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Measurements of Strehl ratio vs downstream distance, when a beam propagates through a shear layer
(Reynolds number = 810/length), reveal minimal phase distortion in the pretransition region and a sudden
decrease in the Strehl ratio when transition occurs. The Strehl ratio levels off to a constant asymptotic value
(which is a function of the velocity ratio) in the post-transition region. The constant Strehl ratio (in the fully
developed region) is attributed to fast mixing that occurs within the core of the vortices. Measurements in the
post-transition region show that the Strehl ratio takes a U-shape profile when the velocity ratio is varied from
0.4 to 0.8. Results of mathematical simulation show that coherent structures may be modeled as a sinusoidal
phase plate.

Nomenclature
B(x) = amplitude of the sinusoidal wave
b = Gadstone-Dale constant
D - beam diameter
d = vortex size
/o = frequency of the sine function
Jq = Bessel function of the first kind, order q
k — wave number = 2ir/\
I = path of beam travel
lx = width of the aperture in the Xi direction
ly — height of the aperture in the y\ direction
m = peak-to-peak excursion of the phase delay
n = refractive index
n\ = refractive index, one shear-layer stream
«2 = refractive index, the second shear-layer stream
t(x\, y\) = transmittance function
U(x\, yi) = near-field electric field strength
U(xQ, yo) = far-field electric field strength
U\ = fluid velocity of upper stream
t/2 = fluid velocity of lower stream
x = downstream distance from splitter plate
*o» yo = observation plane
*i» y\ = aperture plane
z - distance between aperture plane and observation

plane
a = constant of proportionality
A = shear-layer interface
6 = shear-layer thickness
f = phase factor
0 = angle of the coordinate plane to the aperture
A = integral length scale of turbulence
X = wavelength
Xp = density ratio
p = fluid density
Pi = fluid density of upper stream
P2 = fluid density of lower stream
o\ = variance of the phase variation
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= wave aberration
= phase excursion

p = nondimensionalized radius of the Gaussian sphere
( } = spatial average

I. Introduction

T HE study of refractive scattering by turbulent shear flows
has become important due to interest in imaging systems

and application of laser.1 In such applications, a laser beam
is propagated through a shear layer (see Fig. 1) and if such a
shear layer consists of fluids with different refractive indices,
then random phase variations can be produced in the beam
(even at low speed), thereby causing a reduction of the beam
intensity.2 For applications such as laser propagation through
the atmosphere, laser targeting, and camera/telescope cavity,3'4
such losses in beam intensity are undesirable, and therefore it
is important to understand the effects of shear-layer turbu-
lence on laser propagation.

Numerous studies have been conducted on this subject and a
detailed overview of current literature is described in Ref. 5. It
is important at this point to reiterate that most of the previous
studies on laser propagation through a turbulent medium as-
sume homogeneous turbulence. Brown and Roshko6 showed
that shear-layer turbulence is not purely homogeneous, but
instead consists of large-scale vortices called coherent struc-
tures. The effects of these coherent structures on laser propa-

Fig. 1 Laser beam passing through a shear layer.
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gation are presented in Ref. 7 and a summary of the paper is
as follows: An experimental facility was constructed in which
a shear layer was generated using air and a mixture of helium/
argon havingo the same density as air. A helium/neon laser
beam (6328 A) was propagated through the shear layer and~
the intensity of the beam was measured by a CCD camera. It
was found that the intensity profile of the beam was deter-
mined by the coherent structures. The profile was not Gaus-
sian but multiple-peaked, depending on the size and position
of these large vortices relative to the beam position. Since the
profile was determined by the coherent structures, controlling
these structures allows for the possibility of controlling beam
propagation. This was clearly demonstrated when the Strehl
ratio (defined as the peak intensity ratio of a far-field mea-
surement of a beam with phase distortion to that of a diffrac-
tion-limited beam) of a beam propagating through a perturbed
shear layer was markedly larger than that through a shear
layer that was not perturbed.

This paper is a continuing report on further progress in our
research on shear-layer optics. The main focus of this research
is to obtain a better understanding of the effects of coherent
structures on laser propagation. Three sets of tests were con-
ducted in this research. The first test proved that coherent
structures affected the optics and the second test studied the
effects of forcing a shear layer. The results of these two tests
were reported in our initial paper (see Ref. 7). The third test
(reported in this paper) studies the relationship between the
shear-layer fluid mechanics and beam propagation quality. A
beam is propagated through different sections of a shear layer
to allow different-size vortices to affect the Strehl ratio. Cor-
relation of Strehl ratio data vs laser position in the shear layer
sheds some light on the influence of large vortices on laser
propagation; these results and the discussion thereof are given
in Sec. IV. A mathematical model is developed to explain the
observed results and presented in Sec. V.

II. Theory Definition of Strehl Ratio
In a mixing layer, turbulence creates random spatial fluctu-

ations in species concentration (mass density and temperature
variation can occur as well). These variations correspond to
fluctuations in the gas refractive index given by the Lorentz-
Lorenz formula

n = 1 + Kp (1)

where K - b/pref and b is the Gladstone-Dale constant.8 Fluc-
tuations in refractive indices lead to phase distortion in the
beam, resulting in loss of intensity. A common method of
defining beam quality uses the Strehl ratio, a far-field diffrac-
tion intensity ratio. The tilt-corrected Strehl ratio (SR) is given
by the following expression8:

dp dO
O J O

(2)

where $ is the wave aberration, p is the nondimensionalized
radius of the Gaussian sphere, and B is the angle of the
coordinate plane to the aperture (see Ref. 8 for detailed math-
ematics). This expression defines the instantaneous Strehl ra-
tio of a laser beam passing through any phase-distorting

Table 1 Initial conditions

Parameter Value
t/fast(air)
t/siow(He/Ar mixture)
^/average
Velocity ratio \u
Mixture volume ratio
Natural frequency
Laser wavelength X
Index change An
Re /length. (pair A t///*air)

3.0 m/s
1.8 m/s
2.4 m/s

0.6
He/Ar : 30.6/69.4%

280 Hz
6328 A

8.54X10-5

810/cm

medium. If the phase aberration is small, the SR may be
approximated by the following empirical formula as shown by
Mahajan9:

SR = e-l (3)

where o\ is called the variance of the phase variation. In 1969,
Sutton10 modeled this variance to be

(4)

where k is the wave number, n is the index, A is the integral
length scale of turbulence, and 5 is the thickness of the shear
layer.

Applying these models to laser propagation through a shear
layer and using mixing and volume fraction arguments, Vu et
al.11 showed that the final form of the Strehl ratio for a
low-speed homogeneous shear layer between two optically
dissimilar gases may be written as

SR = exp{ - 2k2a2(nl - n2)2d2/4] (5)

where a is a constant of proportionality (a2 = 0.15) and n\-n2
is the index difference between the two fluid streams. This
model has been widely used as the means of predicting the
Strehl ratio3 of a laser beam propagating through a shear
layer. However, it should be stressed that this model is meant
for a homogeneous fluctuating density field and therefore will
not describe a naturally occurring shear layer accurately. Our
experiments confirm this fact when results show that the
Strehl ratio values did not match those obtained with Sutton's
formulation. A shear layer therefore cannot be treated as a
homogeneous field, but rather as one that consists of large-
scale coherent structures.

III. Experimental Setup
A wind tunnel is built to generate a mixing layer consisting

of two optically dissimilar gases. (See Ref. 5 to obtain a
detailed description of tunnel construction.) The velocity ratio
and density ratio of the shear layer can be varied indepen-
dently. A test section (12 in. x 4 in. x 2 in.) is constructed of
Plexiglas and has four optical windows (surface quality of
A/8) that allow for passage of the laser beam. The walls of the
test section are adjusted to remove streamwise pressure gradi-
ent in the flow.

The source of external perturbation to the shear layer is
a 10-mm-wide, 1-mm-thick oscillating plate attached to the
trailing edge of the splitter plate. The plate is connected to
two acoustic speakers driven at frequencies ranging from 0 to
350 Hz.

The optical apparatus passes a collimated beam (wavelength
is 6328 A) through a shear layer, and a receiving telescope
focuses the resultant beam onto an image-acquisition camera.
Two beam paths are formed by a 50/50 beam splitter; the first
beam is directed through the shear layer, whereas the second
beam is passed (at right angles to the first beam) through the
layer and onto a photographic plate (to obtain side-view pic-
tures of the shear layer at the same instant as the plan-view
intensity profile). This laser shadowgraph system is used to
study instantaneous vortex structures and their effects on the
far-field beam intensity profile.

A CCD camera is used to capture either a 2-s (time-averaged)
or 100-jLts (instantaneous) exposure image of the intensity pro-
file. The ratio of the peak intensity of the beam with the shear
layer turned onto that with the shear layer turned off deter-
mines the Strehl ratio. The results presented in this paper
consist only of the long time exposure of 2 s (time-averaged).

In all experiments, the shear layer is generated using a
helium/argon mixture as the slow stream (top stream) and air
as the faster stream (bottom stream). Helium (30.6%) and
argon (60.9%) are mixed to provide a density ratio of 1.0 with
respect to air and refractive index difference (A« = 8.5 x 10~5)
between the two*streams. At such low speeds, aerodynamically
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induced density fluctuations are negligible. The index of re-
fraction gradient comes from the different Gladstone-Dale
constants of helium/argon and air. The initial conditions of
the experiments are presented in Table 1.

Procedure
A laser beam is positioned along the centerline of the shear

layer. Two beams are used: a 1.0-cm-diam beam and 6.5-cm-
diam beam. The beams are positioned at 3.5 cm downstream
from the splitter plate and the Strehl ratio is obtained at
increments of 1 cm through 24 cm downstream of the splitter
plate. This experiment is conducted for two time exposures:
100 jus and 2 s. The experiment is initially conducted for a
shear layer at a velocity ratio of 0.6 and later repeated for
velocity ratios of 0.4, 0.5, 0.7, and 0.8.

IV. Results and Discussion
A. Time-Averaged Strehl Ratio vs Downstream Position

Figure 2 shows the time-averaged Strehl ratio plotted vs
downstream position from the splitter plate for an unper-
turbed shear layer. The intensity is time-averaged over 2 s,
during which time approximately 80-200 vortices have passed
through the 6.5-cm-diam beam. The Strehl ratio is constant at
0.9 from x = 4 to 8.5 cm. It then decreases rapidly to a value
of about 0.4 at x = 18 cm and remains constant from then on.
It is interesting to note that the region of rapid Strehl ratio
decrease corresponds closely to the region of transition in the
shear layer. Transition in the shear layer occurs when small-
scale vortices suddenly appear and there is a sudden increase in
mixing. It is detected by visualizing the shear layer from the
top view using the shadowgraph technique. At about 8.5 cm,
the shadowgraph reveals many small-scale vortices, thereby
indicating the position of transition.

When transition occurs, smaller-scale three-dimensional
vortices are formed that scatter the beam to cause intensity
reduction. This suggests that smaller-scale three-dimensional
turbulence causes larger phase distortion to a beam than the
larger-scale two-dimensional vortices.

The end of transition is determined from a shadowgraph
image of the shear layer. At about 18 cm, the increase in
spatial density of the number of vortices in the shadowgraph
appears to level off. This stop in increase in the number of
small vortices signifies the end of transition and thus the start
of the post-transition region.

In this post-transition region, the Strehl ratio asymptotes to
a constant value instead of decreasing to 0.0 (Vu et al.'s
formulation shown as + + in Fig. 2). One would expect that
as the shear layer becomes thicker, the difference in optical
path length grows larger; the phase distortion increases, caus-
ing the intensity to decrease. This is not observed and such an
anomaly is hypothesized to be a consequence of mixing within

Table 2 Flow conditions for five velocity ratios

Case
I
II
III
IV
V

Velocity
ratio \u

0.4
0.5
0.6
0.7
0.8

t/(m/s)
2.4
2.4
2.4
2.4
2.4

t/fast(m/s)

3.43
3.2
3.0
2.82
2.67

£/siow(m/s)
1.37
1.6
1.8
1.98
2.13

xp
.0
.0
.0
.0
.0

d/x
0.130
0.113
0.10
0.091
0.057

d/D = vortex size / beam diameter
Beam Diameter = 6.5 cm
Time Exposure = 2 seconds

tr-i- X« = 0.4
1 d/D =.45

t ^ = 0.5
d/D =.38

. ,̂ = 0.8
I d/D =.20
^ = 0.7
d/D =.24

O d/D =.27

0 10 20

X (cm)
Fig. 3 Strehl ratio vs X for five velocity ratios.
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Fig. 4 Strehl ratio vs velocity ratio.
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Fig. 2 Strehl ratio vs downstream position X.

the large coherent structures (resulting in a uniform field
inside the core of the vortices,12 thereby causing phase distor-
tion to be reduced). The effect of phase-error reduction can-
cels that of an increase in optical path length, resulting in a
nearly constant Strehl ratio.

B. Effects of Growth Rate on Strehl Ratio
The effect of growth rates on the Strehl ratio is obtained by

conducting the foregoing experiments on five shear layers with
different velocity ratios. Table 2 presents the conditions of the
five shear layers.

The plot of the Strehl ratio averaged over 2 s vs downstream
position for each of these velocity ratios is shown in Fig. 3.
The beams used in these experiments were 6.5 cm in diameter.
In all cases, the Strehl ratio is constant at 0.9 for the first few
centimeters (x less than 11 cm). The Strehl ratio then begins to
fall off very quickly and asymptotes to five different values.
Values of the asymptotic Strehl ratio are plotted vs the velocity
ratio and illustrated in Fig. 4. The figure reveals that the
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asymptotic Strehl ratio takes on a U-shaped form, contrary to
what was initially expected. Since the Strehl ratio is a function
of spatial phase error that was thought to be a linear function
of shear-layer thickness, it was expected that as the shear layer
became thicker, the Strehl ratio would decrease. However, this
did not happen; the Strehl ratio did not monotonically de-
crease with increasing shear-layer thickness. This result is at-
tributed to the large coherent structures behaving like a dif-
fraction pattern (multiple slit diffraction grating), which
causes a sinusoidal phase delay on the phase front. The new
phase front can in fact interfere to cause an increase in the
Strehl ratio. One good example that is analogous to the fore-
going phenomenon is basic diffraction theory. In a physics
laboratory, it is easy to demonstrate that under certain condi-
tions, the diffraction pattern of light around an opaque circle
is a bright central spot. The wavefront interferes to create a
large intensity in the central region. Similarly, this happens
when a shear layer behaves like a sinusoidal phase plate to
cause constructive interference. The size of the vortices 5
determines the wavelength of the grating. This model has been
tested and is presented in Sec. V.

C. Strehl Ratio vs x for a Forced Shear Layer
Figure 5 shows the Strehl ratio (obtained with a 1-cm-diam

beam) vs downstream position for an unperturbed and a per-
turbed shear layer. The perturbation was obtained by an oscil-
lating flap at the tip of the splitter plate (see Ref. 5 for details
of the experimental setup). In these experiments, the flap was
oscillated at the natural frequency of the shear layer that was
found by a hot-wire probe. The line formed by diamonds in
the graph shows the Strehl ratio for a perturbed shear layer,
whereas that formed by squares is for an unperturbed shear
layer. All the values (every x position) of the perturbed shear-
layer Strehl ratio are higher than those in the unforced case. In
addition, the Strehl ratio at the upstream location remains
constant over a longer length (until x = 12.5 cm) before it
dramatically drops off in value. Shadowgraphs of the forced
shear layer reveal that the additional region of constant and
high Strehl ratio values coincides with the region in which the
thickness of the shear layer remains constant. When the shear
layer begins to grow linearly again, the Strehl ratio decreases
in value. A 6.5-cm-diam beam gives data similar to those of
the 1-cm-diam beam, but no relationship was found between
the beam diameter and amount of Strehl ratio improvement.

D. Improvement in Strehl Ratio for a Forced Shear Layer
When the shear layer is forced at its natural frequency, an

obvious difference is observed. The Strehl ratio remains high
and constant from x = 4 cm to x = 12 cm. These additional
2 cm in which the Strehl ratio remains high correspond to the
area where the shear layer stops growing and remains constant
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in size. Although this result implies that the stop in layer
growth causes the Strehl ratio to remain high, it is suggested
that this is only part of the reason. It is theorized that forcing
a shear layer affects the shear layer more than just the growth
rate of the layer. In 1985, Robert13 found that all additional
mixing stops in this region of no growth. Although the vor-
tices are present, there is no new entrainment and a decrease in
molecular scale mixing occurs. It is therefore plausible that
forcing a shear layer inhibits the growth of the number of
small-scale structures. This reduction in the cascading process
reduces the number of small three-dimensional vortices per
unit volume existing within the shear layer, which results in
less beam scattering. The combination of a reduced number of
small vortices per unit volume and lack of layer growth con-
tributes to limiting further beam degradation. The result is a
constant Strehl ratio.

V. Shear-Layer Modeling
Previous models neglect the presence of coherent structures

and therefore lack the physics in predicting Strehl ratios. A
new model is suggested in which the influences of both fine-
scale turbulence structures and larger two-dimensional coher-
ent structures will be considered. It is believed that fine-scale
structures cause phase aberrations in the manner that Sutton
predicted. The larger structures cause a sinusoidal phase delay
on the transmitting beam and may be modeled as a phase
grating. In this paper, the interface of the shear layer is mod-
eled as a phase plate14 and takes the form of a growing
sinusoidal function

(6)

where B(x) is the amplitude of the sinusoidal wave and/0 the
frequency of the sine function. The effect of the interface is to
cause phase delay in the shape of the interface. The intensity
pattern produced by the interface may be simply modeled by
using a rectangular-aperture sinusoidal phase grating (circular
is much more difficult mathematically), with the transmit-
tance function given by

r ~1 /
, y\) = exp j ~ sin(27T/0^i) rectf j-

L ^ J \lx. T (7)

where m represents the peak-to-peak excursion of the phase
delay,8 lx and ly are the widths of the aperture in the *i and ji
direction, respectively, and/0 is the frequency of the grating.
A transmittanee function describes the magnitude of the elec-
tric field that propagates through the aperture. In this exam-
ple, the amplitude is 1 inside the rectangular aperture and 0
everywhere else.

For a unit magnitude plane wave propagating through a
rectangular sinusoidal phase grating with transmission func-
tion t(x, y), the near-field distribution of the electric field
strength Ufa, y\) immediately behind the screen will be given
precisely by t(x, y). The field then undergoes a Fraunhofer
diffraction, resulting in a far-field distribution U(x0, y0). The
intensity of the field can be calculated by obtaining the square
of the field magnitude and the Strehl ratio calculated by
dividing the peak intensity of the beam with aberration to that
without phase aberration.

SR- — ) sine — (#o - <?/oAz) sine2! —^ ) ( (8)
,2/ l\z J \AZ/J

This argument for the Strehl ratio may be numerically pro-
grammed with the correct values of phase delay tn/2 and
spatial frequency/o. In a medium with refractive index fluctu-
ation, the phase excursion suffered by a coherent, incoming
wave is8

Shear Layer Growth

Fig. 5 Strehl ratio vs X for unperturbed and perturbed shear layers. = Ar(OPD) (9)
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The optical path difference (OPD) is given by

- n2)

OPD = \n dl
(10)

where A(x) is the sinusoidal interface and (n\ - n2) is the index
difference between the two streams. Because k =>2ir/\ and
A(x) = B(x) sin(27r/ox), the phase delay may be written in the
following manner:

(11)
- n2)B(x)

where B(x) is the amplitude of the sinusoidal function. The
peak-to-peak phase excursion ra is the maximum amplitude
of the foregoing function and can be written in the following
form:

m = - n2)B(x) (12)

The experimental value of (n^ - n2) from Table 1 is used to
calculate the phase delay. The experimental 6 (measured from
the shadowgraphs) corresponds to the analytical amplitude
B(x). However, because of the variation in experimental val-
ues and the need to fit the results, a weighting factor called the
phase factor f is introduced. The phase delay employed in this
analysis can be written as

m = (13)

By using Eq. (13), m is calculated for each shear layer at a
different velocity ratio and is substituted into Eq. (8). For each
X position, /0 = 1/6 is calculated and also substituted into
Eq. (8). The Strehl ratio is. then numerically calculated and the
results are presented in Fig. 6, which shows the Strehl ratio
plotted against velocity ratio. Note how the numerically calcu-
lated values take on forms very similar to those of the experi-
mental values. The best fit of model occurs when f is 0.3. This
result may mean that the phase delay caused by the sinusoidal
grating is not the peak-to-peak amplitude of the sine function,
but instead a one-third fraction of the amplitude. As seen in
the figure, this model was applied to the 6.5-cm-diam beam
only; it does not apply to the 1-cm-diam beam because the
beam has to pass through several vortices before the vortices
can behave like a diffraction grating. If the beam size is of the
same magnitude as the vortices, then no grating diffraction
can occur.

A

x

0.8 0.9

I X EXPERIMENTAL-6.5cm A MODEL £ = 0.3

Fig. 6 Phase-plate-modeled Strehl ratio vs velocity ratio.

The results support the conjecture that the shear layer may
be modeled as a phase plate with a linearly growing sinusoidal
phase function. Modeling the coherent structures as a sinu-
soidal phase plate produces Strehl ratio values that agree well
with experimental data, showing that the distribution of the
vortices superimposes a sinusoidal phase delay on the beam
wavefront.

VI. Summary
A wind tunnel is used to generate a low-speed shear layer

between two optically dissimilar (refractive index difference)
gases with a velocity ratio of 0.6 and mass density ratio of 1.0.
A 6.5-cm-diam laser beam is passed through the shear layer
and the time-averaged (2 s) Strehl ratio measured.

The plot of Strehl ratio vs downstream distance reveals
minimal phase distortion in the pretransition region where the
Strehl ratio remains constant at 0.9. When transition occurs,
there is a sudden increase in the number of small-scale vortices
per unit volume, which causes scattering in all directions and
consequently a decrease in the Strehl ratio. Beam intensity is
further reduced by the growth of the layer thickness, which
increases the optical path length. In the post-transition region,
the time-averaged Strehl ratio levels off to a constant asymp-
totic value that is a function of the velocity ratio. The constant
Strehl ratio is attributed tp fast mixing that occurs within the
core of the vortices in the fully developed region.

Measurements in the post-transition region show that the
time-averaged Strehl ratio takes on a U-shaped profile when
the velocity ratio is varied from 0.4 to 0.8. Modeling the
coherent structures at each of these velocity ratios as sinu-
soidal diffraction phase gratings produces theoretical Strehl
ratios that agree well with experimental values, thereby sup-
porting the proposed model in which large vortices behave like
a sinusoidal phase plate.

Externally perturbing the shear layer alters its growth rate
and the fluid mechanics of the flow in such a manner as to
improve the Strehl ratio. This improvement may be attributed
to the forcing function causing the vortices to be more two
dimensional. It is proposed that there is an inhibition in the
occurrence of smaller three-dimensional vortices. Reduction
in the number of three-dimensional vortices and enhancement
of the number of two-dimensional vortices reduce scattering,
thereby causing the Strehl ratio to be higher.

The preceding results show that low-speed shear-layer optics
are actually controlled by a combination of both the small-
and fine-scale structures. Because the large scales may be
controlled by external perturbation, beam propagation
through low-speed shear layers may be controlled.
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