example) the problem is further complicated by
the fact that the field is temporally dynamic.

The optical/turbulent-fluid interaction problem is hardly a new
area of concern; analytical studies considering the propagation of
radio waves through the atmosphere were performed as early as
1950,1 while the propagation of light through a compressible tur-
bulent boundary layer was investigated analytically in 19522 and
experimentally in 1956.3 The specific problem of propagation of
light through a turbulent flowfield received a burst of activity start-
ing in the late 1960s4 and peaked with the publication of Ref. 5. All
of this work concentrated on describing the fluid-optical interaction
in terms of a statistical process.

Such a statistical representation of both the wave front aberra-
tion and the turbulence was not only justified but also the only
practical approach since, until fairly recently, the study of turbu-
lence itself focused on describing the statistics of the turbulent
flowfield. Such statistical descriptions contain mean velocity and
temperature profiles, rms fluctuations of these quantities, and power
spectral density (PSD) functions for the frequency content of the
fluctuations. These descriptions have been useful in building mod-
els of the turbulence for the purpose of predicting average velocity
and temperature fields, shear stress at surfaces, pressure distribu-
tions, heat transfer, etc. The models have also been somewhat suc-
cessful in describing time-averaged mixing, i.e., mean concentration
profiles.

For the most part, the aforementioned fluid-optical interaction
studies5 have focused on characterizing the flowfield in terms of
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hot-wire measurements processed in the usual statistical manner
just described, as well as some measure of correlation length for
density fluctuations as a function of position along the intended
optical propagation direction; the optical-phase "degradation" was
then characterized by means of one or a limited number of inter-
ferograms (generally double-pulsed) or by looking at the far-field,
time-averaged (in some sense) focus. These characterizations of the
flowfield and the optical phase distortion were then used to compare
to each other by means of linking equations derived for "statistical"
flowfields. The most commonly used linking equation is that for the
optical path variance,6 a2, given certain measured properties of the
flowfield

2 r.r1a = z(_r (1)

where G is the Gladstone-Dale constant of the medium, cr*f is the
variance of the density fluctuation at a specific location in the flow
normal to the propagation path, and Ap/ is the integral length scale of
the density fluctuations. Evaluation of Ap> in Eq. (1) requires either
a direct measurement or an assumption of a specific turbulence
statistical distribution for the covariance of the density fluctuations.

In the end, such studies were able to verify that, given the
turbulent-flow statistics, the linking equations between the fluid me-
chanics and optical degradation predicted the approximate magni-
tude of the time-averaged optical degradation in the far field.5'7"9

Unfortunately, these methods gave only an approximate feel for
the extent of the optical degradation; they could not make the link
between the fluid mechanics and a continuous time history of the
instantaneous optical phase front as it emerged from the turbulent
flow. Yet information of this sort is of crucial importance for the
successful application of adaptive-optical corrections10 to optical
systems transmitting through aero-optical flowfields.

More recent aero-optical studies have recognized the importance
of the structure of turbulence to the study of the aero-optical prob-
lem. Reference 11, for example, recognized the importance of ex-
posure time in characterizing the far-field intensity profile and was
able to link this characterization to the coherent structures in a shear
layer. Reference 12 specifically addressed the structure of turbu-
lence in numerical studies that used direct numerical simulation
results; however, these studies addressed only a handful of single
instantaneous realizations.

In this paper, we attempt to address the question of how aero-
optical data might be taken and interpreted in a way that is both
more meaningful to optical system designers and efficient to col-
lect. The word "meaningful" is interpreted to mean that a measure-
ment of the instantaneous spatial and temporal optical wave front
is important. Interferograms have long been used to capture the in-
stantaneous (snapshot) spatial wave front distortion, but the number
and acquisition rate of interferograms needed to provide tempo-
ral histories of the distortion are prohibitive. As was pointed out
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during the recent presentation of Ref. 9, at the Aerospace Sciences
Meeting,13 10 interferograms were used to attempt to extract sta-
tistical rms phase-front distortion for a compressible shear layer
experiment; the experimenters stated that at least 10 times and per-
haps as much as 100 times this number of interferograms would be
needed to extract reliable rms phase-distortion information. Further,
the instantaneous spatial wave front distortion measured by inter-
ferometry consists of discrete snapshots taken at nonconsecutive
instants in time. As such, it is not sufficient to address the question
of what aero-optical data might be taken that is meaningful without
adding the requirement that the collection of meaningful data must
also be efficient to be useful.

Very recently a new technique for obtaining statistical spatial
and temporal optical distortion information efficiently was devel-
oped by Malley et al.14 that made use of a small-diameter (small-
aperture) laser beam directed through the aberrating flowfield. The
off-axis displacement was measured by a rapid-response detector
and converted to off-axis angle, a time series of which was used
to infer the rms optical distortion. By various Fourier techniques,
information from this single beam could be used to characterize
the spatial scale and temporal frequency of the optical distortion
that would be imposed on an optical wave front traversing the flow-
field along a path parallel to the path of the small-aperture probe
beam. This method was shown to give results compatible with rms
optical distortion inferred from a large number of interferograms,
yet the method allowed the collection and processing of the in-
formation in a much more efficient manner than that required us-
ing interferometric methods. At almost the same time, Wissler and
Roshko15 investigated the time histories of a small-aperture beam
propagated through a plane shear layer in much the same way that
was used in Ref. 14 but studied the instant-to-instant characteris-
tics of the beam's deflection. By analyzing the time histories, they
were able to associate specific characteristics of the beam's deflec-
tion with specific flowfield structures in the shear layer. These two
techniques hinted at the possibility of capturing not only a statisti-
cal characterization of the optical distortion but also more detailed
information about the instant-to-instant wave front distortion over a
large viewing aperture. In our work, we have made use of multiple
small-aperture probe beams to capture this more detailed informa-
tion about the time history of a rapidly distorting optical wave front
as it emerges from an aberrating turbulent flowfield; we term this
capture technique the "small-aperture beam technique." This paper
describes the theory behind the technique and demonstrates its po-
tential in capturing a time series of instantaneous wave fronts by
applying the method to a computed two-dimensional shear-layer
flowfield.

II. Small-Aperture Beam Technique
The small-aperture beam technique (S ABT) involves collecting a

time history of the off-axis movement of a small-diameter (aperture)
laser beam as it traverses an optically active flow. We will refer here
to the small-aperture beam as the probe beam, and it is assumed
that its diameter is much smaller than the dimension of a larger
aperture beam intended to traverse the same flow, and whose optical
distortion character is of interest. The information extractable from
the probe beam's time history follows directly from the theory of
geometric optics.

Geometric optics is based on Huygen's principle,16 from which
it is known that a ray of light is always normal to the optical wave
front. The unit vector in the direction of the ray is given by the
so-called ray-tracing equation

d_
ds (2)

where r is the propagation-direction unit vector, n is the index of
refraction of the medium in which the light travels, and s is the
propagation distance.16

If a small-aperture beam is used to probe an aberrating medium
[i.e., n = n(x, y, z, t)], then the direction of the path that it will fol-
low is given by Eq. (2), assuming that the spatial scales of the phase
distortion of a larger aperture beam traversing the same aberrating
medium are large compared with the diameter of the small-aperture
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Fig. 1 Wave front distortion and probe beam.

Fig. 2 TYirbule dynamics.

probe beam, i.e., a/A <$C 1 where a is the diameter of the small-
aperture probe beam and A is the integral length scale of the optically
active structures.

Figure 1 shows a schematic of an initially planar wave emerging
from a turbulent aberrating medium. The subsequent emerging wave
front is thus distorted. This distortion is usually quantified as either
an optical path length (OPL) or as an optical path difference (OPD).
Optical path length is defined as16

/
s ( B )

nds
- (A)

(3)

where n is the index of refraction, and s (A) and s(B) refer to po-
sitions along the direction of optical propagation. OPD is the local
difference between the optical path length at a given location and
the average optical path length over the aperture. The presence of
nonzero OPD over an aperture is, in fact, what an instantaneous or
pulsed-laser interferogram measures directly at a given instant in
time. The OPD and the optical wave front distortion (shown on the
emerging wave front in Fig. 1) are related by being conjugates to
one another for the case of propagation through air.

Also shown in Fig. 1 is a single probe beam as it traverses the
medium (note that the path and the distorted wave front are greatly
exaggerated). Its path direction changes continuously along the tra-
verse, but as it emerges, it is normal to the local wave front. Thus,
the small-aperture beam technique is able to capture a time his-
tory of the spatial derivative of the wave front at a probe beam
location.

Relation Between Probe Beam Time History and
Optical Wave Front Distortion

Consider first, a single temperature perturbation convecting
through the probe beam path. For simplicity, we choose to con-
sider here only a two-dimensional flow perturbation. This single
perturbation might be thought of as due to a single turbulent eddy
(turbule) convecting through the beam. As an example, consider a
turbule described by a Gaussian distribution given by

T'(x,y) = 10exp[-160,000(jt2 v2)]K (4)

The path of the eddy is shown schematically in Fig. 2. The jitter time
history that would be produced by the small-aperture probe beam
as the turbule convects by is shown in Fig. 3, as computed using
Eq. (2). Since the convection velocity, Uc, is dx/dt and 0(t,x = 0)
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Fig. 3 Time history of beam jitter.
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Fig. 4 Resulting optical path length.

is [-dOPL(f, x)/dx]\x=Q9 the optical path length referenced to the
undisturbed beam is given by

OPL(t,x=Q)= -0^jc=0)£/cdf + OPL(f(,,jc = 0) (5)

The negative sign in front of 0(t, x = 0) in Eq. (5) results from the
fact that the OPL and the optical wave front are conjugates.

Equation 5 yields the optical path length at the location of the
small-aperture beam (x = 0), as a function of time. To obtain the
optical wave front both as a function of space (across the aperture)
and time, Taylor's frozen-flow hypothesis17 and the following equa-
tion can be used:

x = -Uc(t • (6)

where t* refers to the instant in time at which the spatial OPL is
desired. When Eqs. (5) and (6) are applied to the convecting turbule
problem [with OPL(f0, x = 0) = 0], the optical path length as a
function of space can be computed for a specific time t *. For the case
of r* = 0.8 s, the resulting OPL is as shown in Fig. 4. It is noted
that at t* = 0.8 s the center of the convecting turbule is located
at spatial location x = 0. Also shown in Fig. 4 is the optical path
length evaluated directly by integrating the following equation:

OPL(r* = 0.8, j -/'•Jo
=0.8,jc, y)dy (7)

The maximum error in OPL between the small-aperture beam ap-
proach [Eqs. (5) and (6)] and the direct evaluation approach [Eq. (7)]
is 1.02% and occurs at x = 0. It should be noted that as close as
the agreement is, it can be made even closer by sampling 9(t) more
often, thereby increasing the spatial resolution. This is an important
result because it demonstrates that, for a flowfield in which Taylor's
frozen-flow hypothesis holds, the information provided by only a

single probe beam is capable of measuring the instantaneous spa-
tial and temporal optical wave front. The ramifications of applying
the methods to a flowfield in which Taylor's frozen-flow hypothesis
does not hold will be discussed in the next section.

The information contained in the beam-jitter signal can also be
used to obtain statistical quantities for the optical degradation, as
was demonstrated in Ref. 14. From a time series of the probe beam's
position the mean bore-sight error (BSE) can be calculated as

(8)

where ft is the digitized off-axis beam angle at time r,, and N is the
number of samples in the time series. Further, the variance of the
BSE can be immediately obtained as

(9)

It should be pointed out that no assumption need be made concern-
ing convection velocity to compute BSE information; however, a
convection velocity must be assumed or otherwise determined to
infer information about OPD. Since 0 = -dOPL/dx, the optical
path length at some time f / is given as

OPL(r f'J dx
*= , *dFt//0

dt (10)

Given an appropriate convection velocity Uc (i.e., values for Uc from
the literature are usually taken as 0.6£/Centeriine for a two-dimensional
jet, O.St/oo for a boundary layer, or U for a free shear layer, for
example), dx/dt — Uc allows one to write

(ii)OPL(tj)= I 6Ucdt

which can be discretized as

OPL; =

The mean optical path length is just

(12)

(13)

from which one can obtain the rms OPD as

OPDrms -
\

(14)

Thus, having only the data from a single probe beam along with a
convection speed allows one to obtain as much information about the
phase error as all of the previous, and often laborious, methods that
have gone before. This result was demonstrated in Ref. 14 where the
information from a single probe beam was used to infer statistical
optical degradation (OPD^) values using Fourier analysis tech-
niques. The small-aperture beam technique is, however, capable of
measuring far more than just statistical values, as was demonstrated
earlier in this section for the convecting turbule problem. To further
demonstrate the potential of the small-aperture beam technique, the
next section will discuss the application of the small-aperture beam
technique to flowfields for which Taylor's frozen-flow hypothesis
does not hold.
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III. Exploring Validity of Relationship
Between Beam Jitter and OPD

It is clear from the previous section that the small-aperture beam
technique (SABT) contains the potential for investigating aero-
optical phenomena in more detail than has previously been possible;
however, much of its exploitation depends on being able to define
a "convection velocity" appropriate for using a Taylor's frozen-
flow extension of the time series to a spatial description. From our
perspective, the extent to which the use of a common convection
velocity might be appropriate depends on the relationship between
the rate of production of "eddies" or evolution of the turbulent field
and the rate at which eddies are convected. If the structure is fully
formed, regardless of its complexity, and simply convects, chang-
ing little in the time to convect through a region of interest, then
the OPD predicted by even a single probe beam should be quite
meaningful. If, on the other hand, the turbulent field is evolving at a
rate comparable to the convection rate, a predicted OPD would not
be expected to resemble actual realizations of the OPD; however,
multiple probe beams can be used to capture even this sort of OPD.

To examine the use of multiple probe beams to describe a rapidly
evolving "turbulent" flowfield OPD, we have examined a two-
dimensional jet in the region from the nozzle exit to a downstream
distance of X/D — 4, where X is the downstream distance and D
is the nozzle exit width. It is well known that the flow is still fairly
two dimensional in this region, and this is the region where vortices
form and pair at rates comparable to convection rates.18

Our approach has been to perform both numerical and physical
experiments in this region of a two-dimensional jet (1.0 < X/D <
4.0); however, only the numerical studies are given here. To model
the flowfield, we used a reduced-model representation similar to
that of Acton19 for an axisymmetric jet. The fluid (air) was made
optically active by having the jet hotter than the ambient air.

Numerical Model
The flow was modeled using a discrete-vortex method.19 The

method is inviscid, although a viscous, rotational core was used to
avoid the singularity at vortex centers. Each vortex in the field con-
vected at the velocity imposed by all others in the field via repeated
application of the Biot-Savart law. The nozzle was modeled by
placing rows of 100 discrete vortices for six nozzle widths on both
the upper and lower walls of a constant width duct. These vortices
remained fixed with time, but one vortex was placed a distance of
(t/y/2) Ar (where Uj is the jet centerline velocity and Ar is the time
step size) just downstream of the nozzle exit, in the downstream di-
rection at each time step. This and all other free vortices were then
free to convect as time progressed. To preserve definition in the
vortex trajectories, vortices were added between free vortices after
a spacing limit was exceeded.20 These added vortices had strength
equal to one-third the sum of that of the adjacent free vortices, and
these adjacent vortices were reduced in strength to two-thirds their
original strength so that the net circulation was preserved.

The absence of the inclusion of viscosity in the model is justi-
fied on at least two counts. First, at this stage in the development
of a real flow, small-scale turbulence has not yet formed, and thus
only the large-eddy motions are present and these are known to be
essentially inviscid.21 Second, we are interested only in capturing
the character of a flow similar to that of a real two-dimensional jet
and are not attempting to simulate the flow exactly. The absence
of viscosity is mirrored in our treatment of the temperature field;
no molecular diffusion is taken into account, nor is the temperature
allowed to influence the flowfield. The fluid is assumed to be either
hot or cold, depending on which side of a dividing line it lies, the
dividing line being defined by the convecting vortices. In the numer-
ical simulation, the ambient temperature T^ was set to 22° C and
the jet temperature 7} to 76°C. Optical information was extracted
as the flowfield evolved by computing actual instantaneous OPDs
directly, along with continuous probe beam jitter signals from five
downstream locations (X/D = 2.0, 2.4, 2.8, 3.2, and 3.6).

Flowfield Numerical Results
Figure 5 shows a typical flowfield representation and a flow

visualization of a two-dimensional jet experiment22; the essential

Y/D X/D

Fig. 5 Experimental (top—Ref. 22) and numerical (bottom) flowfields.

Fig. 6 Time-averaged velocity profile at various downstream locations.
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Fig. 7 Time-averaged temperature profile at various downstream
locations.

character of the experimental flow appears to be captured by the
numerical flow. The darkened region of the numerical flow repre-
sents the hot fluid. Time-averaged velocity and temperature fields
were constructed from time series of instantaneous representations
of the velocity and temperature field. Figures 6 and 7 show the time-
averaged velocity and temperature fields at X/D locations of 1.0,
2.0, 3.0, and 4.0, based on the average velocity and temperature
histories. In both figures the flowfield locations have been nondi-
mensionalized by the jet half width b that denotes the Y location
at which the velocity is 50% the local centerline value. Although
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Fig. 8 Waterfall plot of OPDs.
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Fig. 9 Jitter time series.

instantaneous velocity fields look quite chaotic, they are continuous
since the velocity field itself is continuous (i.e., constructed from
repeated applications of the Biot-Savart law over the entire set of
vortices); in turn, its averaged properties are smooth and agree with
time-averaged experimental data.22'23 The temperature profiles also
agree with those from experiments,22'23 to the point of even demon-
strating a similar inflectional point in the profiles (at Y/b = 1.0) for
locations downstream of X/D = 2.0.

Optical Numerical Results
Based on the preceding comparisons with experiment, we felt

justified in using the numerically produced optical data to begin to
address and infer the nature of the relationship between the jitter
signal and the OPD. To begin with, Fig. 8 shows a series of succes-
sive (in time) actual OPDs for the region from X/D = 2.0 to 4.0. It
can be seen that the OPDs do appear to convect. As time advances,
the fidelity of the convecting OPD begins to erode. Even so, it is
possible to infer some information from these OPDs. First, consider
the rate at which the structures convect. Tracking individual struc-
tures (as best we could determine them) showed that the structures
convected at rates that varied from roughly one-fourth the jet exit
velocity to approximately 90% the jet exit velocity; however, on
average, the range was from approximately half to approximately
75% the jet exit velocity over the region from X/D = 2.0 to 4.0.

Jitter time series were also produced at five X/D locations, 2.0,
2.4,2.8, 3.2, and 3.6; sample jitter data are shown in Fig. 9. The fact
that the flowfield is evolving rapidly is evidenced in the increasing
complexity of the jitter signal as the streamwise location increases.
At face value, this might suggest that attempted constructions of
OPDs might bare little resemblance to the actual OPDs. Using these
jitter signals and the average convection velocity at each location,
predicted OPDs were made for several times and compared with the
actual instantaneous OPD for that time. Figures 10 and 11 show a
typical set of predicted OPDs along with the actual OPD, and the
arrows at the bottom of each figure denote the locations of the probe
beams. As expected from the increasing complexity of the jitter
signals with X/D location, in general the agreement between the

Q
Q.
O -2*10'7

-6*10'7

———— Actua|
- - - - • _ Predicted from Probe Beam 1 Only
......... predicted from Probe Beam 2 Only
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2.5 3
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Fig. 10 Actual and predicted OPDs using probe beams 1,2, and 3.
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Fig. 11 Actual and predicted OPDs using probe beams 4 and 5.
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Fig. 12 Actual and composite predicted OPDs.

predicted and actual OPDs is poor; however, it should be noticed
that the OPD predicted by each probe beam jitter series is similar
to the actual OPD just downstream of its own location.

The implication of the preceding observation appears to be that,
in general, there exists a limited distance over which the beam jitter
is able to produce a close approximation to the actual OPD; this
distance and the desired accuracy of the approximation form a cri-
teria for how many probe beams are needed to describe the optical
distortion. With this in mind, we constructed composite OPDs at
various times from the five probe beam jitter signals in such a way
that each probe constructed the OPD over a distance from itself to
the next probe; Fig. 12 is one of these composites.

In comparing the two OPDs of Fig. 12, it should be kept in mind
that the constructions depend on knowing a convection speed, and
the magnitudes of the constructed OPDs will be sensitive to errors
in estimating or otherwise obtaining these speeds. This disclaimer
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Fig. 13 Flowfield and OPD evolution during period of composite OPD
construction.

aside, the construction, although not perfect, is remarkably similar
to the actual OPD. Inferences about the spatial and the temporal
character of the OPD obtained from such a sparse "instrumentation"
array would be close to those of the actual, time-evolving OPD.

It is of note that the constructions are as faithful as they are even
though they represent OPDs from a rapidly evolving region of the
flowfield. To impress this point more strongly, a series of three
realizations of the flowfield and its concomitant OPDs are given
in ascending order with time in Fig. 13. The top-most realization
corresponds roughly to the flow at the time the probe beams would
begin a stream of data that would result in the final construction given
previously in Fig. 12; the middle corresponds roughly to the point
at which approximately half of the jitter data for the construction
would have been accumulated; and the bottom realization is the last
realization and the one that corresponds to the point in time that the
construction is formed. The arrows in Fig. 13 indicate the locations
of the five probe beams. It is clear that the flow structure evolves
over this interval, and yet even some of the high-spatial-frequency
detail is preserved in the constructed OPD.

Figure 13 also reveals the relationship between the shear layer's
roller-braid combination and the resulting OPD as noted in Ref. 15.
Note that the roller-braid combination produces an optical degra-
dation with the smallest spatial frequency, whereas the detailed
structure inside of the roller is seen to produce optical degradations
with the highest spatial frequencies.

The overall error between the actual OPDs and the constructed
OPDs was evaluated by computing the root-mean-square error be-
tween the constructed OPD and the actual OPD. The root-mean-
square error was evaluated over 256 evenly spaced points over the

viewing aperture (X/D = 2.0 -» 4.0) for 150 time steps of the
numerical simulation, representing a flow convection distance of
approximately 17 nozzle widths. The choice of 150 time steps for
the evaluation of the root-mean-square error was made after it was
found that the magnitude of the error changed very little with a
further increase in the number of time steps. The root-mean-square
error is evaluated by
rms OPD error =

1
V* Y^tSABT OPD(*7, tj) - Actual OPD(*/,

150*256^^—'

(15)
Using Eq. (15), the rms OPD error was computed to be 1.348 x
10~7 m, for a peak-to-peak OPD of 5.0 x 10~7 m, leading to an
error of approximately 27% (based on the peak-to-peak OPD).

IV. Conclusions
In this paper we have introduced a sparse-instrument method (the

small-aperture beam technique or SABT) of measuring the optical
wave front distortions due to the propagation of a large-aperture,
collimated laser beam through an aberrating, turbulent flowfield.
The purpose of this paper has been to describe the physics behind
the method. The method takes advantage of the fact that the struc-
tures on the wave front convect through the viewing aperture, as the
aberrating fluid structures convect with the flowfield. The basis of
the method was described both through a simple, ideal model prob-
lem and through wave front constructions for propagation through a
numerically simulated, highly evolving two-dimensional heated jet.
In the latter case, the wave front construction was made using the jit-
ter signal from each of five probe beams to construct the wave front
from one probe beam to the next using only the jitter time history
from the upstream probe beam. This is, in fact, the crudest method
of constructing the wave front from the information available from,
in this case, the five probe beams; with this method, the rms error in
constructing the instant-to-instant wave fronts was 27%. Exami-
nation of individual wave fronts shows that, although this error is
present, the spatial character of the wave fronts is preserved on an
instant-to-instant basis. An SABT instrument, using even this crude
wave front construction technique, could provide details about the
time-evolving character of aero-optical wave front distortion that
has not previously been available for study by other methods. Even
with the 27% error demonstrated here, it would be possible to extract
detailed information about the instant-to-instant far-field patterns of
an initially collimated, large-aperture laser beam that might be di-
rected through the flowfield; using statistical information inferred
about the wave front using previous methods, only crude approxima-
tions of the far-field pattern statistical, time-averaged degradation
could be estimated. Having the instant-to-instant character of the
wave front provided by the SABT would allow for detailed studies
assessing the design requirements for an adaptive-optical system
and its predicted effect on the far-field patterns.24

Although these kinds of studies are possible with the 27% error
reported here, other techniques have been explored for combining
jitter signals to construct wave fronts between probe beams.25 Us-
ing one of the optimized techniques for the numerically simulated
heated jet, the accuracy of the constructions could be improved
to an error of approximately 20%; if the number of probe beams
were doubled (from 5 to 10 probe beams) and the optimized tech-
nique applied, the error could be improved to less than 10%.24 For
measurements on an actual heated jet with the same jet core tem-
peratures and velocities, because the experimental jet evolves more
slowly than the numerical simulation, wave front constructions with
errors of less than 6% and 2% can be realized using the 5- and 10-
probe beam versions of the SABT, respectively.24
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