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SUMMARY

‘“he purpose of this pro~ram is to experimentally
investi~ate multiwavelen~th laser beam scintillation phenomena
over horizontal paths, and to relate these effects to the
characteristics of atmospheric turbulence, Field experiments
are teln~ conducted with the use of srecialize instrumentation
which was developed on the prorram, This instrumentation includes
simultaneous and coincident multiple beams raniins from visible
to middle-infrared wavelenwths, with a very larve receiver=dynamic-
range and real-time processin: of a variety of scintillation
statistics. 7The transmitter and receiver confisurations are
variabvle from virtual-point to larse apertures., 'The turbulence
strenzth and structure is determined from microthermal measurements.,
Durins the reportin- period, preliminary experiments were
conducted on the nature and effects of fundamental intermittencies
in atmospheric turbulence, These intermittencies affect
scintillation levels, statistics, and experimental data spread
to a much ~reater derree than has been zenerally recoznized,
Followine« this, attention was 7yiven to transmitter aperture effects,
and current experiments are pointing out serious deficiencies in
certain theoretical predictions. As an example, the concept of
a focused beam seems lar-ely meaninzless in turbulence, and

oredictions of sharp reductions in scintillations under such a
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condition are not torne out by photo~raphic¢ and electironic
measurements., Finally, a recent series of comprehensive
multiwavelensth scintillation experiments was incorporated
into a paper for putlication, with new interpretative material.

The results of these efforts are applicalle to tar-et-
illumination problems; to proposed transmitter diversity systems
for alleviatins such preblems; and to receiver diversity approaches
for imase enhancement and improved performance of optical/infrared

radar, reconnaisance, and communications systems,
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I. Introduction

Durinz the period covered in this report, work was done
on both turbulence intermittency and on transmitter aperture
effects or. scintillations, These will be described below., In
addition, the series of comprehensive, multiwavelensth scintil-
lation and turbulence structure measurements which have been
described in recent reports were incorporated into a paper for
publication, along with new interpretative material.

The latter paper is included nerein as Appendix A,

II. Turbulence intermittency Zffects

The fundamental intermittency of turbulence affects
scintillation levels, statistics, and experimental data spread
to a much creater desree than has been cenerally recognized. A
series of preliminary experiments was conducted in which such
quantities as turbulence strensth (an) and scintillation level
(6 2) were measured with relatively short averaging-times, and
were in turn taken as related random variables, The implications
are discussed in a short paper which 1s included as Appendix &,
in which the need for more theoretical work is pointed out.,

This topic will be the subject of more detailed efforts

later in this prosram (Section IV).
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III. Transmitter Aperture cffects

For some time, there have existed analytical and intuitive
arruments which predict a sharp reduction in scintillations for
a receiver plane which is in the focused near field of the laser
transmitter. The important implications for improved systems
performance and tar~et illumination are obvious, and "transmitter
aperture averazing” has been utilized in a number of paper studies
of proposed optical systems,

A series of experiments was conducted in oxrder to demonstrate
or disprove this effect. when the sharp reduction was not otserved,
attention was ziven to detailed numerical predictions which we
obtained from a di~ital computer and complicated analytical
expressions in the literature, These predictions pointed out
factors which require more careful attention than was oririnally
apparent, A review of the pertinent considerations is siven in
a short paper which is included as Appendix C, which also contains
t e aprlicable references,

It is now apparent that turbulence-induced beam spreadinz
renders the concept of a focused beam rather meaninsless, even in
licht turbulence. tHowever, it is not immediately clear where the
theoretical developments break down, Kecent photorraphic work
shows substantial beam break-up and a random replication of the
transmitter diffraction scale at the receiver plane, The extreme

criticality of focus as predicted by the theory is manifested by



a sharp decrease in bean treake-up for a very narrow rance of
focus adjustments at the transmitter output, ~urtulence-ind:ced
tean wander is also otserved to play ar irportant role, esrecially
in si7nal fadin: at a fixed receiver,

e are presently conductin- sin-le=waveler th experirents
involvin~ photorraphic (qualitative) and electronic (quantitative)
techniques, e are exaninin-~ the properties of the received bear
over a 1,4 kn path, as a function of transmitter snigze and divergence
(or converrence). These include the lo~ amplitude variance and
covariance, scintillation spectma, and protability distritutions.
In addition, we are utilizinz variable receiver apertures from a
virtual point up to 30 cm, which norinally intercepts the entire
bean when focused, [ata is beins taken under both hirh and low
turbulence conditions, As an irportant ancillary factor, we are
examinins the common assuaption that a larre, diversins source
behaves like a point source as .s often assumed in the scintillation
literature,

In oxder to conduct these measurenents, we have developed a
spatial filterin~ mechanism which permits very precise control.
The position of the 10 micron pinhole is resolvable to 2.5 microns
in all three dimensions.

The results of the present work will te presented in the next
report.

IV, Future Work

Followinr the completion of the transmitter aperture work,
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we will move our field facility to a longer path of approximately
6 km, for operation durine the summer ind fall, ‘This path will
be near the ground, and will provide the largest path-intezrated
turbulence level of which we are aware,

The zeneral types of multiwavelength measurements described
in Appendix A will be repeated, and we expect to demonstrate the
saturation of 10,6 micron scintillatiors for the first time,
This should provide definitive answers to questions on the
parameter=dependence of saturation, as well as enabling us to
investicate the scintillation probability distributions,
covariance curves, and receiver aperture smoothinz for such an
extreme case,

we will then return to a detalled study of intermittency

effects,



APPENDIX A

*Experiments on Turbulence Characteristics

and Multiwavelength Scintillation rhenomena

J. Richard Kerr

Oregon Graduate Center
for Study and Research
19600 N.W, Walker Road
Beaverton, Oregon
97005

Abstract

Measurements of atmospheric turbulence structure and
multiwavelength scintillation statistics are descrived. The
scintillation measurements utilized coincident virtual point
sources, and include loz amplitude variances and covariances,
spectra, and recelver aperture smoothing. These are related to
turbtulence strength, spectral slope, and inner scale,

" The saturation of scintillations is found to te a wavelength-

independent effect. The Kolmogorov atmospheric model breaks down

under weak turbulence conditions, and hence the commonly used
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atmospheric and propazation theories tend to apply under
mutually contradictory conditions, The transverse amplitude
correlation length and resultant receiver aperture smoothing
depart from theoretical predictions under strong scintillations.,
Scintillation spectra show much data spread but averages support
the Taylor hypothesis. Short-path optical determinations of
turtulence strength are seriously affected by nonzero 1nn9r
scales of turbulence. Correlations of multiwavelength scintil-
lations vs. time indicate nonuniform turbtulence spectra as well as
strength over the path.

Further work is required on the effects of finite sources,
and on the influence of turbulence intermittency on scintillation

characteristics and data spread.
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I. Introduction

In this paper we describe a serles of multiwavelenzth
scintillation experiments with supporting measurements of the
structure of atmospheric turtwlence. The results have confirmed
deficiencies in the commonly used atmospheric model and theoretical
descriptions of propagation in a randon medium.1

The experimental parameters are described in Table I, and the
measurements are listed in Table II. The path was nominally uniform,
and thc three-wavelength measurements were made simultaneously and
with spatially-coincident beams, Virtual-point-sources (spherical
waves) were used in order to avoid ambiguities due to team-wave
effects.2 Most of the data were processed in real time, utilizing
highly-developed analog techniques., The microthermal and electro-
optical instrumentation are described elsewhere.3

The results of turbulence structure measurements will be
presented in the following section, followed by scintillation
measurements in Section IJI. Further discussion is given in
Section IV, and future experiments are described in Section V,
II. Structure of turbulence

The structure of turbulence was measured throuzh analysis of
the temporal spectrum of microthermal fluctuations. In all cases,
power=law behavior was evident, often with a breakpoint which with
the mean wind speed defines an "inner scale.” Substantial

departure from the Kolmogorov or inertial subrange modeli'u was often
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noted,
In the single-scattering or Rytov rea.lm,1 any turbulence
spectrum, once known, may in principle be utilized in an

optical filter function (O.F.F.) analysis of the propagation

problem.5’6 However, as discussed below, there is clear
evidence of nonuniformity under those conditions in which
turbulence is not "highly-developed“--i.e,, when sutstantial
departure from the Kolmogorov spectrum is observed. It is
therefore suggested that the related questions of turtulence
nonuni formity, nonstationarity, and intermittence require
extensive future consideration.7

The inner scale and the spectral slope as obtaiged from
log-loz plots are shown vs. the refractive index structure
constant (Cn') in Fig. 1. Since the analysis was done with an
rms instrument, the theoretical or inertial subrange slope is
(=0.833). The measured slopes are seen to depart substantially
fron this value, except at higher strengths of turtulence. The
slopes tend to be smaller than the theoretical value, as has been
otserved by others (Section IV-B). Weak turbulence levels
typically occur at night or with heavy cloud cover in the daytime.
We have consistently observed anomalous conditions at sunrise and
sunset,8 tut these results are omitted from the data presented

\

here,

The slope and inner scale are given vs, wind speed in Fig. 2,
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It 1s evident that anomalous spectra also tend to occur at wind
speeds of 2 mph or less.

The customary definition for the turbulence strength parameter
(an) must be reconsidered for the case of a non-Kolmogorov
turbulence, If 2 is the distance along the path and « is the
spatial wavenumber, it is usually assumedu that the overall spectral
function ZEn(z,K ) is separable into a strength function an(z) and

spectral function ]Eno(w ). However, as will be seen below, this

is not always valid. Nevertheless, in predicting scintillation
levels, we may usefully relate our temperature difference measurements
between two appropriately=-spaced points to the strength of
turbulznce and use the usual definition of Cn’, implying a
limited Kolmogorov spectrum as an approximation.

The departure from the Kolmogorov spectrum implies a scintil-
lation dependence on wavelength which may depart substantially
from the usual predictions, Furthermore, under strong turbulence
conditions where the model is more realistic, it is well known that
existing propagation analyses tend to break down due to the onset of
multiple scattering or "saturation of sciutillations".1 Hence, it
may be said that the two parts of the extant theory, i.e. the
atmospheric model and the (Rytov) propagation analysis, have validity

under mutually contradictory conditions,
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Finally, it is well known that the inner scale may have a
substantial effect on scintillations if it is large enough compared
to the important spatial scale of the op@ical filter function.6 Ve
have observed highly-variable power-law behavior inside this scale,
Unfortunately, this region of the spactrun may in many cases affect
the scintilla.ions considerably.9
IIT. Scintillation measurements
A, log amplitude fluctuations

The theoretical prediction for log amplitude variance of

scintillations with a point sovrce 151
dy? = 0,124 ¢ * k716 (1176, (1)

where k is the optical/IR wavenumber and L is the path léngth,

Tre experirental values (déz) are given in Figs., 3a=-c for the
tiree wavelengths respectively, Saturation of scintillations is
evident at the two shorter wavelengths, with a fall-off beyond
saturation (“supersaturation”), At 10.6/4, variances of more than
0.3 were observed with no evident saturation, indicating that
saturation occurs at a scintillation level which is indepgndent of
wavelength, This agrees with dimensional considerations discussed

in Sec, IV=-A, The results for all three wavelengths are combined in

Fig. 3d. The substantial experimental spread is discussed below

and in Ref, 7.
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In these figures, circles are used to indicate a "good
inertial subrange" turbulence structure, arbitrarily defined as
followss

Spectral slope between =~0.72 and -0.94
Inner scale corresponding to less than one-half the
theoretical value of r  (defined below)

In Fig. 4, we show the experimental variances for pairs of
wavelengths, The lines represent the theoretical k7/6 dependence,
Due to saturation, the points for high turbulence tend to a unity
ratlo, as has already been reported for near-IR and visible wavelengths.10

The scintillations were uniformly log normal regard ess of
wavelength or degree of saturation, The only exceptions were a
few measurements made under very-low-wind conditions, where averaging
(stationarity) was poor.

B, Short=path scintillation measurements

The short path system at 63282 was utilized in an attempt to
measure the "optical strength of turbulence", free from the effects
of saturation, However, it was found that the log amplitude variance
was consistently much smaller than that predicted by Eq. (1), This
implies that x;, the inner scale, i1s greater than /~X—ZT for this

path, and hence the appropriate theoretical expression 151

¢*=0320¢°2 L'°1°"7/3 . (2)
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We have utilized the thermally-determined value of Cn',
with the measured log amplitude variance for this short path, to
infer an inner scale from Eq. (2). In Mg, 5, these inner scale
values are plotted against those obtained from the microthermal
spectrum, Even though the theoretical tasis for deriving Eq. (2)
may be poorly satisfied in a real atmosphere, a scaled correlation
is seen to exist,

Evidently a short-path “optical scintillometer" is of limited
utility since the O,F.F, rpperates only on the high frequency portion
of the spatial turbulence spéctrum. Iivingston has proposed a two=
range method of optically determining.the inner scale.11
C. Loz amplitude covariance

We define the transverse log amplitude correlation length (rh)

such that

CI (:h)

-1 ’ (3)
QX (0) .
where C 1 (r) 1s the log amplitude covariance functioni’u and C { (0)=c" 2,
Experimental values of r, are plotted in Fig, 6 vs. the strength of
turtulence, The theoretical values are obtained from the analysis of
Ref, 12,
It is seen that, at the shorter wavelengths, the values of r

a
increase appreclatly as the scintillations become saturated, This
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agrees with certain results reviewed in Ref, 1, and implies

poorer averaging of scintillations in a large receiver, as discussed
below, Surprisingly, the values of r, at 10,6 ¢4 are seen to
decrease at higher turbulence levels,

Values of r, at ussz are plotted vs. those at 1.15/u and
10.§/M in Figs. 7a,b respectively. The increase in r, for the
shorier wavelengths at high turbulence levels is quite evident,

The departure of r, from theoretical values may be explained
in terms of the failure of the atmospheric model at weaker turbulence
levels, and of the propagation analyses at stronger levels., It may
be mentioned that in the case of fog or rain, the observe& values
of T, becom2 small at all wavelengths,

D, Scintillation spectra

A theoretical treatment of scintillation spectra for the
spherical wave case has recently been given.13 If we define the
spectral density of the log amplitude fluctuationsiu as W(f), the
frequency at which f¥(f) is maximum is of interest. We denote this
frequency as fh, and note that the theory predicts the constancy

of the dimensionless quantityi'a

£ [NL
-—:—-—— = (constant), (4)
3,
where I is the component of wind velocity perpendicular to the path,

This is a consequence of the Taylor hypothesis, where} AL represents

A=9-



the "frozen-in" amplitude correlation length., 1In view of the
covariance results presented above, 1t 1s suggested that m be
replaced by T,

Although our path was not sufficiently well instrumented to
assure uniform wind conditions, it is possible to normalize-out
the wind velocity. For example, in Fig, 8 we show the ratio of fm
at two wavelengths, vs, turbulence strength, The average of all
points 1s within ten percent of the theoretical ratio implied by
Eq, (4). It may be expected that the ratio will decrease under
saturated conditions at the shorter wavelengths, due to the increase
in r.s this has been observed elsewhere.1 In the present case, no
clear trend is evident, which suggests that the amplitude pattern
may evolve more under high=scintillation conditions,

This conjecture is further supported by Fig. 9, in which the
two=-wavelength ratios of fmra are plotted vs, turbulence strength,
From the Taylor hypothesis, these ratios would be expected to be
unity., Since the 10.§/4 scintillations are not saturated, the increase
which 1s observed at higher turbulence levels indicates increased
evolution in the amplitude pattern at UBBOR and 1.12/4.

Scatter plots of fmfxsﬂ/!L show a large spread, due protably
to nonuniformity of the wind velocity over the path, The average
of 48 points (all wavelengths) was 1.6, The quantity fmri/{L
evidenced less spread and had an average value near unity. This

compares favora®ly with the Russian results reported in Ref, 1,
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E. Aperture averaging of scintillations (QBBOX)

The reduction in log amplitude variance for a 32 cm receiver
relative to that for a virtunl-poirt-receiver was less effective than
predicted from theory,"lS or from a simple assunption of independent-
ly scintillating patches of size Ty The ratio of log amplitude
variances for large and small apertures is shown vs, turbulence
strength in Fig. 10, Particularly poor aperture smoothing is
evidenced under strongly saturated conditions, which has obvious
implications for practical systems design.

The same ratio is shown in Fig., 11 vs, the sige of T As
expected, an increase in T, corresponds to poorer sperture averaging,
This is more yraphically illustrated in Fig. 12, where the abscissa
is the value of the norrmalized covariance curve at a separation r=4 cm,

Poor aperture smoothing has been attrituted to transmitter
aperture effbct316 and to nonhomogeneous paths.1 We believe that
neither is fundamental, The theoretical covariance curves for
spherical and plane waves are siuilar,1 and we believe that poor
smoothing would also be observed for a plane wave source,

It appears that an adequate theoretical description of receiver
saoothing remains to be given, even for non=-saturated conditions.
Equivalently, the covariance hehavior must be known, including the
details of the "tails” which have been observed to decrease more
slowly than expected (Fig, 12 and Ref. 17). It would also be useful

to extend the O.F.F. viewp;int5’6 to the receiver smoothing case.
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F. Nonstationarity of turbulence and scinitillation levels

Under conditions of e.g. troken clouds, the level of
scintillations and turbulence is seen to vary from moment to
moment, and in fact éhe response to the sun emerging from a cloud
is essentially instantaneous., The correlation of non-saturated
log amplitude variances at three wavelengths, taken on such a day
with 10 second averaging times, is shown in Fig. 13, A similar
correlation is shown in Fig. 14, where thermal and short-path
or "optical” Cnz determinations were made at the receiver end,
while the large cloud pattern drifted towards the transmitter and
resulted in the time delays shown., In this figure, the scintillations
at 48808 are saturated, and evidence supersaturation, i.e. an
anticorrelation with 10,6 ¢ scintillation levels.

A more fundamental intermittency of turbulence exists
in the absense of obvious causes such as broken-cloud skies.7
This effect may be expected to result in nonuniform turbulence over
& physically uniform path, The theoretical expression for the

point-source log amplitude variance over a nonuniform path is1

620,14 k76 j;L c,(z) (2/1')5/6 (1»2)5/6 dz, (5)

From this expression, we see that wavelength does not appear in the
path integral of cn‘(z), so that we would expect variances at the

various wavelengths to remain correlated under varying conditions.
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As shown in Fig. 15, this is not necessarily observed. One must
conclude that results such as shown in this figure are caused by
variable turbulence spectra over the path, and in fact on this
particular day, a markedly non-inertial turbulence spactrum was
measured,
IV, Further discussion
A, Saturation of log amplitude

The maximum saturated variance (dﬁ;x) in Fgs. 3 and 4 is
approximately 0.6. This result, using an unambiguous point source,
agrees with recent Russian measurements.1 Many investigators have
used larger, diverging sources. Under non-saturated conditions,
this may be expected to give stronger scintillations than a point
source, approaching a point source as the divergence is 1ncreased.2
However, under saturated conditions, larger sources apparently give
rise to lower maximum variances.1 This may explain the lower
(6&2;%:0.3) variances observed in Ref, 8, The difference is quite
important, since a rule of thumb for the signal dynamic range
associated with a given log amplitude variance for log normal
fluctuations 1s18

Dynamic range & 100 ¢ 2 , (6)

Ve recommend aszainst the use of the (linear) intensity or
amplitude variance (diz) in theoretical and experimental discussions.
Although this quantity may be related to the log amplitude variance

for an exactly log normal process,1 it poorly characterizes such a
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process physically, Furthermore, the conversion to a log variance
for a real process is highly sensitive 1- skewness.19
In Figs, 3 and 4 we have presented evidence that the saturation
curve for a point source is independent of wavelength out to 10.65#.
This is expected from dimensional considerations given telow, and
agrees with the results of Ref, 10 for visible and near-IR
wavelengths.zo There are some data showing an apparent wavelenzth-
dependence,21 tut these may involve transmitter aperture and mode
effects and constitute a small number of points at less than octave
wavelength separations. From similar dimensional considérations.
we expect no range-dependence of the saturation curve, although
supersaturation may be incorrectly interpreted as implying a
lower 6;;x at longer ranges. A range dependence can occur for
distances small enough to involve inner scale effects.17
The wavelength- and distance-independence of saturation curves
for a spherical (or plane) wave source ir a Kolmogorov atmosphere
ray be predicted from the following dimensional xeasonings., The
only physical parameters are L, X. and cn. For a given wavelength
and strength of turbulence, we define a critical distance fof

saturation as

Lcr - F xm ’ (7)

such that

Acily-



z 2 .76 . 11/6
o2 =o02sc k%L

. 1.05/8 11/6 )\(11m-7)/6 Cn(iz;iip)/e . (8)

The coefficient }3 nust be dimensionless if we are to avoid
introducing a scale length with no physical basis, and we expect

it to Ye of order unity. Hence, we have

m+p/3=1, (9)

The choices (m=7/11, p=12/11) remove the three parameters from the
2 - 2 .
saturation expression (o’m), and result in F 0.73 for o’ma.x 0.6.

A slightly different choice with simpler exponents is (m=2/3, p=1),
1/6

2 __\1/18
giving 6.2 ~ \/°" ¢

. However, the value of /3 to fit
experimental data 1s highly sensitive to this choice, and will now
increase nearly an order of magnitude to allow for even this very
weak wavelength-dependence. Since no other choices of m and P
seem reasonable, we expect the fundamental parameter-independence
of d;:x . Of course, a finite transmitter aperture and/or significant
inner scale will introduce scale lengths and modified parameter-
dependencies.

It should be noted that the use of a gaussian (rather than
Kolmngorov) atmosphere22 introduces an artificlal turbulence scale
length, and leads to seriously erroneous parameter dependencies

(¢ 2~ 1k?) in the nonsaturated region. Although a number of authors

have employed this model in saturation and other analyses, we believe
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its use should be avolded,

Theoretical efforts to predict saturation and especlally
supersaturation have teen larsely unavailing, as reviewed in Ref., 1.
Even in the nonsaturated region,lthe usual (Rytov) analysis has been
attacked as teing non-self-consistent,zj’zu non=energy-conserving
unless corrected,zs and as representing no real extension of the
Born me'c.l‘lod.26"28 However, data taken under highly-ideal conditions10
show a2 small spread and confirm the basic theory.

Recent effortszg’jo to describe saturation or multiple scattering
are semi-empirical, involve a gaussian atmospheric modgl, and continue
to be controversial.31'32 A heuristic argument has been used to
Predict supersa.tura.tion.33 Attempts at more rlgorous solutions
continue?u'36 including a generalization of the Huygens=Fresnel
method to a random medium,35’37 and incorporation of the effects of
turbulence 1ntermittency.36

Youngaa-uo has equated multiple scattering and "seeinz” (wavefront
distortion) effects, i.e, the smearing of the diffraction disc to
beyond the r;~£'scale. This agrees with our covariance observations
in saturation, He describes saturation in terms of a virtual
aperture-smoothing effect, and predicts the fall-off beyond saturation
with increasing ranze (or turbulence) as L.q. The value of q depends
critically upon the MTF in the saturation region, and may be

b1

inferred from Ref., 40 and Coulman's NTF data =~ to be approximately 1/3.

This viewpoint also predicts the wavelength~-independence of d;;x, and
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saturation levels at radio frequencies are cited as evidence,
B, Turbulence structure

The substantial data spread which is typical of scintillation
experiments is believed to be due to the nonuniformity of
turbulence, both in sfectral form and in strength. The latter
factor relates to the fundamental "intermittence" of turtulence,
and is discussed in Ref. 7.

The degree of universality of the Kolmogorov spectrum is a mat-
ter of controversy. Under conditions of a nearly ideal terrain,
constant wind, and extensive data averaging, the 5/3-law spectrum
has been verified under a wide varlety of atmospheric condfl.‘c.ions.l"2
Further supporting data are given in Refs. 43-54. In fact, the 5/3
slope has been observed for scale sizes well beyond those of :lsotropy.51’55
However, the present measurements, which show a tendency for a lesser
slope, especlally for weak turbulence, have also been well-supported
elsewhere.17'56'58 These latter results have been interpreted as
evidencing an energy input in the subrange spatial scales, Further
support for these departures from a simple atmosphere is given by
éualitative interpretation of scintillation photographs.8 The entire
Kolmogorov theory is seriously questioned in Ref, 59, on the tasis
that large and small scale turbulenc: components are coupled, In any
event, 1t is clear that for nonideal terrain, single measurements,
and/or shorter averaging times, the inertial subrange atmospheric

model is often lnaccurate, and there is as yet no adequate theory.l"2
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It is recognized that temporal spectra may not accurately

represent true spatial spectra in the event of the breakdown of
1,4

However, the trend toward

17,57

the "frozen-in" or Taylor hypothesis.
smaller slopes agrees with that from direct spatial measurements.
Discussions supporting the Taylor hypothesis are given in Refs.
49 and 60. Limitations and modifications of the hypothesis are
discussed in Refs. 51, 61, and 62; they do not appear important to

the present discussion,

Finally, it should be remarked that the influence of random
humidity variations on 10.5/" scintillations remains to be adequately
descrived, &

V. Future experiments

In current experiments we are examining the effects of
transmitter size and divergence in detail,? Following this,
multiwavelength long=path horizontal experiments will be conducted
in order to demonstrate the saturation of scintillations at 10.6 4}
to further verify the independence of the saturation curve with ( A,L)
and to examine the behavior of Ty probtability distritution, and
receiver aperture smoothing for very large path-integrated
turbulence., Detailed attention will then be given to the
intermi ttency problem.7

Further work is also needed in transmitter and receiver diversity

&4

systems for overcoming the effects of scintillations, ' and in
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relating NTF measurements to beam wander, spread, and
scintillations.37’65 Finally, there is a great need for
extensive measurements of the characteristics of turbulence vs.

altitude and their effects on vertically propagating beans,
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Captions to Figures

Turbulence spectral (rms) slope and inner scale vs,

strength of turbulence.

Turbulence spectral slope and inner scale vs., wind speed.
Experimental vs. theoretical log amplitude variance., The
circles indicate a relatively good Kolmogorov turbulence
spectrunm,

a. MSBOX

be 1.12A

Ce 10.67u

d. Three wavelengths combined
Experimental log amplitude variances for palrs of wavelengths,
Inner scales as determined from shorte-path scintillations
measured at 63282 vs. those from microthermal spectrum,.
Transverse loz amplitude correlation length vs. strength of
turbulence,
Transverse log amplitude correlation lengths for pairs of wave-
lengths.
Ratio of peak frequencies of scintillation spectra for two
wavelengths, vs. strength of turbulence (Eq. 1).
Ratlo of (peak frequencyXtransverse correlation lenzth) for

two wavelengths, vs. strength of turbulence.
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10,

11,

12,

13,

14.

15,

Ratio of loz amplitude variances at hBBOX for large and
small receivers, vs, strength of turbulence,

Ratio of log amplitude variances at QSBOX for large and
small receivers, vs, transverse log amplitude correlation
length,

Ratio of log amplitude variances at hBSOX for large and
emall recelvers, vs, normalized covariance at r=4 cm,

Log amplitude varlances at three wavelengths for 10 sec
averaging times, vs., tinme,

Log amplitude variances and turtulence strengths for 10 sec
averaging times, vs., time,

Log ampl®’tude variances and turbulence strengths for 10 sec

averaging times, vs. tinme,
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Tatle I-=Experimental Parameters

Path length: 1.4 km

Path height: 2 meters

Wavelengths: MBBOX, 1,154, 10,6 ¢ (simultaneous and
coincident beans)

Receiver aperture: 3 mm

Receiver dynamic range: 80 dB

Transmitter Fresnel numbers < 1072 (virtual point sources)

Auxiliary short-range system: 63282 at 165 m

Aperture-averaging receiver: 32 cm at 48808

Tatle II--Experimental Measurements

Microthermal:
Turbulence spectrum (one-point temperature fluctuations)
Inner scale
%trength of turbulence (two-point differential
. temperature fluctuations)
Multiwavelength scintillation statistics:
Log amplitude probability distritution
Log amplitude variance
Log amplitude covariance function
Spectra of scintillations
Receiver aperture=averaging
Short=path log amplitude variance
General meteorological parameters
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APPENDIX E

Intermittency of Turbulence in
Atmospheric Scintillation Phenomena *

Jo. Richard Kerr
Oregon Graduate Center
for Study and Research
19600 N.W. Walker Fd,
Beaverton, Oregon 97005

The fundamental intermittency of turbulence, including the
conditions of 2 uniform terrain with constant solar flux, has recently
been widely recognized by atmospheric physicists.1'5 The effect,
which is dependent on Reynolds number,5’6 is related to random dis-~
sipation rates at small scales, and necessitates a small correction
in the Kolmogorov spectrum.i’s More importantly, it results in an
intermittent and spiking behavior for parameters such as the tempera-~
ture fluctuations at a point, and in significant variations in the
short=tern level of scintillations for a propagating laser beam,

It is often observed that regzions of warmer air, containing
highly turbulent eddies, are interspersed with cooler regions of
relatively low turbulence.7 One description is in terms of intact
“plumes” of warmer afl.r.e'12 Although most otservations haée been near
the ground, the effects are also seen at several kilometers of
altitude, 13

The intermittency has lead to bimodal approximations for the

temperature probatility distribution.7 More precisely, the tempera-
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ture and velocity derivative fluctuations are log normal in

6 where a bilateral form should be used when the

nature, 1"3. 5
variable has a zero mean.6 The nonuniformity of the turbulence may
also extend to its spatial spectrum.lu
Anmplitude scintillations are primarily affected by small scale
turbulence components, which are in turn affected by various scales
of intermittency. If we designate the outer scale of turbulence by
Lb' the scales of intermittency or inhomogeneity may be distinsuished
as follows:
1. large scale (§>L°) regions in which medium and small
scale turbulence components are increased
2, Medium scale regions (::Lo) in which small scale
turbulence components are increased
3. Fine 1nhomogene1t1e$, such as the sharp boundaries
which are observed between larger regions
The intermittencies render Fourler analysis awkward,15 and suggest
the need for a theory for short-term atmospheric and scintillation
phenomena and measurement.1
Examples of probtability distribtutions of microthermal fluctua-
tions (AT) are shown in Figure 1, A small, single probe was used with

17 and the points on each curve were taken

low~noise electronics,
sequentially over a perlod of about two minutes, The straight line
(gaussian) distritution was observed during a uniform periocd of

turbulence, while the double gaussian with a break-point indicates an

Ba2-



atrupt (large-scale) chanze, The third curve, with pronounced tails,
is associated with a more characteristic spiking behavior. Such a
distritution is shown for log (AT)? in Figure 2, indicating near
log-normality,

Optical/infrared scintillations are determined by a weighted
average of the high and low turbulence regions along the path, Thus,
large-scale inhomogeneities are not well averazed and give rise to
the familiarly large spread in scintillation data; it has been
estimated that this effect gieatly overrides the spread due to
variations in the turbulence.sractrum.18 It is thus suggested that
quantities such as the short-term variance of log amplitude E? ‘(ti}
and refractive index structure constart {En’(té] be treated as
related random variables, Theory then needs to bte developed to
describe this relationshin, and to predict data spread and confidence
limits, It may be noted that inhomogeneities, whether systematic19
or random, will also affect the covariance of scintillations, and hence
the effectiveness of recelver aperture smoothinzg, Also, fluctuations
in o 3(t) imply deep signal fading which is obtscured in long-term
averages.

A related question is that of stationarity vs., longer averaging
times.zo For practical purposes, stationarity may be said to fail
when no choice of averaging time for ¢ 2(t) or an(t) will result in
consecutive values which are.consistent (small spread), and free of

monotonic (including diurnal) trends. This may happen with a low
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wind or under changing meteorological conditions. Conversely,
uniform conditions, reasonable winds, and/or longer paths resnlt
in less data-spread for shorter averaging times.21’22
To indicate how a theoretical development might proceed, let us
assume that there is no systematic variation in turbulence along the
path (long-term homogeneous), If we represent the instantaneous
large-scale turbulence profile by the random variable an(z,t), we
may write the log amplitude variance for a point source usinz the

23

expression for a nonuniform, smoothly=-varying turbulence level:
L

¢ 2(t) = 0,14 k7/6f ¢ 2(z,t) (2/1)%/6 (1-2)5/6 4z, (1)
0

where z 18 the distance from the transmitter, and k is the optical
wavenumber, With a sufficient knowledge of the statistics of
Cn'(z,t), the statistics of o 2(t) may be calculated for a given
averaging time, The long-term average will of course yleld the

23

usual expression
o2 = 0,12 k7/6 L11/6 ef . (2)

The presence of large-scale regions of turbulence with abrupt
boundaries suggests that the assumption of local homogeneity23 may
be poorly justified., In such a case, Eq. (2) may not give the
correct long-term average, and a fundamental modification of the
propagation theory is required. To illustrate how such a situation may

apply, we consider the following extreme case, Suppose that there
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exists an optical path which is instantaneously quiescent over all
tut a region of length L' near the receiver, We assume that
I°>(AL')1/2, where /(o is the inner scale of turbulence; this

is often the case for e.g. 200 meters of path length or less.iu

We must then apply a geometrical optics expression to obtain 6”:23

‘3~cn.zL.31°-7/3 ‘ (3)

where C ' is the actual structure constant within the hizhly turbu-
lent region. Now, the true variance as given by Eq. (3) is much
smaller than that taken from Eq. (Z), where Cn‘ is taken as the
time- or path-averaged value (Cn"L'/L). This type of situation
may be repeated several times over a path,

In recent uorkzu deWolf attributes the log normality of
scintillations (as opposed to a Rayleigh distributionzs) and the
data soread in experimental measurements, to large-scale intermit-
tencies. He also suggests a relationship between the degree of
averaging of inhomozeneities (as influenced by wind speed) and the
level of saturation of scintillations, a relationship which is borne
out by exper:tmeni:s.23

In preliminary experiments we have measured the probability
distributions and normalized variances of Cn‘(t) and ¢”%(t) taken as
short-term averages, The scintillations were measured simultaneously

°
at 4880A and 10.§/A over a common 1.4 km path. We have also deter-

mined the normalized variance of spectral components of ZST, for
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2 1 Hz tandwidth centered at 2 Hz and 100 Hz respectively. Repre=-
sentative results are given in Table I, where o;’ (MBBOX) is

the theoretical value of o ? as obtained from the measured value
of Cnz and Eq. (2), and indicates the strength of turbulence.

Although general conclusions may not yet be drawn, several
possibtle trends are evident from these and other measurements. As
the wind speed decreases, the intermittency of Cn’ increases
drastically, Under highly turbulent conditions, the same is true of
scintillations, and the shorter wavelengtn is better-averaged (less
intermittent) than the longer, as would be expected. However, under
conditions of weak (and hence possibly poorly-developed) turbulence,
scintillations are relati{vely intermittent in spite ot the hich wind,
and the expected wavelength effects are not observed,

Using one-second averaging for Cd’(t) and G’F(t), protability
distributions of Cn‘(t) are highly skewed as expected, while those of
o 2(t) are sometimes skewed but tend to be gaussian in about half
the cases examined., Temporal records of these quantities for Run No, 2
are shown in Figure 3.

In all cases, the spectrum of temperature fluctuations is more
variable at lower frequencies than at high, Typical narrow=band
fluctuations are shown in Figure 4, centered at 2 Hz and 100 Hz
resp;ctively.

In conclusion, it is apparent that in order to quantitatively
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describe the nature of turbulence intermittence and its effects on
scintillation statistics, levels, and data spread, further theoreti-
cal efforts are needed, coupled with experiments in which measurements
of the type illustrated above are made under a wide variety of
conditions, Other parameters such as the autocorrelation of Cn'(t)
are also pertinent, The experimental facility should include
microthermal, wind, solar flux, and lapse~rate instrumentation at

a number of points, In particular, 1£ is desirable to take data
during periods of highly~homogeneous conditions over the path,xa

and to relate the degree of homogeneity and single-point intermit-

tency to fluctuations in the level of scintillation.



Footnotes

*This work was sponsored by the Advanced Research Projects Agency.

1,

2,
3.

b,

Se
é.

7

8,
9

10,

11,

A, S, Gurvich and A, M. Yaglom, Phys, Fluids Suppl. 10 (part II),
s 59 (1967).

A, S, Gurvich, J. Fluid Mech, 38, 17 (1967).

C. H, Gibson, G. R, Stegen, and R, B, Williams, J, Fluid Nech,
41, 153 (1970).

H. Tennekes, Phys, Fluids 11, 669 (1968).

J. C, Wyngaard and H, Tennekes, Phys, Flulds 13, 1962 (1970).

R, W, Stewart, J. R, Wilson, and R, W. Eurling, J. Fluid Nech, 41,
141 (1970).

R, S. Lawrence, G+ R. Ochs, and S. F. Clifford, J. Opt. Soc. Am,
60, 826 (1970). |

C. E. Coulman, J., Opt. Soc. Am. 55, 806 (1965).

H, Hidalgo and R, Vaglio-laurin, Description of Atmospheric
Turbulence for Linear Propagation of laser Beams, IDA Log No,

HQ 70-11343 (avallable from Inst, for Defense Analysis, Arlington,
Va, 22202, 1970)., This report contains a complete review of those
aspects of turbulence relevant to propagation.

Ts H, Pries and G. S, Campbell, Spectral Analyses of Hirh-Frequency

Atmospheric Tenmperature Fluctuations, ECON-5387 (available from

U.S. Army Electronics Command, Ft. Monmouth, N. J., 1971).

C. E. Coulman, Solar Fhys. 7, 122 (1969).



12,

13.
14,

15,

16.
1?.

18.

19.

20,

21,

23.

25.

C, E. Coulman and D. N. B, Hall, Appl. Opt. 6, 497 (1967).

G. R. Ochs, private communication.

Jo R. Kerr, Turbulence Characteristics and Multiwavelength

Propagation, submitted for publication,

P, G, Saffman, in Topics in Nonlinear Ph1§ics, cdited by

N. J. Zatusky (Springer-Verlag, Inc., New York, N.Y., 1968),

p. U485.

J. C. Wyngaard, private communication,

J. R. Kerr, paper in preparation.

P, M, Livingston, private communication.

G, R. Ochs, R, R, Bergman, and J, R. Snyder, J. Opt. Soc., Am. 59,
231 (1969).

P, L Hunt, Paper TuFl6, 1971 Annual Meeting of the Opt. Soc, Am.,
Ottawa, Canada, Oct. 5-8, 1971,

R. H, Kleen and G. R, Ochs, J. Opt. Soc. Am, 60, 1695 (1970).

G. E. kevers, M, P. Keister, Jr., and D, L, Fried, Paper WH 18,
1969 Spring leeting of the Opt., Soc. Am,, San Diego, Calif.,
March 11-14, 1969,

R, S. Lawrence and J. W. Strohbehn, Proc. IEEE 58, 1523 (1970).
D. A, dewolf, private communication,

D. A, deVolf, J. Opt. Soc, Am., 59, 1455 (1969).

B =9=



1.

2,

3.

4,

Captions to Figures

Protability distributions for single-point temperature
fluctuations.
Probability distribution for logarithm of temperature

fiuctuations.

Short-term refractive index structure constant (an) and

log amplitude variance of scintillations (6’3) vs, time,
Fluctuations in spectral components of temperature fluctuations

for a 1 Hz tandwidth centered at 2 Hz and 100 Hz, vs. time,
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APPENDIX C
Transmitter Size and Facus Effects on Scintillations*

Je Richard Kerr
Roger Eiss

Orezon Graduate Center
for Study and Research

19600 M.V, Walker Rd.
Beaverton, Oregon 97005

Analyses of turtulence effects on finite laser beamsl-S have
predicted a drastic reduction in scintillation levels when the
target or receiver is located in the near field of a focused trans-
ritter. Althouch this effect has not been well verified, it is tein-:
increasinsly utilized in system design studies. These analyses of
“transmitter aperture averazin;" do not apply to saturated scintile-
lations (multiple scattering),6 tut are pertinent to most or all
10,64 systems and to vertical paths.7

In generzl, the theoretical results have not been presented in
the form of detailed nurerical predictions, which are necessary in
order to examine such factors as 1) the criticalness of the focus
adjustment, 2) the effects of deliterate diverzence to alleviate bean
wander and/or trackins problers, ard 3) the desree to which finite-beam
effects may have affected scintillation experiments in the literature,

In this note we present seneralized curves for predicted scintillations

as a function of transmitter size and diversence, and discuss the

C-I-



implications.
P
An expression for the on-axis loz amplitude variance (& ) for

a horizontal laser team may be obtained from Ref. 3, Eq. 28 as
1

i 2.18 k76 (11/6 ¢ * [ £(x) ax ’ (1)

n

e r(osl,(l-x) +1 [1--::1. + o 23 + o L%x -oﬂl.g - s/6

f(x)= Re x

L

(1 -ataL)‘ + (-t‘L)‘

«, L 5/6

-] (1 -x)? ’ (2)
-, L) + (4L)

and k is the optical wavenumber, L is the path length, and cn‘ is the
refractive index structure constant.6 The inverse transmitter-Fresnel-
number is given by e, L, and « L=L/R where R is the radius of curvature
of the outgolng wavefront. We have assumed a Kolmozorov turbulence
spectrum with a zero inner sca.le.“ The above expression is also derlved
in Ref. S5 using a different technique,

We now define O S‘ as ‘“ne variance for the case of a spherical wave

6

or point source:
2
gy =o0.124 k716 (1176 ¢’ . (3)

2 2
We then wish to exanine (6 /¢ s ) as a function of transmitter size (o, L)
and diverzence (&_\L). usinz computerized numerical intezration. Note that

collirated and focused cornditions correspord to-(aL-O,l respectively,
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Also, for a divergent beam, ;L is related to the receiver and trans-

mitter beam diameters (DR T) and beam divergence anzle © by
?

= %,L = D /D,

(&)
0=l (DT/L) .

The results are given in Figures 1-3, and susgest several important
points. From Figure 1, we note that as the transmitter becomes larzer,
the criticalness of the focus adjustment increases accordinzly, and
the theory predicts that the effects of a small misadjustment become
very serious--gsufficient to increase the varlance by orders of magnitude
over that for a true focus or even a point source, If true, the
mechanism of such scintillation enhancement is not otvious, and tne
practicality of maintaininz the required adjustment (discussed below)
is questionatle, lNote that the details of scintillation reduction
with precise focusinz would require a logarithmic scale; results vs,
transmitter size and inner scale of turtulence are siven in Refs., 14,

The use of deliterate divergence destroys the “aperture averaging"
effoct, For the case of turtulence propazation experiments per se,
we see from Figure 2 that («, L210?) ensures point-source results, tut
a 30% error may result if Nhlﬂio. From Figures 2 and 3, the use of a
larze, hichly-diver-ent transmitter ensures results which approach the

point=source case; however, a 257 error ray result at o, L=~5 even for a



fairly small D’I" Finally, the use of a converging beam which focuses

in front of the receiver (da L>1) results in some reduction over the
point source case.

The criticalness of focus may be further examined by definingz
«aL-i"A(<<1) . (5)

It may easily ve shown that the geometrical focal planes at the
transmitter telescope input and receiver rezion have been respectively

moved (relative to the ideal A =0 case) by

g - A , (68.)

L

L-R=LA, (6v)

where f is the focal lenzth of the transmitter telescope. Furthermore,
the scintillation-reduction effect will disappear when the geometrical,
defocused receiver spot size (D,r /) is comparable to the diffraction

limit. i.e.
Azl . (?)
Combining (6a) with (7), we vequire

§ 13
—— <K oL ; (8)

The required transmitter focal plane precision (8) may be a

few microns, It is furthermore implied that spatial filtering and

Celt-



good output optics may be required to achieve the desired.reduction.

One difficulty with the above theory is that it apparently does
not properly account for beam wander effects. Vander is beinz studied
experimentally and analytically,e-lo and at least one effort is underway
to theoretically combine the phenomena of wander and scintillations.11
It is usually possible to spectrally separafe fading due to wander and
scintillations, due to the slow (& 1 Hz) variations of the former.
However, the presense of beam wander implies that the tarzet will not
remain at the short-term beam centroid, with deleterious effects on
scintillation which have not yet been numerically evaluated.3 In addition,
turbulence~induced team spreadinz is well known to te much greater than

9,10 This may

the diffraction 1limit of a reasonably larze aperture.

indicate a more fundamental deficiency in the theory.
The theoretical prediction of scintillation reduction through focusing

has teen questioned in a recent review paper,6 using an arzument related

to turbulence-induced wavefront distortion. The condition for the

propazation of a meaninzful “focused" wave is given as

(0,717

an < (const.) X T— . (9)

However, by comparison with Eq. (3), this condition may be restated as

2 p2 \ 76
65 < (const,) X[—E—
AL

= (const.) X (w,1)"7/6 : (10)

where the final constant is on the order of 0,02, This condition is
largely useless, since it is a weak condition precisely when (=<1Iﬂ4<1),

i.e, when the focusing concept itself is applicable.
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The above condition was derived6 through the comparison of a
wavefront distortion limitation at the transmitter with a (plane
wave) distortion expected at the receiver, However, we have modified
this argument to apply at all points of the path, and simply obtain a
different (-5/6) exponent. It seems therefore that first-order theory
cannot be expected to predict its own limitations.

It may be mentioned that for a monotonically decreasing turbulence
along the path (uplink case), the prediction7 is that a collimated beam
will scintillate similarly to a focused beam in the horizontal case.

One should examine12 the criticalness of the collimation adjusiment,
and the sensitivity of the scintillation reduction té the actual
turbulence profile vs, altitude,

The above considerations wére motivated by experiments in which
we have not been successful in demonstrating a drastic scintillation-
reduction through the use of a large, focused transmitter, Ve are now
modifyinz the equipment in order to precisely control the focal plane
and to attempt to verify the (°(1L - 10'1) curve in Figure 1a, including
both scintillation reduction and enhancement over that for a point source.
Experiments are also needed under nmultiple scattering conditions, and

especially for vertical links,
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Captions to Figures

Normalized loz amplitude variance vs. transmitter focus conditions.
&, Small and moderate apertures. b. large apertures.

Normaiized log amplitude variance vs., transmitter divergence
conditions,

Normalized loz amplitude variance vs, transmitter inverse Fresnei
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