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Aero-optical Foundations and Applications

George W. Sutton
Helionetics Inc., San Diego, California

Nomenclature € =turbulent thermal diffusivity

. . . 0 = scattering angle
A = coefficient defined in Eq. (A40) X = permittivity
Ao =area A =integral scale size
B =magnetic _fleld A = wavelength
¢ =speed of light ’ = permeability
c = correlation function ) &m0 =Cartesian dummy coordinates
C, =index of refraction structure function constant 0 = density
G, =specific heat p,0,¢ =spherical coordinates
D =diameter of aperture o =scattering cross section, standard deviation
D =electric displacement d =phase
E =spectrum
E = electric field
H =magnetic induction 1. Introduction
I = intensity N the past, optical diagnostics such as schlieren,
J; = Bessel function of order / shadowgraphs, and interferometry have been used to
k =wave number ; analyze aerodynamic flow experimentally through the
) =turbulence scale size dependence of the index of refraction on gas density; more
L =path length recently holography has been used. On the other hand, den-
m =exponent sity inhomogeneities in the flowfield can perturb other op-
M =Mach number tical phenomena, namely, the ability to image or propagate
n =index of refraction; exponent laser beams through the flowfield. In general, the in-
p = pressure homogeneities can be classified as steady, unsteady, and ran-
P =power dom. The state-of-the-art of aero-optical phenomena in 1982
P, = Legendre polynomial can best be summarized by contrasting two quotations from
r =radius the same symposium:
ry =aperture coherence length By 1980 it was apparent that aero-optics flight
R =range testing had reached an apex and further exten-
t =time sive flight measurements were not required.’
T =temperature There is clearly no simple rule-of-thumb
u =electric field answer to estimating the degradation in a light
v =speed beam propagated through the aerodynamic
|12 =volume boundary layer of an aircraft.?
Xx,¥,Zz =rectangular coordinates A possible reconciliation of the above statements is that
o =extinction coefficient the latter is due to aerodynamic effects whose parameters are
Yy =ratio of specific heats not yet known; the former statement could mean that addi-
A =rms tional flight testing alone would not reveal the nature of the
) =boundary-layer thickness unknown parameters. This paper will attempt to indicate
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those areas that can be predicted with confidence and those
areas that cannot. It is not intended to be an exhaustive
review of all of the work accomplished, but to survey the
fundamentals (see Appendix) and the highlights for both im-
aging systems and lasers.

The aero-optical disturbances may occur at several regions
along the beam path: 1) in the laser cavity (or
camera/telescope); 2) in a curtain flow that separates the
laser from the local ambient propagation path; 3) in a beam
transport tube; 4) in the region between the end of the beam
transport tube and the local environment, e.g., in the
flowfield of a vehicle; and 5) in the atmosphere.

This paper will concentrate on regions 3 and 4. Regions 1
and 2 were recently surveyed by Fuhs,? and 5 is outside the
scope of the present paper. The plan of the paper is to
discuss briefly gas cavity effects and curtain flow, then the
beam transport tube, and finally the aero-optical phenomena
between the end of the beam transport tube and a flowing
ambient.

The same optical phenomena apply to imaging or laser
projection due to reciprocity of the direction of propagation.
Supposing one wishes to image a point source through an
optically inhomogeneous medium (see Fig. 1a). At the image
plane there will be an angular distribution of the light energy
gathered by the lens. On the other hand, suppose one is
propagating a laser beam through the same inhomogeneous
medium, as in Fig. 1b. The angular spread of energy is the
same at the imaging plane and at the laser focal plane. The
rays have the same phase error because they follow the same
path, within the paraxial and isoplanatic approximations.
This permits a large portion of the formalism of imaging
theory to be applied directly to the laser projection (see
Table 1).

For a random inhomogeneous medium, one can determine
the time-average beam spread of a laser which corresponds
to long exposure of an optical system, either cw or repetitively
pulsed. The time-average beam spread may be split into two
components: beam wander of the energy distribution cen-
troid, and spreading of the image about the centroid. The
latter corresponds to short exposures for imaging or pulses
for laser projection. For short exposures or pulses, one can
calculate the ensemble-average distribution about the cen-
troid for a large group of images or pulses. This turns out to
be a smooth distribution. But each short-exposure image has
an intensity distribution that is not a smooth monotonic
function; it has a random irradiance distribution. The ran-
dom irradiance distribution occurs in laser projection at the
focal plane. This problem has been treated for imaging in
some detail; the maximum irradiance standard deviation is
about 100% of the mean* for small apertures, and decreases
for larger apertures. Similar results are observed for laser
projection. For extremely short monochromatic exposures, it
has been found’ that the recorded image consists of a cloud
of images, each of which is essentially diffraction-limited by
the size and optical quality of the aperture. The requirements
for monochromaticity and very short exposure limit the
number of photons captured. The images overlap each other,
with the highest density of images at the centroid. For laser
projection, the requirement for monochromaticity is met.

Table 1 Optical analogies

Imaging Laser projection

Point source, image Focal plane angular energy distribution

angular distribution
Time average, either cw or repetitively
pulsed

Long exposure

Short exposure Single pulse

Beam wander Motion of the centroid

Speckle Speckle
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Then the focal plane consists of speckles whose size is deter-
mined by the optical quality of the laser beam and its optical
path.

There is an important aspect of aero-optics which is unlike
atmospheric propagation, namely, the difference in trans-
verse scale size of the refractive index fluctuation. In at-
mospheric optics, the fluctuation scale size is many times
that of the aperture size, while in aero-optics the reverse
usually occurs. Thus, the scaling of the phase distortion for
turbulence in atmospheric optics is C,~An/A%, while for
aero-optics it is not C, but the factor AnA” for random
disturbances. Thus, although the formalism of atmospheric
optics applies to aero-optics in many cases, the effects and
analytical expressions which quantify them are very
different.

This paper is organized as follows: Section II covers
phenomena within gas cavities and the transition or curtain
flow between the cavity and the beam transport tube. Section
IIT describes techniques for conditioning the laser beam
transport tube. Sections IV, V, and VI deal with the transi-
tion to the external environment, which can be, respectively,
a boundary layer, a cavity, or a turret. Finally, Sec. VII
enumerates future opportunities for further understanding
and implementation.

II. Laser Cavity Aero-optics

The optical quality of the gas inside the cavity of a flowing
gas laser must be equal to that of an optical system that has
been polished to great precision,® e.g., the resulting wave-
front distortions must be smaller than 1 wavelength. This
precision had been achieved easily in low-density electric-
discharge gas lasers because of the small number of atoms or
molecules in the optical path (but rarely in liquid dye or
solid-state lasers because of their high density and low con-
version efficiency). For the first of the high-power lasers, the
gasdynamic laser, it was initially believed that turbulence in
the cavity could become a major obstacle to achieving ex-
cellent beam quality. Specifically, the best of low-turbulence
wind tunnels (transonic) had achieved relative density fluc-
tuations of about 10~3; this is the higher bound for accept-
ability in a gas laser cavity of reasonable length as given by
Eq. (A29) in the Appendix.

Gasdynamic Lasers

For gasdynamic lasers (GDL), the cavity turbulence per se
did not turn out to be an important problem because of both
the low density and low turbulence level in the cavity.
However, the ordered disturbances were important. The flow
in a CO, gasdynamic laser cavity must be supersonic to
reduce the static temperature to about 300 K, thereby relax-
ing the lower laser state of CO,. In addition, the upper laser
state is frozen by having the expansion time much less than

image
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inhomogeneous medium
a) Imaging

b) Laser Proijection

Fig. 1 Imaging and laser projection are reciprocal.
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the vibrational relaxation time. To accomplish this very
small (a fraction of a millimeter) nozzle throats are required.
These conditions were met by making a row of precision
two-dimensional nozzles in which the direction of expansion
of the area is in the optical direction, with the nozzles affixed
to the top and bottom of the cavity (see Fig. 2). This is quite
different from the ordinary wind tunnel, in which one would
carefully fair the nozzle throat walls into the top and bottom
walls of the test section to avoid shock waves. The GDL ar-
rangement caused shock waves from the ends of the nozzles
on the top and bottom walls, as shown in Fig. 2, resulting
from the interaction of the inviscid flow with the boundary
layer.

The strengths of the shock waves were calculated® as well
as measured interferometrically at the Avco Everett Research
Laboratory.” These measurements indicated acceptable beam
quality, using the ‘‘ordered’’ analysis of the Appendix. Un-
fortunately the on-axis intensity is a very strong function of
the spatial rms phase error ®; namely exp (—®?), so that
small errors in interpreting the interferograms led to large er-
rors in the beam quality. This sensitivity to well-ordered in-
homogeneities was greatly reduced by placing the optical
path at an upstream-downstream angle relative to the optical
path, as shown in Fig. 2, so that the rays crossed both shock
and rarefaction waves. Thus, along the optical path, density
increases were canceled by density decreases.

The specific performance of GDLs was improved by in-
creasing the total gas temperature, which then required
larger supersonic area ratios to maintain 300 K static
temperature, which in turn required smaller throat areas. It
became necessary to add spacer tabs in the nozzle blades to
maintain the precision of the throat height. These tabs caused
wakes; but canting the location of the tabs on the nozzle
blades relative to the optical path alleviated this potential
cause of disturbances (see Fig. 3). The result is similar to
tilting the optical path. Thus, the steady, ordered distur-
bances of CO, GDLs were treated satisfactorily.

Unsteady, ordered disturbances exist in GDLs where the
high total temperatures have been obtained by combustion.
Combustors are designed for turbulent mixing to decrease
the time for the reactants to burn. This, in turn, creates a
very high level of acoustic noise, which feeds through the
nozzle into the cavity. The impact on the density uniformity
in the cavity can be large enough to alter the cavity optical
mode, at least for an unstable resonator, which changes the
output coupling and causes a temporal variation of the laser
output power.

Electric Lasers, cw and Pulsed

Medium inhomogeneities occur even in a laser whose input
gas supply is temporally much smoother than a GDL.? The
mechanism is an instability in the heat release due to the
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Fig. 2 Shock waves in a gasdynamic laser cavity: a) optical passes
parallel to the shock waves, b) optical passes at an angle to the
shock waves.
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quantum inefficiency of lasing. When an excited molecule is
emitted, it drops to the lower laser state and then is colli-
sionally deactivated to the ground state. The energy of the
latter appears as translational energy, e.g., temperature.
Since the waste heat release is isopycnic, the pressure rises,
and is subsequently relaxed to the initial value by an acoustic
wave. This relaxation changes the density distribution in the
cavity, which in turn alters the optical mode, thus modifying
the spatial dependence of lasing—and the heat release. There
is the potential for closed-loop phenomena which, under cer-
tain conditions, can become unstable. The problem, however,
was cured with side-wall acoustic mufflers®® once the in-
terdependent phenomenology was recognized. The recogni-
tion came from motion picture interferometry with very short
exposures. Most frames showed a jumble of strong acoustic
waves. As the cavity pressure was reduced, the cavity became
less unstable, and the frames showed a fairly good medium,
except that the interference lines were spatially sinusoidal and
temporally oscillated about the null position, with a frequency
corresponding to a cavity transverse acoustic mode. The
amplitude of these disturbances grew in time. An optical mode
analysis indicated a very strong dependence of the cavity ex-
traction efficiency (and hence waste heat deposition) on small
changes in the cavity optical path distribution. This was finally
extended to a time-dependent acoustic mode-resonator mode
analysis!® which explained the phenomena.

Repetitively pulsed lasers display both a phenomenon
similar to the above and another one. The latter is that the
acoustic waves caused by the near-instantaneous deposition
of the waste heat of the pulse must be damped out by
acoustic absorbers before the next pulse. The former is
similar to the cw mode-medium interaction described above,
except that it occurs during the pulse. For an unstable
resonator, the stimulated emission is spatially nonuniform
because of both the expansion of the feedback rays and the
Fresnel zones caused by the edges of the feedback mirror.
This causes nonuniform spatial waste heat release, which in
turn causes density gradients to appear. These gradients are
proportional to the second spatial derivative of the heating
rate and the third power of time. For pulses very short com-
pared to the appropriate acoustic transit time, this should
not be a problem, but for pulses an order of magnitude
longer, this could be serious.!!

Cavity Flow Curtains

Between the laser cavity flow and the local quiescent air of
the compartment or room in which the laser is housed, there
is usually an air curtain. This is necessary even when optical
transmission windows are used on the cavity, in order to
keep the laser gases away from the windows (e.g., chemical
lasers). The laser gas mixture will usually have an index of
refraction that differs from ambient, and the width of the
mixing zone will depend on the relative velocity between the
cavity gas and the curtain gas. The simplest approach is to
have the refractive index of the curtain gas match that of the
ambient, and the velocity of the curtain match that of the
cavity (see Fig. 4). In that way, the width of the (turbulent)
mixing layer is minimized where there is an index mismatch,

Q nozzle blade
support tab

Fig. 3 Canted subsonic support tabs on gasdynamic nozzie blades.
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and the effect of the velocity mismatch with similar indexes
is also minimized. It was found that for the index mismatched
layer, the rms index of refraction fluctuation is ~0.15 of
the index of refraction difference.!? This fractional value is
consistent with the fluctuations of a passive scalar in a jet,
which has a range of 0.13 to 0.2 of the difference of the
maximum to minimum mean concentration. Supersonic
aerodynamic windows have been surveyed elsewhere.?

1. Beam Transport Tube Conditioning

An interior optical path exists between the optical device
and the external ambient environment. Because the environ-
ment in which the laser or passive optical imaging device is
situated is often at a slightly different temperature than at
the external ambient, density inhomogeneities can exist along
the beam path. In addition, forced or natural convection in
the internal environment caused by heat sources or sinks
creates additional inhomogeneities. These are ameliorated by
beam path conditioning, specifically a beam tube that
isolates the beam path from the interior environment. For
passive optics the main requirement is that the beam path be
isothermal; often shutters are placed at the end(s) of the
beam tube, which are only opened when the laser is in opera-
tion. For a laser, the beam tube can be filled with a nonab-
sorbing gas. If there are optics in the beam path that are
heated by the laser or heated externally to prevent condensa-
tion, then the natural convection boundary layer over the
surface can cause optical distortions. This can be removed
using forced convection over the optical surface.

An alternate strategy is to use air as the beam tube
medium, but air is slightly absorbing for many wavelengths
due to the presence of nitrogen, water vapor, aerosols, and
trace species. The absorbed energy then heats the air, causing
optical distortions. The solution to avoid thermal blooming
is to flow the air either transverse to the beam path or along
the beam path. The former technique produces aberrations
similar to those of atmospheric thermal blooming for rapid
slewing. However, the axial flow technique has aero-optical
effects caused by the turbulent transport of the absorbed
energy to the beam tube walls. This effect was analyzed in
Ref. 13 for a constant wall temperature, where it was shown
that a temperature maximum was produced in the center of
the tube. For long beam tubes in which inlet effects are
small, the time-average optical distortion is obtained from
the axisymmetric energy equation,

g d (dT\ P
6t 5 (rar) = (get-10) @

where (=1 for insulated walls and 0 for constant wall
temperature. P is the total power in the beam. The accuracy
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Fig. 4 Schematic of an optical curtain—L =laser, a =ambient.
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of Eg. (1) has been verified experimentally, for a TEM (10)
radial intensity variation in Ref. 14, for various wall temper-
atures, using both Eq. (1) and a finite difference method for
the entrance region. In both cases, ¢, was taken as a function
of position. A typical comparison is shown in Fig. 5. In ac-
tuality, the shape of the profile is predicted quite well by tak-
ing €, equal to a constant.
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Fig. 5 Calculations and measurements of optical path wave-front
distortion radial profile in units of 10.6 pm.'* Beam profile was a
modified Gaussian, (1—2r?/r}) exp(— 72 /r}); r, /72 is nominal beam
diameter. ECS is a radial integration with variable ¢y, BEACON refers
to a finite difference formulmion,14 and the dashed line is for
¢; = const. The centerline-to-wall temperature difference was taken as
zero.
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Fig. 6 Theoretical and experimental dependence of encircled power
with aperture half-angle for two correlation functions for refractive
index fluctuations. 'S
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The optical distortion can be reduced by the following
techniques:

1) Use of rough walls inside the beam tube to increase the
‘turbulent mixing, at the expense of increased power to cir-
culate the air.

2) Use of insulated walls, so that the centerline-to-wall
temperature difference is minimized.

3) Use of heated walls, with a positive gradient in the flow
direction to match the increase in temperature of the laser-
heated air, which then further decreases the centerline-to-
wall temperature difference.

4) In Ref. 14, it was also suggested that swirl may be
useful. A vortex may have a positive radial temperature gra-
dient, while the thermal blooming causes a negative tempera-
ture gradient. However, the important parameter for the
time-average ordered distortion is the mean radial density
gradient. The density is inversely proportional to the
temperature only in an isobaric situation. But for a vortex,
the pressure gradient is always position, e.g.,

dp  ?
dr —'Or

Some typical cases are isothermal or adiabatic; the resulting
density gradient in a vortex is

Isothermal
—Irr M2
p(r)=p(0)exp (1——8 —dr) )
0% 6 r
Adiabatic
r _1 M2
o1 =[p)]" 1+ SO —('—y;dr (3)

Thus, the radial density gradient is always positive; but that
is precisely the same as for isobaric laser beam absorption.
Thus, one may conclude that swirl does not compensate for
the heating caused by laser beam absorption of the air in the
beam transmission tube.

The above analysis was for the distortion caused by the
radial density mean profile. But turbulence scattering will oc-
cur in accordance with Eq. (A29) since the flow is turbulent.
For infrared wavelengths, this is negligible. For shorter
wavelengths, the scattering is still small, but could be impor-
tant. As an example, let the mean temperature difference be
1°C; the turbulent fluctuations will then be ~3% of that;
assume a turbulence scale size of 1 cm, an index of refrac-
tion of air, and a wavelength of 500 nm (5000 A). The
resulting scattering is 0.23% per meter of path length. This is
a negligible loss but could lead to heating of the walls or op-
tics fixtures in the beam path.

The aero-optical phenomena due to flow of the ambient
atmosphere beyond the beam tube are considered next.

IV. Boundary-Layer Flow

This and the next two sections are concerned with prop-
agating the beam from the exit of the beam transport tube to
the external ambient from an aircraft, through a turbulent
boundary layer, a cavity, and a turret, respectively.

A turbulent boundary layer contributes considerable dis-
tortion due to two separate effects. The first is due to
pressure fluctuations which vary as M?; the second is due to
temperature differences between the aircraft skin and the
freestream. The latter is caused by temperature ‘‘recovery’’;
that is, the adiabatic aircraft skin temperature is greater than
that of freestream;

T, 'y—])
ud =I+R<— M? 4
7 3 1C))

@
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where R is the recovery factor, which is close to unity. This
creates a mean temperature gradient normal to the wall
which is turbulently mixed and causes temperature and hence
density fluctuations. Because both the pressure and tempera-
ture fluctuations vary as M?, they are inseparable; hence
they will be treated together. This appears to be the primary
boundary-layer effect.

The basic theory of the angular distribution of scattered
light is given in the Appendix. The unknowns are the spatial-
average scale size of the turbulence and the magnitude of the
fluctuations of the index of refraction. (The thickness of the
turbulent boundary layer is known.) These unknowns were
obtained by comparison'® with experimental results. The ex-
periment consisted of propagating an initially collimated
light beam through a turbulent boundary layer normal to the
surface and measuring the angular distribution of captured
power through a series of different size apertures. For Eq.
(A34), several elaborations are needed, as follows:

First, one may use an isotropic spectrum of turbulence, in
which case §= (82 +62)”. There is little justification for this
assumption, and several anisotropic spectra were tried,!’ but
because the experimental apertures were circular, the
anisotropic parameters are not separable. In any event, if cir-
cular distribution is desired, the isotropic assumption will
have no effect on the results. Second, the general form of
the spectrum used is

E;=FP(1+k%2)—™ &)
where k; is the spatial wave number of the turbulence and F

is a constant, such that

S E; (k) dk=1

The scattering coefficient per unit volume at angle ¢ then
becomes

o, (0) =2wk*FP (1 + k?126?) ™ 6)
The total scattering coefficient for light out of a cone of
half-angle 6 is then

07(9)=27rgo a,(67)6"d6’

and the light remaining in the cone of half-angle # is given by

dr(o
—du= — o (0)I(9) @)
Z

For averaged properties this becomes

1 (9)> L 2Fr?k?An?ls
Kn( I, T T T m= 1) (1 + k22eTym=1 (8)

where [, is the incident intensity. The ‘‘on-axis’’ intensity
I1(0) is obtained from Eq. (8) by letting §—0. The distribu-
tion of power through various apertures of half-angular
divergence 6 is then given by

t[1(0)/1,] Y1/ tm=D
1(0)/1,] } ©)

21202 _
KEPe = { W [1(8)/1)]

There are three unknowns in Eq. (9): the turbulence scale
size [, I(0), and m. A value of m was assumed and the data
[aI(6)/1,]7/0n=1) was plotted vs #2. If the correct value of
m was chosen, the data should be a straight line; a value of
m=2 provided the best fit, corresponding to an exponential

- correlation function. The ordinate intercept then gives
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1(0)/I,, which from Eq. (8) immediately gives An?; while
the slope is k?/? (see Fig. 6). Since k is known, the turbulence
scale size / is determined. Figure 7 gives the scale size, from
which one can see that the scale size varies from ~0.16 to
0.1 of the boundary-layer height. Figure 8 gives the deduced
density fluctuations as a function of various parameters. One
may deduce that the rms density fluctuation is about 10% of
the difference between the freestream density and the density
near the (adiabatic) wall.

These results can be compared with wind tunnel hot-wire
boundary-layer measurements which were interpreted as den-
sity fluctuations.!® It was found that the density fluctua-
tions, as a fraction of the wall-to-freestream density dif-
ference, were only 4-6% instead of about 10%. However, it
is not clear that the wall temperature was adiabatic. In addi-
tion, the data reduction appeared to neglect the contribution
of pressure fluctuations. On the other hand, the turbulent
scale sizes in the flow direction and normal to the surface
were found to be about 10% of the thickness of the tur-
bulent boundary layer.

The use of porous boundary-layer fences was also in-
vestigated. Measurements in the same wind tunnel down-
stream of a porous fence whose height was less than the
boundary-layer thickness indicated a factor of 3 increase in
fluctuations. This occurred in a shear layer corresponding to
the streamline from the edge of the fence, without substan-
tial reduction of the fluctuations at other distances from the
surface. Such fences upstream of windows also degraded the
optical performance.!” Early flight optical measurements on
windows were made!® using a shearing interferometer. It
essentially measures the product of the aperture function and
index of refraction disturbance in the integrand of Eq.
(A31), except that the radial distance p is replaced by the
direction of shear parallel to the surface. The turbulence
parameters were determined by fitting the theoretical expres-
sion to the measurements. The resulting ratios of the scale
sizes to boundary-layer thicknesses were 0.11 to 0.18, and
density fluctuations were 0.11 to 0.21 of the density dif-
ference between freestream and wall. Considering the
measurement spread, this can be considered as fair
agreement.

Aerodynamic flight measurements'® indicate that the lon-
gitudinal turbulence scale was about 0.2 and the normal tur-
bulence scale size was about 0.1, respectively, of the tur-
bulent boundary-layer thickness, as expected.

Later flight measurements were made using fine wire ane-
mometer probes, a laser Doppler velocimeter, and a fast
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shearing interferometer. The flow instruments determined
the boundary-layer profile of both the density fluctuations
and the turbulence scale size, from which the theoretical ex-
tinction was determined by integration of Eq. (A30). This
was compared to the optical extinction obtained by integra-
tion over the shear of the shearing interferometer output,?®
which is equivalent to setting 6 =0 in Eq. (A31). As shown in
Fig. 9, the resulting comparison is excellent. The measure-
ments also confirmed that an exponential correlation func-
tion (m=2) provided the best fit. More elaborate attempts
at theoretical predictions, which are still based on empirically
measured aerodynamic profiles, show much poorer
agreement.?!

To close this section, some calculated intensity profiles at
the focus are shown in Fig. 10. Figure 11 shows the time-
averaged on-axis intensity degradation as a function of
boundary-layer thickness for some typical wavelengths and
aircraft altitudes. It can be seen that for aircraft locations
not too far rearward, little degradation is expected, even
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Fig. 10 Diffraction patterns from turbulent boundary layers.1’ z
02— -
given the previous uncertainties in experimental measure-
ments.
[o AN -
V. Cavity Aero-optics
The particular arrangement considered here is a cavity | |
containing optics mounted flush with the fuselage of an air- oo 0 20 30

craft. The flow in such a cavity will generally have a strong
vortex within it and be unsteady unless it is correctly treated
aerodynamically. To decrease the velocity that drives the
vortex, porous boundary-layer fences have been tested. Wind
tunnel tests, as indicated above, have shown that this caused
a shear layer from the top of the fence with strong density
fluctuations (three times that of a turbulent boundary
layer).16-2! These decreased as the fence height was de-
creased,!® because the fence top was well inside the fuselage
boundary layer. Measurements of optical quality in the same
wind tunnel arrangement indicated that it improved?? as the
fence height was decreased, which is consistent with the aero-
dynamic measurement.

An example of such a fence arrangement on an aircraft is
the NASA Kuiper Airborne Observatory, which is a C-141
with a 1-m-diam telescope.?® Upstream of the cavity opening
is an aerodynamic fence whose angle relative to the aircraft
surface is adjustable from 0 to 90 deg. Slightly better optical
performance was obtained when the fence elevation angle of
30 deg (but no measurements were presented for 0 deg). The
fence is about 0.635 cm thick and has a porosity of 38%
consisting of about ~ l-cm holes drilled normal to the sur-
face. The telescope is well stabilized and is capable of track-
ing a star to about 1.4 urad rms.*

The fence minimizes the pressure fluctuations in the cavity
to about 0.04 dynamic pressures. If one interprets this in
terms of density fluctuations, this amounts to about
1-wavelength optical path distortion in the visible portion of
the spectrum. If this contributed only to tilt, e.g., one part
of the cavity was + 1\ while the other was — I\, the total
displacement of the image at the focal plane would be 4\, or
about 1.2 uyrad, which is comparable to the telescope jitter.

The theoretical image angular diameter of a point source
corresponding to an encircled energy of 85% for A=0.62 ym
is about 1.7 urad. The measured static telescope optical per-

TURBULENT BOUNDARY LAYER THICKNESS ,Cm

Fig. 11 Reduction of on-axis intensity for turbulent boundary
layers. '3

formance is about 8 urad. In-flight measurements of the
85% encircled energy stellar image size gives 50-60 urad for
wavelengths that range from 0.62 to 3.1 um (for long ex-
posures), €.g., the in-flight optical quality is about 30 times
diffraction limited in the visible. The visible images themselves
appeared ‘‘torn’’; that is, they are not axially symmetric. Short
(1-ms) exposures decrease the visible image size by 50%, but

-that may be an artifact of the film sensitivity. The use of a flat

glass window inserted in the cavity, but below the surface of the
aircraft skin, caused little improvement, probably due to a
shear layer above the window.

One possible explanation for the poor performance of the
cavity is that the fence, with its holes forming jets which
point into the cavity, created a thick, turbulent shear layer.
The optical properties of the shear layer have been analyzed?
using the relations derived in the Appendix, namely, the nor-
malized intensity angular distribution is given by

I(0) =e= (I—e~ ¥y + (I—e~¥) (I—e~23)  (10)

where @ is the rms phase error of the wave front; ¢, the per-
axis angular standard deviation of the diffraction-limited
light, =V2\/xD; and o, the angular standard deviation of
the scattered light, =VaA/A. Using A=1 cm and ®=V2, the
distribution of the encircled power

0
5027r1(0’)0’d0’
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agrees well with the measurements. For example, the 85%
encircled energy diameter is about 40 urad. However, the use
of the above equation for the near infrared predicts much
smaller angular diameters for the 85% energy-encircled area.
In fact, one may infer from the insensitivity of the data to
wavelength that the distortion is caused by refractive effects
rather than diffractive effects, which indicates the presence
of large-scale flowfield inhomogeneities.

In principle, open-cavity operation should be possible. The
downstream edge of the cavity should be sufficiently bluff to
provide the dividing streamline a stagnation region to
achieve nonoscillatory attachment. There is then a com-
promise between the height of the fence which thickens the
boundary layer and the dynamic pressure in the cavity
associated with the recirculation in it.

V1. Turret Aero-optics

A more complex technique for interfacing either a laser or
an imaging system with the environment is a turret. Generally
a turret will provide greater flexibility in the pointing direc-
tion. A typical configuration is a right circular cylinder, nor-
mal to the aircraft skin, capped by a sphere. The cylinder
rotates in azimuth, while the optical port rotates in elevation.
Either open cavities or solid windows are possible. The
previous section described the aero-optical phenomena
associated with open cavities; hence, in this section only the
case of a closed window is considered. This permits concen-
tration on the external aerodynamics in the vicinity of the
turret. The first phenomenon encountered is that of com-
pressible flow about a bluff body. The flowfield will have a
spatial pressure distribution, which causes a spatial density
distribution. This density distribution in turn causes an op-
tical path difference for the rays entering or leaving the tur-
ret. Theoretical analyses have been performed for a zero-
length cylinder. The solution for flow over the sphere con-
sists of a first-order solution and Rayleigh’s second-order
solution to obtain the flow potential®®:

) < R3> , (R3 R6 R9 )
= M- = —_— +M‘ ———
¢=¢+Mad U{ Tt ) P M\ Gt g )P

<3R3 . 27RS 3RS . 3RY ) }
101 55¢% 100 17618/ 3

03]

where P; are the Legendre functions P, = cos, P; =(5/2)cos’6
—(3/2)cosf. The local velocity is obtained from the potential
function as [ (d¢/9r)? + (r~104/86)?]1", and use of the isen-
tropic relations gives the local density. The results obviously
scale with the radius of the sphere R, with velocity U, and
with freestream Mach number M, . Figure 12 shows some
typical results for the calculated phase distortions in terms of
wavelength, for a turret azimuth angle=0 deg facing the
flow, and an elevation angle of 54 deg. The situation becomes
more complex for other azimuth angles because of flow separa-
tion and unsteadiness, discussed next.

Bluff bodies in subsonic flow also have flow separation
and unsteady flow caused by vortex shedding. This unsteadi-
ness propagates throughout the flowfield adjacent to the tur-
ret. In addition, the stagnation region can cause separation
upstream on the base plane. The nonsteady flow has been
modeled using a finite difference approach.?” Figure 13
shows some unsteady density profiles in the plane of sym-
metry; note the complexity of the density distribution. Figure
14 also shows the fluctuating component of the density.
These are much larger than those permitted in gas laser
cavities, and can lead to degraded optical quality. Down-
stream splitters and/or fairings behind the turret do not ap-
pear to completely solve the problem of unsteady flow.?

Extensive flowfield and optical measurements around a
turret have been made in a wind tunnel.?® In addition to the
flowfield unsteadiness, a separated free shear layer appears
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over the optical opening at an azimuthal angle greater than
100 deg, leaving a turbulent wake. The distorted length of
the optical path increased considerably with azimuthal angle,
reflecting this effect. The scale sizes associated with the ran-
domness were measured both by hot-wire anemometry and
holography. The latter measurements showed a much smaller
scale size than the former. The fluctuation density distribu-
tion deduced from hot-wire measurements is shown in Fig.
15 for three azimuthal angles. The increase in thickness of
the fluctuating shear layer with azimuthal angle is apparent.
The contribution of these fluctuations to the optical distor-
tion is shown in Fig. 16. The effect of seeing through a
thicker shear layer with increasing azimuthal angle is clear.

Fig. 12 Contours of constant wave-front distortion of 54-deg eleva-
tion angle, zero azimuth angle. M= 0.587, aperture diameter is 0.25 of
the turret diameter of 0.914 m, and the wavelength is 3.8 um. Con-
tours are in terms of 10 ~2 wavelengths.26

X/R

Fig. 13 Calculated unsteady density contours in the plane of sym-
metry of a turret.?’” M=0.55, Re=10.3x 10%, and diameter = 0.44 m.
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The scaling with Mach number is also clearly demonstrated,
in that the distortion at M=0.75 should be about 80%
greater than at M =0.55. These distortions are in addition to
those of the ordered density disturbances in the mean
flowfield surrounding the turret.

Although the optical distortions are potentially removable
by very high spatial and temporal frequency phase conjuga-
tion, some noteworthy experiments have been performed to
demonstrate that the flow separation could be removed by
means of downstream suction.’® In Ref. 30, a fairing was
placed slightly downstream of the turret, with its upstream
portion open and connected to suction blowers. The design
criterion was that the suction speed at the nose piece be twice
the freestream velocity. This resulted in the blower volu-
metric flow rate of about 36 m?/s for a 0.427-m-diam turret
at a freestream speed of 10 m/s. Two fairing nose pieces
were tested: a uniform conformal nose piece and a tapered
symmetric nose piece. The former required less volumetric
flow rate. Figure 17 shows the position of flow tufts on the
turret with and without suction. This clearly demonstrates
that suction provides a technique for stabilizing the flow
about a turret.

VII. Future Opportunities

With the future emphasis changing to visible and short
wavelengths, aero-optics challenges will increase. In general
the conditioning of laser cavity gas or telescope interiors will
continue to be a challenge, but the theoretical basis and fun-
damental principles are well known. Careful application of
those principles will be necessary. There are other potential
means of correcting residual phase front errors, such as
mechanical or optical phase compensation.

ab ® EXPERIMENTAL [f - 1.0833
. — conputeD (D § - 0.4479
z @ [ -o0.5620
& 3 ® 0.8712
]
a ® f-
82f ®
A
v

l -

0 . 1

0o 20. 40 60. 80. 100. 120

RADIUS -CM
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Fig. 17 Demonstration of the effectiveness of suction flow control:
a) flow control off, b) flow control on.3®
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The situation for airborne optics is less clear. In principle,
a thin turbulent boundary layer should have negligible effect
on short-wavelength propagation, as has been demonstrated

both theoretically and in small-scale experiments. Full-size -

(1-m) optics have not yet been tried in flight with thin
boundary layers.

For open-cavity optics the flight experiments of the Kuiper
Airborne Observatory clearly indicate the opportunity for an
order-of-magnitude improvement in optical quality by cou-
pling more detailed diagnostics with configuration changes.
These changes could include drilling the holes in the
aerodynamic fence at the correct angle, reorienting the fence,
and correct aerodynamic treatment of the downstream lip of
the cavity.

Finally, for turret aero-optics, there seem to be only two
choices: either use corrective phase conjugation optics with
very high spatial and temporal frequencies, or use flow-
separation control, for which there may be several possible
techniques.?® Even with separation control, a form of phase
correction may still be needed to compensate for low spatial
and temporal frequency distortions. Thus, the potential
techniques for aircraft aero-optics applications, namely,
boundary layers, open cavities, or turrets, all show promise,
but none have been demonstrated full scale.

Appendix: Unified Theory of Diffraction
Aberrations Caused by an Inhomogeneous Medium

Introduction

In the past, many specialized expressions have been derived
and utilized in the area of diffraction aberrations caused
by an inhomogeneous medium. This has encompassed both
ordered and random distortions, with scale sizes both larger
and smaller than the aperture diameter. In addition, various
effects have been considered, including spreading of the in-
tensity at the focal spot on a time-averaged basis and tem-
poral intensity fluctuations at the focal plane. In the
nomenclature of communication theory, the latter is known
as fading. This Appendix will concentrate on the former
aspect; the time-averaged intensity spreading at the focal
spot. The basic starting point is Maxwell’s equation:

VXE=— 98 (Al)
Y]
oD
H=— A2
v X = (A2)
H=u;'B (A3)

for propagation in nonmagnetic media, and
Substitution of Egs. (A3) and (A4) into Eq. (A2) yields

okE

7!V XB= AS
Ho ot (AS5)
Taking the curl of Eq. (Al) and using Eq. (AS5) yields
’E
V(V-E)—V2E= —p,x (A6)

ar

The second term on the left side leads to a longitudinal com-
ponent of the electric field which cancels the longitudinal
component from the first term.3! The final equation which
describes the propagation is

n? &E

2R ——=0 A7
v Z ar (A7)
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where the index of refraction is given by n=c,/c, the
wavespeed ¢= (uox)”, and the vacuum wavespeed is given
by ¢, = (ugke) ~ . A typical technique for solving Eq. (A7)
is a perturbation analysis, in which one takes n=n,+n,;
E=E,+E, +..., etc.? A more direct way is to neglect
longitudinal higher derivatives of Eq. (A7) and obtain a
direct solution of Eq. (A7).*3 These techniques, however,
lead to a result that is equivalent to the following simple
derivation.

We first model the propagation as a plane wave starting
from z=0 and propagating to z=R. We will deal with the
angular dispersion; hence the analysis will apply to focused
images as well. Finally, we make the scalar approximation
E=u, and consider first vacuum propagation. Then Eq. (A7)
becomes

Viu=—cji—s (A8)

For a periodic wave, u ~exp(iwt), and with the wave number
k=w/cy, the solution to Eq. (A8) is

i [ uy(x,y,0)e*dA
u(x;,y,R)= ___S_o_____o

N (A9)

r

where A, is the aperture area, \ the wavelength, u,(x,y,0)
the electric field at the aperture, u(x;,y;,R) the electric field
at Z=R in the ‘“‘“focal’’ plane, and r the distance from (x,y,0)
to (x,,y;,R). Thus,

r=[0 =%+ (y,—y) +2°1% (A10)

With R?=x3 +y3+2z%, Eq. (A9) becomes

We next convert to angles measured from the center of the
aperture: 6, =x;/R and 0, =y,/R. Then, noting that exp(ikr)
varies much more rapidly than r~/, Eq. (A10) becomes

—i

u(,,0,,R)= "R exp (ikr)

X Suo(x,y,O)exp[—ik(x0X+y0y)]dA0 (Al1)

If there is a phase distortion ®(x,y) in the wave front at
z=0, then one multiplies the integrand of Eq. (All) by
exp(—i®). The simplification added here is that the phase
distortion is not (only) that at z=0 but the cumulative phase
distortion from z=0 to R. This phase distortion is related to
the wave-front distortion as ®=2wAz/A where Az is the
wave-front distortion,

Az=z—2, : (A12)

This is related to the index of refraction variation as follows:
zZ= SCdt: Cy Sndt: Cy S (ny+ An)dt
dt
=congt+cp \Andt=z4+co \An v dz (A13)

or, with ¢! =dt/dz,
Az=[An(x,y,z)dz (Al14)

here An(x,y,z) is the index of refraction disturbance along a
path from a point on the aperture to a point on the focal
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plane. We may also neglect exp((kR) because this term is
canceled upon calculation of the intenstiy at the focal plane.
The result is

R
N(0,.,0,) = )\Rl Suo(x,y)exp [ikgo An(x,y,z)dz]

xexp[ —ik(x6, +y0,)]dxdy (A15)

Equation (A15) can be used for calculating the focal intensity
for an ordered disturbance, even if time-dependent, or for a
random inhomogeneous flow if the distribution of An(x,f) is
known. Computer models have been developed which do this
by inserting phase screens between Z=0 and Z=R and in-
tegrating Eq. (A9) from screen to screen.’* However, Eq.
(A15) can be integrated by recasting it in a manner that more
typically describes random flow; that is, the variance of An
and its spatial correlation function, as follows.

Random Medium

At the focal plane at angles (6,,0,), the intensity is the real
product u(6,6,)u*(6,,0,), where both terms are the result of
independent integrations over the aperture x,y. This is
distinguished by using a prime on the second integration;
thus:

1
1(6,.6,) =uu* =WS S S Suo(x,y)uo(X’,y’)

X exp {ik[SAn(x,y,z)dz— SAn(x’,y’,z’ )dz’]}

x exp [ikf, (x’ —x)lexp ik, (y' —y)]1dx'dy’dxdy
(A16)

It is simpler to neglect the first exponential at first in order
to simplify the quadruple integral of Eq. (A16). We thus
hold x,y fixed and let x’ —x=§&, y"—y=n. Then Eq. (A16)
becomes

1

XUy (x,y)exp ik (8.£+0,n)]dédndxdy (A17)

Next, integration is performed over (x,y). To simplify the
result, we take u,=const for x? +y?<D?/4, where D is the
aperture diameter, and u,=0 for x?+y’>D?/4. Then,
u,(x+%, y+n) is not constant over x?+y?<D?/4, but in-
stead is only finite over the common area of two circles
spaced by p=v£? + 9. This common area is given by

¥ (D?cos 1 (p/D) —pND? —p?) (A18)

Then, 9,£+46,7=0-p=0pcos¢, where ¢ is the angle between

(#,+j0,) and (i£+jn). Finally, dédn can be expressed in
cylindrical coordinates, pdpd¢. Then Eq. (A17) becomes

10y =—10 SDS” expikBpcose] (D?cos=! (p/D)
= NRZ Jo o p (Y p

— oV D? —p?)pdpde (A19)

where I is the focal plane intensity uu* and I, is the aperture
plane intensity #2. Equation (A19) may be integrated to

_ my (P 2o —1 _ —
10) =52 odpdy (kdp) [D?cos " (/D) = D= 7]

(A20)
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Integration of Eq. (A20) gives rise to the usual Airy distribu-
tion of the intensity pattern,

1,D? <7rD0>
I(0)=———J\ — A21
(9) P TANBY (A21)

In a similar manner, the effect of the random medium can
be added. The term from Eq. (A16) is

exp{ —ik[{An(x,y,z)dz—fAn(x’ +y’' +2’)dz’]} (A22)
To obtain the time-average intensity at the focal plane, the
time average of expression (A22) is taken. For a Gaussian
temporal distribution of the index of refraction fluctuations,
Eq. (A22) becomes?’:
exp{ — k2 [fAn(x,y,2)dz—JAn(x’,y’,z")dz" 17y} (A23)

Consider one of the terms in expression (A23),
R R
|| canroanye)ydae (A24)
Holding z constant, and letting z’ =z+ {, Eq. (A24) becomes

SR S“R A d A25
,B2) L (An(ny,£))de (A25)

For R> A the integrand is the product of the mean-square
index of refraction and the correlation function for the
spatial distribution of inhomogeneities C({). Further, if
{An?) does not vary greatly over a correlation length, then

S:(An2>C(§‘)ds“= (An?Y (x,3,2)A (x,.7) (A26)

where A is the integral scale size of the random media.
Similarly, the cross multiplication term becomes

R rz+R
So SZ_R (An? (6,%,2)YC (x5 £m.§)didz (A27)

When A< R, the limits on { may be taken as =+ oo; and with
the use of Eqgs. (A26) and (A27), Eq. (A23) becomes

R
exp {~2k2 go (An?) (x%,3,2) [A(x,y,z)

- S:C(x,y,z; Vot +¢? )ds“] dz} (A28)

The first term in the exponential represents the scattering
loss from the Airy diffraction pattern; one therefore arrives
at the expression for the scattering coefficient «

a=2k’CAn?) (x,y,2) A (x,3,2) (A29)

Its integral is in fact the mean-square phase error {(®?) along
the path; hence, the loss is

Loss factor=exp[ —(®?)] =exp[ —2k?{(An?yAdz] (A30)

The phase error loss can be applied to either random or
ordered media; however, in the case of the latter it is first
necessary to subtract from the phase profile any tilt compo-
nent ax+ by; otherwise one is evaluating the intensity on one
of the wings of the far-field profile. It is also necessary to
subtract out the correct paraboloidal component of the
phase; otherwise one is evaluating the effect at a point for-
ward of or behind the true focal point, e.g., the value of z
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corresponding to maximum intensity. These are common er-
rors in aero-optics evaluation. One must also take into ac-
count the ratio of A to the aperture size. If it is small, then
Eq. (A30) applies. But, if A> D, then the mean-square phase
error is not that seen by the aperture; it only sees a fraction
of A®, roughly A®D/A. This is the case of atmospheric
propagation® and is treated by the use of expression (A28)
in Eq. (A20) because the limit of integration D correctly
limits the phase integration over the aperture, or

wly [P _
1008,) =322 | odody (KBp) D205~ (o/D)
R
—p\/Dz—-pz]exp{—-ZkZSo {An?)

x [I—S:C(W)]df}dz (A31)

Equation (A31) is suitable for evaluation of aero-optical
phenomena.?” It is also applicable for small scattering and
atmospheric optics, treated below.

Small Scattering—Booker-Gordon Formulation

For small scattering R <1, the second exponential can be
expanded, and Eq. (A31) can be rewritten in Cartesian
coordinates,

1 .
10,0, ~agr ) || Jexotita,e
x exp [ikB,q]exp [—2k2 S(Anz )Adz]
R p oo
x [1 —2k? SO SO AR2C (£, ;)d(dz] dedndxdy  (A32)

The first term is the extinction of the beam; the second term
represents the scattered wave:

I R .
Is(0x,0y)=wexp(—ozR)So S_m expik0,£]

x exp [ik6,n]1¢An?YC(p)dpdr (A33)

where p= (£,7,¢) and r= (x,y,2). Thus, dr=dV, an element
of the scattering volume. Equation (A33) is multiplied by
exp[ik0,¢], where 6,=0. The integral over p is just the
Fourier transform of the correlation function in which the
spatial wave number becomes k8; thus,

1,(0,,0,) = 2wl k*exp (— oR) SV (An?Y87E,

X (kb,,k60,,0)dV (A34)

where R is the range from the scattering volume, and E; is
the three-dimensional spectrum of the index of refraction
fluctuations. If E; is isotropic, it becomes E;(#), where
6= (62+62)%. For large angle scattering, # is replaced by
2 sin(#/2), and a correction term cosy is needed to account
for the angle x between the incident electric field and the
normal to the scattering direction.

Relation to Propagation Through Atmospheric Turbulence

The structure function of index of refraction fluctuations
of Eq. (A23) can also be represented in terms of a structure
function constant C,,:

([An(xp,2) —An(x’,y’,z)]1?) =C2p"~! (A35)
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where p?={(x—x')’+ (y—y’)? for isotropic random in-
homogeneities whose spatial spectrum ~4~". For example,
for fluid turbulence involving mixing of different tempera-
tures or gases, #=5/3. However, there is a low value limit
on k for this spectrum (the largest scale size), and a high
value cutoff of k& due to dissipation. These have no effect on
these calculations as long as k., D <1, and ky;,, D> 1. Thus,
the infinite spectrum X" can be used. The relation between
the structure function and the correlation coefficient is

C(§)=1-C2¢""1/2¢An?) (A36)

Thus, the index of refraction structure function constant is
approximately

C2~(An?y /A1
The argument in expression (A23) then becomes

R
D=k ciaz|” (@renr ey gonar am)

Again, we let p=+£? +9? be the coordinate in the £,% plane.
Then, noting that

(n—]) S:p/ (prz +§-2)(n—3)/2dp' — (p2+§-2)(n—l)/2_§-n—1
(A38)

the inner integral in Eq. (A37) becomes

I p"S°° dy _ (n—1Np" ©”T'(1—-n/2)
(n=D=-), o (1+v)3-m2 p T((3=n)/2)
, (A39)
Finally,
D= (n—DKx”T(1—-n/2) "(0)
T (B=my/2) "
Ly o \n
xS <—> C2(z)dz=Ap(0)" (A40)
0 \py

where p(0) is the coordinate in the aperture plane. For a
focused beam p/p, = (1 —z/R). The final result is obtained
by combining Eq. (A20) with Eq. (A40):

wl, (P N
I(8)> ZWSO odpJ, (k6p) [ D?*cos
X (p/D) ~pND?—p?le~ " D, (A41)

For example, the on-axis intensity (§=0) for strong tur-
bulence is obtained by letting p/D<1. For that case, an
aperture coherence length r, is defined such that, in analogy
with a diffraction-limited situation,

(I(0)y =TPri/4NR?; r,<D (A42)

Equating Eq. (A41) to Eq. (A42), and for constant aperture
power P=nD?I,/4, the result for the aperture coherence
length is

V821/mT (2/n) .
Fo= T (A43)

For intermediate values of r,, the effective aperture size may
be approximated by the inverse rss of r, and D.

The above results for 7(6) are for time-averaged intensity
and actually consist of two contributions: the ‘‘wander’’ of
the intensity centroid around the mean direction, and the
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spreading of the intensity around that centroid. For example,
if one is performing short-exposure photography or is using
a pulsed laser whose pulses are short compared to the time
for the random medium to change, then one may be in-
terested in the peak intensity value, even though off axis.
This is given, to within 1%, by3?

I (0) =Ip, {1+6.362X 10~ %exp[5.41(D/ry)?3% ]} !
(A44)
for D/ry<20.
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