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ABSTRACT

The results of (wo laser scintillation®experiments in the atmosphere

are presented, as is a revised eye-hazard evaluation procedure incorpo-~
rating these results. The objective of the research is to determine the

influence of atmospheric thermal turbulence on laser eye safety.

; i
i
% )

The cxperimental work on a 3.5-km near-ground horizontal propagation

kit

path was designed to determine the effect of range upon laser scintilla- 3
tion magnitude, represented by the log intensity standard deviation (C). ;
It was found that for very short ranges and low thermal turbulence, the

measured values (cm) agree well with theory (ot). However, for longer

ranges and higher thermal turbulence, the values of Om reached a maximum

value of approximately 1,25 at ot = 2.50, and then decreased beyond,

2
fitting the empirical function om ot/(l + 0.16 o, ) fairly well, This
"supersaturation effect” is quite significant in reducing eye-damage

probabilities for typical ranges and thermal turbulence conditionms.

The second experiment was an attempt to confirm that scintillation
saturation occurs on a slant path between a ground-based laser and a
receiver on an orbiting aircraft. Some evidence of saturation was found,
but the effect was not clearly established because of the limited ranges

necessitated by the laser used.

The eye~hazard evaluation procedure is quite generally applicable,
and requires only readily available input data, The method covers
propagation on a slant path with either a ground-based or airborne
laser, as well as near-ground horizontal propagation. The airborne-
laser slant-path configuration is shown to give the lowest eye-damage

probability, other factors being the same,

iii
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I INTRODUCTION

The rapid proliferation of laser sysiems for civilian and military
applications urgently requires the development of suitable guidelines
to ensure safety in their use. In the absence of appropriate and
realistic guidelines, excessively conservative "safety factors” may be

proposed that could unduly restrict the use of laser systems.

The U.S. Air Force is actively conducting and sponsoring research
studies (1) to determine threshold levels for laser eye damage
(Vassiliadis et al., 1969),* and (2) to determine the effects of atmo-
spheric thermal turbulence on eye-damage probabilities. The latter is
the objective of our present work and the subject of this report. A

previous report (Johnson et al., 1968) described the results of the

first year's research.

The effect of atmospheric temperature inhomogereities in increasing
eye-damage probabilities is exemplified in Figure 1, which illustrates
the resuiting characteristic breakup of a propagating laser beam. To a
viewer, this appears as scintillation (fluctuations in intensity). The
"hot spots," or areas of localized beam intensification, typically have
intensities that are tens or hundreds of times the average beam intensity.
Thus, as the state of the atmosphere changes from a thermally '"guiet"
situation (no scintillation) to one of increasing thermal turbulence and

scintillation, the probability of laser eye damage increases drastically.

buring the first year, substantial progress was made toward clari-

fying and parameterizing the effects of atmospheric thermal turbulence

L 3
Reterences are listed at the end of the report.
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FIGURE 1

BEAM PATTERN OF RUBY LASER AT 116 km




upon laser propagation and upon the associated eye-damage probabilitiles.
It was determined experimentally that the amplitude probability distri-
bution of the laser intensity measured by a S5-mm~aperture detector is
well described by a log-normal distribution, in accordance with Tatarski's
(1961) theory. The results demonstrated that, although the observed
probability distributions departed somewhat from log normal at the ex-
treme upper end of the distribution (possibly because of the finite

laser power), the assumption of a log-normal distribution gave safe
(conservative) eye-damage probability estimates. These analyses were
carried out to probabilities approaching 10-7, almost three orders of

magnitude lower than previously available.

Using the log~normal model, a preliminary set of laser safety guide-
lines for atmospheric effects were developed. These tentative guidelines
are based upon readily available, conventional weather observations,
However, a number of approximations had to be made in developing the

guidelines, because of the basic lack of information. During the past

-

year, additional experiments were carried out in order to clarify certain

it S At

unresolved propagation effects and to permit the guidelines to be extended
to a broader range of usage of laser systems in terms of path geometry, %
. nature of the platform, and turbulence conditions. The results of this A
research and the incorporation of this information into the laser eye-
safety guidelines are described in the remainder of this report. It
should be emphasized that these safety guidelines should be considered
tentative and used with caution until the new experimental results that
they reflect can be confiried for a variety of laser-beam and propagation-

path configurations,

[ A




11 TECHNICAL BACKGROUND, SUMMARY OF RESULTS, AND RECOMMENDATIONS

A. Background and Summary of Results

Classical optical propagation theory (Tatarski, 1961) predicts that
the scintillation magnitude (ct) is directly proportional to thermal
turbulence intensity (Cn), approximately directly proportional to
range (R), and approximately inversely proportional to the square root

of the optical wavelength; the exact form is

11/12 7/12
R / / c

= K (2n/\) . (1)

t
Here ct is the theoretical log signal intensity standard deviation, and
K is a dimensionless constant. This theory, which is based on the so-
called Rytov approximation, fits observations well for low-thermal-

turbulence conditions and short ranges.

Application of the theory to longer ranges and higher turbulence
levels has not been intuitively appealing, however, since for these con-
ditions the predicted sciﬁtillation magnitude (and hence the eye~damage
probability) increéases indefinitely without bound. But no better theory
has been available, and indeed, recent advances have come principally

through experimentation,

The first breakthrough came from experiments in Russia by Gracheva
and Gurvich (1965) and by Gracheva (1967), which showed a saturation,
or levelling off, of the scintillation magnitude with increasing range
beyond about 1 km. (The longest range at which measurements arc reported
in the Russian work is 1.75 km.) Subsequently, Tatarski (1966) and
DeWolf (1968) duveloped variations of the propagation theory that con-

form to some degree to the Russian observations.
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In November 1968, at an excellent site near Woodland, California,
we carried out a horizontal propagation experiment designed primarily to

check and extend the Russian results regarding the range dependence of

the saturation magnitude. Our results, which cover a broad range of
thermal-turbulence conditions and ranges out to 3.5 km, were surprising
and are believed to be extremely significant in the context of the eye-
safety problem. We found that, for our experimental conditions, the
scintillation magnitude not only saturated with increasing range and
thermal turbulence level (as represented by ct), but actually reached a

peak and decreased thereafter--an effect that we have called ''super-

saturation.'” An analytical expression that fits our measured data well

is f
c ;
t ‘
g = —— ) (2) i
m 2
1 + 0.16 ct

where g 1is the measured log intensity standard deviation.
m

Subsequent to the horizontal propagation experiment, we learned
that Deitz and Wright (1969) had reported some indications of such an
effect in their data, which extended in range to 1.5 km. In addition,
Mevers et al. (1969) reported in April 1969 that their data, which
extended to 5 km, definitely shows a supersaturation effect; Ochs (1969)
also hints of such an effect in his results. Thus, three or four indepen-
dent experiments, in which the investigators were unaware of each other's
results, have produced results that indicate the existence of the super-
saturation phenomenon. ~ Furthermore, & close examination of the Russian
data reveals that they, too, reveal such a tendency within the limited

range covered.

Other significant results obtained from the horizontal propagation

cxperiment include the following:




(1) The frequency spectrum of the scintillation shifts to

higher frequencies with longer range and increasing

supersaturation, and tends to become bimodal,

(2) The intensity probability distribution remains approxi~
mately log-normal for both subsaturation and super-
saturation conditicns, for a detector centered in the

laser beam.

(3) Systematic deviations from log-normal occur when the

detector is not centered in the laser beam.

(4) Values of Cn derived from measurements with a fast-
response differential thermometer system show excellent
correlation with scintillation magnitude for subsatura-
tion conditions, in accordance with Eg. (1). The

constant K was determined to be 1.06.

A slant-path experiment using an orbiting aircraft was carried
out in April 1969 at Brooks AFB. The quantity of data obtained (28 good
runs in two days) was less than desired because of the limited availa-
bility of the aircraft. Some indications of saturation of scintillation
on the slant path were found in the limited data sample obtained. The
maximum range used was approximately 4000 m, which was not far enough
to produce supersaturation, Saturation effects were observed on the

horizontal control range at a distance of 350 m.

The pszudo~wind effects caused by the aircraft and laser-beam move-
ment were readily apparent in the higher frequencies of scintillation

on the slant path, typically greater than 1 kHz.
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B. Recommendations for Additional Research

Although available information shows that the supersaturation effect

definitely exists, the data from the experiments by various investigators

do not agree in terms of the maximum scintillation magnitude and the rate
of decrease of scintillation with increasing range and thermal turbulence
level. The maximum scintillation magnitude Ovm*) effectively sets an

upper limit for the eye~damage hazard (probability). Thus, it is partic-

*
ularly important for the eye-safety problem that cm be accurately

determined, and that we determine the nature of any dependence upon ;
propagation-path geometry (e.g., elevation), meteorological conditionms, §
or laser characteristics. Additional measurements on the slant path
and also at night under stable conditions are needed. Our laser safety
guidelines in their present form must be considered tentative and used
with caution until the characteristics of the supersaturation effect

are determined for conditions other than those used in our experiments.

resent indications are that om* is a universal constant for a
given laser and path configuration. However, it might be expected that
Gm* would vary with path height, since the turbulence structure changes.
Also, laser variables--such as transmitted beam diameter; divergence,
and wavelength~-might well have an effect, as mentioned by Kerr (1970).
Mevers et al., (1969) have tentatively found that Om* is less than half
as large for a wavelength of 1.15  as it is for 0.514 ;. This wave-

length dependency should be confirmed and further quantified.

The observed variation of scintillation freguency with saturation
should also be examined in more detail, since eye damage depends upon

the duration as well as the intensity of a pulse.
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When suffigient data of this nature are available, they should be
incorporated into a more comprehensive and accurate laser eye-safety
guide. In view of the findings of our recent research, it is probable

that previous guidelines can be safely revised to be less restrictive.




111 HORIZONTAL PROPAGATION EXPERIMENT

A. General
The specific objectives of this experiment were as follows:

(1) To verify the existence and nature of the saturation
effect with regard to optical scintillation, and to
determine if the saturation level for increasing
thermal turbulence is equivalent to that for increcasing

range under low-turbulcnce conditions.

(2) To check the quality of the lug-normal fit to the
probability distribution of the intensity fluctuations

under saturation conditions.

(3) To establish firmer relationships between the meteorolog-
ical conditions and the strength of the optical

fluctuatioss.

Toward these ends, we carried out an cxperimental program tc
measure the intensity fluctuations in the horizontal beam {rom a 3-m¥W
helium/neon laser at a height of 1.7 m above the ground. Two S-mm-
aperture receivers were used, one rixed at 460-m range and thc other
movable over a range from 460 to 3500 m. The fixed control receiver
sampled the beam simultaneously with the mobile receiver by means of o
smal! diagonal nirror,_and thus served as a reference for cach set of
measurements at different ranges. In this way the contr.  receiver
supplemented the indepondent seteorological wmeasuvements in monitoring
the meteorological conditions as the range wa» varied for the aobile

recetver from run to run.

1




B. Site Description

As shown in Figure 2, the site selected for this experiment is
located in an area of rice fields approximately midway between Woodland
and Sacramento, California. The site and surrounding area are extremely
ievel, with scattered low dikes and levees being the only significant
relief. 1In addition, the ground cover is relatively uniform over much
of the area. The particular field we used is approximately 2 %X 5 km
and had a recently plowed and smoothed bare surface. With this type of
site, we could be reasonably confident that the meteorological conditions
and thermal turbulence would be horizontally uniform; Eence, neteorolog~
ical measurements at a fixed location could be considered representative
of the entire propagation path. Some idea of the flatness and uniformity
of this site may be gained from the photograph in Figure 3. The detailed
layout of the laser propagation path and instrumentation is illustrated

in Figures 4 and 5.

C. Instrumentation

1. laser Measurements

A Spectru-Physics Model 115 helium/neon laser (wavelength
6528 A), with an output power of approximately 3 mW, was used for
this experiment. The laser was positioned so that the beam was 1.7 m
abuve the ground., Pointing was controlled by means of a precision
table with micropositioness. Suitable beam-expanding optics were used
to obtain a transmitted beam diameter of approximately 30 mm (betwecen
0-2 intensity poirts). Beam divergence was maintained at about 0.5 mrad
(1ull angle), to give a 25~cm beam diameter at the control receiver
range of 460 m, and a 190-cm beam diamcter at the farthest mobile

receiver range of 3500 m. A spatial filter with an aperture of 20, was

used to ensure a smooth mean (Gaussian) intensity profile across the heam.

12
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LOCATION OF WOODLAND
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Two essentially identical receivers were used in the
experiment to measure the signal simultaneously at two ranges. As
shown in Figure 6, the control receiver assembly was fitted with a
2-cm~-diameter diagonal mirror so that the main portion of the receiver
could be positioned outside of and at right angles to the beam propaga-
tion path., The basic receiver system is illustrated in Figure 7. Each
receiver employed a 5~mm diameter aperture (to simulate the average size
of a human eye pupil), and a 10 A interference filter to reduce back-
ground radiation. An RCA Model 7265 photomultiplier tube (PMT) with an
S-20 photocathode surface was used in each receiver. The output signal
from the PMT was fed into a logarithmic amplifier, whose output was then
recorded in FM mode on an analog magnetic tape recorder. The mean PMT
output current was monitored by a meter using an R-C network with a time

constant of approximately seven seconds.

2, Meteorological Measurements

The primary meteorological instrument was a fast-response
differential thermometer (Figure 8) designed to furnish a measurement
of the temperature styucture function. The mechanical design of the
instrument was patterned after the differential thermometer used by
Wright and Schutz (1967). 1in both instruments a vane is used to main-
tain the orientation of two horizontally separated temperature sensors
perpendicular to the wind direction. However, in our device we used
two 0.0005-inch~diameter chromel-constantan thermocouples, physically
separated by 30 cm but electricalily connected in series. The voltage
generated by the temperature difference between the thermocouples
(64 u V/°C, as determined from :epeated calibration tests) is then
amplified by a high-gain differential amplifier (Tektronix Model 1A7A)
and recorded in FM mode on an analog magnetic tape recorder. The time

constant of the differential thermometer was deterunined cxperimentally

17




FIGURE 8 CONTROL RECEIVER (LEFT) AND MOBILE RECEIVER SET-UP
AT 460 m RANGE
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FIGURE 7 BLOCK DIAGRAM OF RECEIVER SYSTEM
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to be 0.015 s when ventilated at 2 m/s. This response is fast enough
so that the error in the computed fluctuation variance caused by

neglecting higher frequencies should be small.

The differential thermometer was installed on a mast at the

Py e £ e

approximate laser beam level (1.7 m) near the control receiver, 460 m
; from the laser. Also located at this point were an anemometer and vane

for measuring mean wind velocity.

Extensive supplementary micrometeorological measurements were
obtained under subcontract by the Department of Water Science and
Engineering of the University of California at Davis. Their instrumen-
tation instullation (Figure 9) included Thornthwaithe anemometers at
five levels and aspirated temperature sensors at ninerlevels to furnish
detailed wind and temperature profiles up to 4-m height. These measure~
ments were later used to compute Richardson numbers to serve as estimates
of atmospheric stability. Additional measurements included soil tempera-
ture and water vapor vertical gradients, and net radiation. These were

used to establish the surface heat budget and the vertical heat flux,

19




FIGURE 8 OIFFERENTIAL THERMOMETER,

20
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UTILIZING 0.5-MIL THERMOCOUPLES
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D. Experimental Procedures

The basic experimental configuration is illustrated in Figure 10,
The control receiver was located 460 m from the laser, and five positions

were established for the mobile receiver: 460, 1180, 1900, 2700, and

CONTROL  WIND AND TEMP. GRADIENT MOBILE
LASER RECEIVER AND FAST-RESPONSE RECEIVER
TRANSMITTER TERMINAL THERMOMETER FOR C,, TERMINAL

A

TA-883801-8

FIGURE 10 EXPERIMENTAL COMNFIGURATION FOR HORIZONTAL-PATH EXPERIMENT

3500 m from the laser. The signal inputs from the two receivers and the
differential thermomcter were brought into & central recording van, which
was located at about 500 m range, near the control receiver and the
meteorological tower. The signal from the mobile receiver was brought
back in FM mode from the various receiver positions by means of a 3-im
length of field wire, iith taps at the appropriate ranges. In this way,

dependable low-noise data recordings were obtained.

The cxperimental technique consisted of S5-minute runs with both
reecivers measuring the signal simultaneously at different ranges. The
mobile receiver was moved from ohe point to the next point between runs
by means of a light truck, which housed the electrountics. Afier com-
| : pleting = run, the truck was driven to the next point, the receiver was
aligned and conuvcteod to the signal wire, 10 seconds of 60~z test signal
was transmitted, and then the recording of a S-min run, including cali-

hration levels, was begun. This procudure, frum the start of ohe run to

12
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the start of the next, took approximately 15 to 20 min. The runs where
the mobile receiver was at the same range as the control! receiver served

to furnish a comparison of the two outputs, which should be equivalent

at the same range.

Prior to each run, the PMT supply voltage on each receiver was
adjusted to give an approximate mean output current of 10 yA., The log
amplifiers were adjusted to give zero output for ar input of 10 A, so

that the means of the recorded (logged) signals would Lo near zero.

E. Data Analysis

As detailed in Table I, a total of 89 five-minute experimental runs
(lesg three aborted runs) were recorded during the period 10-27 November
1968. These data were processed by both analog and digital techniques.
The primary aim was to compute the standaxrd deviation of the signal in
each of the three channels--control recciver, mobile receiver, and

differential temperature (AT)--for each of the runs.

A Meteorology Research Incorporated "Sigma Meter’ was used for the
anaitog processing. This is a two-channel device that half-wave rectifies
the incoming signal, takes the average of the rectified signal (which
represents lVI, the average signal deviation from the mean), and then
Jetermines the standard deviaticn o from the relationg = 1.25 T;T,

which holds for a Gaussian distribution, The time constant for the

Sigma Meter is about 30 s for the particular averaging time selected.

Since past work has rcopeatedly shown that measursd log intensity
amplitude probability distributions conform well to Gaussian distribu-
tions, the restriction of the Sigma Meter on distribution shape did not
affect the standard deviations computed for the two laser signal
channels. However, it was found that the 47 distributions werc non-

Gauseian, and hence the output of tha analug computer xas not a true

23




Table 1

LASER DATA SUMMARY, WOODLAND FXPERIMENT
(PST) (uV/cm)
Start | Rec Tape At
Exp. No, Date Time Site Weather No. Sens. Remarks
1-A 11/10/68 | 1546 1 Q10 160/10 1 20 Foggy earlier
1-8 1615 2 |Q10  200/3 20
1-c 1636 | 3 /D 15 20
2-4 11/11/68 | 1331 1 1 100Q/@5H 160/10+15 2G
3 1350} _1_1same 10 Abort
4 1353 1 Same 10
5 1412 2 | 100@5H 180/10 10
6 1433 3 | same 10
7 1459 4 | same 10
8 1524 | 5 | 10051 180/15 ] 10 AT small
9 11/12/68 | 1115 1 | Q25 315/5 2 50
10 1133 2 Same 50
11 1155 3 |QO2s5 330/10 50
12 1222 4 | Q25 330/7 50
13 1249 _5_ | same 50
14 1344 5 Same 50
15 1404 4 [ Q25 320/7 50
16 1434 3 Same 20
17 1456 2 Same 20
18 1512 | 1 | Q25 330/10 20 Ch.B low cal.
noisy
19 1540 | 5 | Same ' 10
20 11/13/68 | 1327 1 | Q15 300/20+25 3 20
21 1343 2 Same 20
22 1403 s [ /7Qv@ 15 300/20+25 20
23 1422 4 Same 10
2.1 1448 | 5 | Same 10 AT small
25 1501 5 Same 10
26 1532 4 | /Qv{ 15 300/15+20 10 AT very small
27 1609 3 Same 10
28 1627 2 Same 10
29 1604 1 1 | /Qv( 15 200/13+16 20 Ch.B atten.
30 1168 | 0017 1 | 1500/@15 150/ 4 1o | dectd. moved
31 0930 2 | 1530QD/@15 135/8 10
32 0811 3 Same 10 UC/bavis of f
35 12 | -3- | 1500/ @15 140/6 10
341 1032 3 | Same 10 UC back on
35 1049 2 | 1500 @15 150/7 10
46 1nes | -1- 7 10Q @rs 1507 10
a7 1122 2| same 10 Temp. 48° F
J8 1137 3 Same I
39 1152 -4 Same 10
0 1210 -5 11300 @15 1356 10 5 min. extra
sinoon recorder
41 1224 4 Same 10 Ci.. B cals., 10 3
slow
12 et | same o
N 2301 2 [ %e®T v 1o
i 1407 1| Naw ] 10 Ligkt rain
- ! begtuning

24




Table I (Continued)

(PST) (uV/cm)
Start | Rec. Tape ar
Exp. No. Date Time Site Weather No. Sens. Remarks
45 11/25/68 | 1005 | 1 | O20 320/5 5 20 Abort
46 1012 1 025 300/7 20
a7 1026 | 2 Q=20 315/6 20
48 1042 3 Same 20 Aport
49 1052 3 Q20 300/8 20
50 1156 | 4 020 300/15 20 Run called
51 on tape
51 1215 | ~5- | Q20 300/15+20 20
52 1272 i Q20 300/16+22 20
53 1249 | 3 Q20 310/15+22 20
54 1302 | 2 Q20 310/16+22 20
55 1317 1 Same 20 Neg. spikes
Ch. B
56 1404} 1 Same 20
57 1429 | 2 | O20 315/15420 10 AT small
58 11/26/68| 0836| 1 /Q20 020/7 6 10
59 0854 | 2 /D20 350/5 20
60 0912 3 Same 20
61 0837 4 Same 20
62 0955 | -5- | /-@20 045/4 20
63 1011} 4 /-D20 030/6 20
64 1033 | 3 /~-@20 030/5 20
65 1046 | 2 /~@20 315/3 20 Spikes Ch. B
66 1258 -1- | /~-@20 360/10 20
67 1214 2 /~@20 330/12 20 Spikes Ch. B
68 1230 3 /~Q 330/12+16 20
69 1252 | 4 /~@ 320/12+16 20
70 13100 4 /~@ 315/10 20 Beam ht, exp.
71 1330 | -5~ | /~@20 120/12 20
72 1351] 4 / @20 360/10 10
73 1441} 3 Same 10
74 1424 2 / @20 325/8 10 4T small
15 1436 | 1 | / @20 315/3 10 AT very small
76 11/27/68| 1058} 1 X1/3GF 310/5 7 20 sun dimly vis.
77 24| 2 -x/-QD2GF 325/5 20
78 1203 3 /-Q1o 330/5 20
79 1219, 1 Q1o 1330/3 20
80 1243 | -5~ | /-0 3303 20
81 1257} 4 /~Q15 325/6 20
82 11| 3 /-5 325/8 20
83 1322 2 J-Q15 20711 20
84 1345 | -1~ | /-Q1s o ¢ Fusce changed
85 13881 2 ~013 020/7 20 Cal. timing off
86 409§ 3 SOl 0457 20
87 1426 | 4 /~@Dlo o407 20
L) iz} 5 | -l ovdosT 1 20

25




measure of the standard deviation. The AT signal is quite intermittent,
with quiet periods alternating with disturbed periods as the wind brings
pockets of warm air past the sensor. This gives rise to a highly lepto-

kurtic frequency distribution, as will be illustrated in the next section,

The problem with the AT distribution necessitated reprocessing the
data in digital fashion. S8ince it took little additional effort, the
two laser signal channels were reprocessed as well as the AT channel,
The procedure involved digitizing each channel at a sampling rate of
approximately 2000 samples/s, agd then compiling the signal amplitudes
into 256~cell histograms, from which means and standard deviations could
be computed. In order to reduce the influence of any trends in the mean
levels upon the standard deviations, each run was broken up into approxi-
mate 1l-min segments. The means of each of these segments were then used
to correct for any trends, and a composive distribution with a common
mean was formed from the segment distributions. The standard deviation
of this composite distribution was then taken to represent the entire

five-minute run.

Several of the runs were also processed using a bank of third-
octave filters to obtain approximate analog power spectral distributions.
The power spectra were used to determine the dominant frequencies in

the signals on each of the three channels,

Each of the signals was monitored in the field on an oscilloscope
(CRO). It was found desirable to take Polaroid photographs of a short
time sample of each signal as displayed on the CRO, for later use in
examining and editing the data. An example of one series of such CRO
time exposures is giver in Figure 11. The width of the signal envelope
is approximately proportiocnal te the standard deviation. It may be
noted in the figure that while the width of the signal envelope for the

control receiver remains about the same from run to run, that for the

26
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(a) 480 m — 13456 PST (mobile recsiver adjacent to (b) 1180 m — 1322 PST
control receiver)

(c) 1900 m — 1311 PST (d) 2700 m — 1257 PST

TA-7472-20

FIGURE 11 FIFTEEN-SECOND OSCILLOSCOPE TIME EXPOSURES OF LOGGED SIGNALS
FROM MOBILE RECEIVER (TOP TRACE IN EACH PHOTOGRAPH) AND
CONTROL RECEIVER AT 460 m (BOTTOM TRACE), ON 27 NOVEMBER 1968.
The control receiver range is given beneath each photograph. Vertical scale
14 dB/division: Horizontal scale 10 ms/division.
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mobile receiver decreases with increasing range. This feature of the

data will be discussed in the next section.

F. Results

1. Comparison of Scintillation Measurements with Theory

The analysis procedure described in the preceding section
yielded values of the standard deviations of the two (log-amplified)
signals from the control and mobile laser receivers, and of the signal
from the differential thermometer (4T). These values are listed in

Table 1I.

The measurements of g(4T) were used to derive values of Cn,
the refractive index stru~ture constant, in the following manner. The

temperature structure function DT is defined as

Lo L 2 _ 2
Sp = \11 Tz) = ¢ (4T) . 3)

The well confirmed Kolmogorov "two-thirds law" predicts that in the

inertial subrange,
(4)

where CT is the temperature structure constant and r is the distance

between measurement points., Thus

C. = gD v (5)

It can easily be shown that the structure constants for
refractive index and temperature are essentially proportional and

related by
-6 2
Cn = (79 x 10 ) (p/T ) CT » (6)

28
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Table II

RESULTS FROM WOODIAND DATA PROCESSING

.r
Run No. % (control), dB o (mobile), dB o(aT), %
1A 1.19 1.23 0.055
1B 0.80 1,62 0.051
1c 1.20 3,61 0.080
2 4,32 3.45 0.187
4 3.48 3.39 0.133
5 2.61 4.98 0.103
6 1.34 4,26 0.057
7 0.68 2,33 0.038
8 0.25 2,52 0.019
9 5.30 5.20 0.301
10 5.37 5.52 0.302
1 5.20 4,04 0.207
12 5.29 3,64 0.323
13 5.13 = 0.304
14 4.72 3.44 0.243
15 4.16 3.44 0.202
16 3.22 4.59 0.158
17 2.31 4.87 0.119
18 1.74 1,97 0.088
19 0.66 3.83 0.035
20 3.40 3.67 0.165
21 3.41 4.81 0.160
22 2.83 4.63 0.131
23 2.44 4.77 0.104
24 1.14 5.14 0.047
25 0.84 4.14 0.035
26 0.44"* » 0.016"
27 1.3s" 4.40" 0.058"°
28 1.98: 4.25"° 0.089"
29 2.38 2.49" 0.106"
30 2.01 2.24 0.098
31 2.24 5.28 0.086
32 2.38 6.06 0.105
33 2.28 5,18 0.101
34 2,17 5.49 0.107
35 2.07 5.21 0.102
36 2.16 2.39 0..07
37 1.99 5.23 0.092
38 1.86 5.36 0.077
39 1.63 5.60 0.074
40 1.08 $.30 0.053
a 0.60 2.56 0.036

4
bivide values by 4.34 to convert from dB to conventional
natural logarithms

*Stable conditions (surface~based temporature inversion)
**Dats missing or invalid




Table 1I (Continued)

~y

aun_No. . (control), dB % (mobile), dB  (AT), %
42 0.51 1.88 0.030
13 0.51 1.31 0.027
A4 0.52 0.57 0.029
48 5.14 5.46 0.261
47 4.73 5.16 0.260
49 5.38 4.60 0.268
50 4.83 4.30 0.247
51 4.61 3.55 0.220
52 4.37 4.00 0.203
53 4.15 4.49 0.183
54 1.12 4.88 0.179
55 4.03 2.89 0.181
56 2.74 2.85 0.112
57 1.91 x 0.074
58 1.62 1.75 0.085
59 2,49 5.33 0.145
60 2.85 5.74 0.141
6l 3.18 5.07 0.170
62 4.41 3.59 0.180
63 4.44 4.08 0.204
64 3.60 5.30 0.190
65 4.29 e 0.211
66 4.40 4.50 0.211
67 4.27 A 0.206
&8 4.23 4.95 0.203
69 2.74 $.38 0.122
70 2.02 5.27 0.085
71 2.24 5.13 0.102
72 1.23 §5.02 0.051
73 1.29 4.42 0.044
74 0.79 2.01 0.028
75 0.86 0.92 0.029
76 4.96 5.37 0.217
77 5.46 5.69 0.199
78 5.37 4.78 0.268
7 5.48 3.70 0.251
80 5.18 2.8 0.288
51 3.40 4.08 0.274
H2 3.23 4.61 0.3268
3 +4.38 5.06 0.237
LE] 4.84 5.00 0.218
Lh) 4.38 5.82 0.217
46 1.59 4.97 0.180
47 3.93 1.8 0.1
L2 1.39 4.53 0.18%
L) 0. 46 o 0.046
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wh;:;\;\YB\QQyospheric pressure in millibars and T is absolute air

temperature i;\akm

\\S?mbining Eqs. (5) and (6), we have
S e — o ‘-/
-6 2 =1/3 . e T .
Cn = (79 x 10 ) (p/T ) (r ) 6 (AT) . (7 /
/

Based upon a value for r of 30 cm for our differential thermomet;r;

4

which is the distance between the thermocouple probes, and/g/f&pical

-

e

value of 1000 millibars for p, we obtain e

¢ =o0u6cen /T, (8)

o -1/3
where ¢(AT) and T are in units of K and Cn is in units of m / . This

is the equation that was used to calculate Cn'

The derived values of Cn are plotted versus the mecasured log
intensity standard deviations at the control receiver, om (control), in
Figure 12. The control receiver was always at a fixed range of 460 m.
The dashed line in the figure is the least-squares fit to the data for
Cn < 0.35 X lo-em-l/a. Values for higher Cn show evidence of saturation,
even at the 460 m range, and hence were excluded from the fit, although
they are shown on the plot. Knowing that the range R is 460 m, and that
the wavelength L is 0.6328;, the slope of the fitted line can be used to
derive the coefficient in Tatarski's theoretical expression for log-normal
scintillation, ct (EQ. 1). The fitted form of the equation comes out to
be

7/12
ct = 1.06 Ru“2 (20/2) a1 Cn . (9)

Tatarski gives theoretical values that yield comparable coefficients of

"1.11 for a plane wave and 0.72 for a spherical wave. The measured value

of 1.06 agrees well with these values.

K}
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FIGURE 12 MEASURED RELATION BETWEEN THE LOG INTENSITY
STANDARD CEVIATION AT THE CONTROL RECEIVER
AT 460 m RANGE, AND THE REFRACTIVE INDEX
STRUCTURE CONSTANT (C,) DERIVED FROM THE
DIFFERENTIAL THERMOMETER DATA

The striking featurce of Figure 12 is the good fit obtained to
Tatarski's equatior for short range and small~to-moderate values of Cn.
The scatter of the data points is fairly small, considering that (1) the
measurements for Um (control) and Cn were obtaincd by completely indepen-
dent optical and meteorological techniques, and (2) the laser measurcments
represent a line -integral, while the Cn vaiues are bascd upon metcorolo-

proal measuremenss at a single peint,

Using Eg. (9), valucs of ct were cilculiated for cach volue of

1900, 2700, and 3300 m), and plotted versus cm {mobile) in Figurce 13.

The data clearly show not only that there i3 a saturation of scintillation
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FIGURE 13 COMPARISON OF MEASURED VALUES OF LOG
INTENSITY STANDARD DEVIATION AT THE MOBILE
RECEIVER WITH VALUES PREDICTED BY TATARSKI'S
THEORY, SHOWING THE SUPERSATURATION EFFECT

at about g, = 2, but also that there is a "supersaturation’ region
beyond, in which ¢ decreases with increasing ct. The dashed curve in
m —_——

the figure represents the best least-squares fit obtained with the model

g = ""-——é' (10)

The cquation for the fitted curve comes out to be

o]
t

[¢]
[H

. (1)
2
1 + 0,16 3,
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This function has a maximum scintillation magnitude of cm = 1.27 at

@, = 2,55. In the limit for small o _, ¢ = (0 ) and the scirtilla-
t t' ' n t small

tion is represented by the Taturski expression. In the limit for large

g _, we have
t

m t" large
Figure 14 shows the result whun the curve fitted to cur measure-
ments (Eq. 11) ie compared with the observations by Gracheva (1967). The
function is higher than the Russian measurements in the vicinity of the

peak scintillation values, and slightly lower for large ot. The reason

TA-683582-8

FIGURE 14 MEASURED (a,) VERSUS THEORETICAL (0,) VALUES OF LOG
INTENSITY STANDARD DEVIATION, AS MEASURED BY
GRACMEVA (1967) AND CORKECTED B8Y De WOLF (1968). The
curves reprasent vanicus theorehical tormulations by (A) Tetarski (1961),
{8 Tatarski (1866). arwi {C) De Wolt {1968), pius the empirical
tunction fitted to the SRI data (D).
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for this disparity is unknown, but it is possible that the Russian
equipnent lacked sufficient dynamic range to measure large am’ since
they did not use log amplifiers. The Russian experiment also employed

a mercury vapor lamp rather than a laser.

In addition to the Russian results (which, incidentally, the
experimenter did not recognize as showing srupersaturation), other
recent experimental work by Deitz and Wright (1969), Mevers- et al, (1969),

and Ochs (1969) also show indications of the supersaturation cffecrt.

The supersaturation effect perhaps can be visualized more
clearly by referring to Figure 15, in which the measured values of om
are grouped according to various class intervals of Cn and plotted as
a function of range. The scatter of the data points in these groups is
primarily due to the widths of tiie class intervals used for Cn. It may
be noted that the value of maximum scintillation cm* is approximately
equal to 1.27 and does not depend upon Cn' However, the rangec at which
the peak scintillation oécurs is a function of Cn; for larger Cn the
range to the peak decreases. A surprising result is that at a given
range, say 3 km, the scintillation will generally be greater for small
Cn than for large Cn; it will reach the maxiﬁum value at some intermediate

value of C .
n

It should be noted that the dashed curves in the fou: g raphs
in Figure 15 represent the same anzlytical function derived from all

the data, rather than individual fits to the classced data,

The results shown in Figures 13 and 15 are quite significant
in the eye-safety context, The maximum eve-damage probability is
obtained at the peak value of cm‘ = 1,27, and at long ranges the eye-
damage probability goes down, rather than increasing approximately
linearly with range, as Tataraki's equation predicis. The new rosults
are incorporated into the procedure for estimating cye-damage probability,

which is discussed in Section V.
33
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2. Log-Normality of Probability Distributions

For the cye-damage estimates we assume that the intensity
fluctuations follow a log-normal probability distribution, based upon ,
the results of our first year's work. In general, the validity of this
assumption is confirmed by the new results. To illustrate this, a
reasonably representative run has been selected and is depicted in
Figures 16-18. The probability distributions for the individual one-
minute segments of the five-minute run are graphed in Figure 16 for the
control and mobile receivers., The composite five-minute probability
distribucions for the two receivers are compared with Gaussian distribu-
tions with the same standard deviations in Figure 17, and are comparcd

with each other in Figure 18,

As indicated in Figure 17, the actual probability distributions
of the log intensity for the two receivers are fair approximations of
the Gaussian curve. This is the case even though supersaturation is
clearly occurring in the signal at the mobile receiver at 3500 m, as
shown in ligure 18 by the smaller standard deviation for this distribu-
tion., It may bhe noted in Fisure 17 that the distribution for the mobile
receiver has a slight negative skew. This was found to be typical for
detectors that were well centered in the laser beum. (Our laser had a
Gaussian-shaped beam intensity profile.) When the detector was off-
center by a moderate amount with respccet to the beam, the probability
distributicn becomes positively skewed, as illustrated by thce example in
Figurce 19. Here the heam was appurently slowly drifting, such that the
originally well centerecd detector cnded up near ihe cdge of the beum at
the end of the five-minute run. The onc-minute probability distributions
start out fairly symmetrical and Gaussian, but become increasingly posi-
tively sKkewed, probably duc to the proximity of the lower bound of zero

intensity. Apparently a true log-normal distribution occurs only when
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FIGURE 18  COMPARISON OF COMPOSITE PROBABILITY DISTRIBUTIONS
FOR CONTROL AND MOBILE RECEIVERS FOR RUN 51.

the detector is located slightly off-center with respect to the beam

axis.

The standard deviation of the distributions shown in Figure 19
might be expected to increase as the detector moves off-center. As
shown in Table III, there is some indication that this may nccur, hut
the increase in scintillation is apparently sufficiently small that this

cffect can be safely ignored in our analysis.

Figurce 20 illustrates the characteristic non-Gaussian, lepto-
kurtic nature of the probubility distributions for AT. This is caused
by the fact that the AT signal is typically quite intermittent, with
periods of very small fluctuations interspersed with intervals of rela-
tively large fluctuations. It turns out that, as shown in the example

in Figure 21, the observed characteristic AT distribution is fitted

10
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FIGURE 19 EXAMPLE OF CHANGE IN SHAPE OF PROBABILITY
DISTRIBUTIONS AS BEAM DRIFT CAUSES DETECTOR
) LOCATION TO CHANGE TO EDGE OF BEAM (RUN 12,
MOBILE RECEIVER, RANGE 2700 m).

- Table III

MEANS AND STANDARD DEVIATIONS
FOR RUN 12 (MOBILE RECEIVER)

Interval | Mean Signal Standard
No. Level (dB) | Deviation (dB)
1 -2.07 4.36
2 -2.37 1.28
3 -3.44 4.66
4 -3.62 1.45
5 -4.68 1.57
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TO OBSERVED AT PROBABILITY DISTRIBUTION. (a) Fitted
compound normal distribution; {b) Components of fitted compound
normal distributions. The paramaeters n, and n, represent the
total number of occurrences in each of the component distributions
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reasonably well by the sum of two normal distributions with different

standard deviations,

3. Spectra of Scintillation

The partition of laser signal fluctuation energy in terms of
frequency was examined for several sets of runs by processing the analog
data through a bank of third-octave filters., This procedure yielded
values represcenting relative log intensity standard deviation for eight
frequency bands from 8 to 1000 Hz. These approxiinate power spectra are
presented in Figure 22 for two sets of runs obtained during reasonably
stationary meteorclogical conditions. Figure 22(a) represents a light-
wind case, when the cross-path wind component was only about 1 m/s. The
spectra for the signal from the control receiver at 460 m are very con-
sistent from run to run, for the first three runs of the series, with
the peak energy at about 16 Hz. The signal spectrum for the fourth run
(#83), although similar, probably shows the effect of an increase in
crosu-path wind component. However, the mobile receiver signal spectra
show the effects of supersaturation as the receiver is moved downrange.
With increasing range, the total fluctuation energy decreases, and the
dominant fluctuations shift to higher frequencies, which was apparent
from inspection of the signals while the data were being obtained. The
specetra for the mobile receiver also become bimodal, with two peaks, one

at about 16 Hz and the other at about 150-200 Hz.

Figure 22(b) shows the power spectra for a higher-wind situation,
in which the cross-path component was ahout 4 mfs. The control receiver
spectea all peak at about 120 Hz, butl the spectra for the mobile reocelver
are quite similar to those for the light-wind case [Figure 22(a)}. This
tndicates that the wind speed has little effect upon fluctuation fre-

quencres in the supersaturation region, although it is significant in
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the subsaturation region, as Tatarski (1961) oredicted and Ryznar (1965)
cxperimentally confirmed. The reason for the double peak in the spectra
for the signals in the supersaturation region is unknown, but the lower

frequency peak could be associated with beam wander. It is possible

that these spectra may ot fer a clue into the mechanism for the super-
saturation effect, This phenomenon is probably associated with multiple
turbulent scattering, in which the high~and~low-intensity regiors in the
beam are eroded by the process of destruciive interference, Deicz and

Wright (1969) have offered some qualitative suggestions along this line.

1. Comparison of Standard Deviations Obtained
by Digital ard Analog Proccssing

The results of the digital data processing procedure for
determining standard Jdeviations were usced exclusively in the Woodland
diata analysis for deriving the results just presented., However, it is
worthwhile determining the degree of correlatjon betweern the standard
deviations derived by the digital and analog methods. Comparisons of

2 (digital) and I (analog) are presented in Figure 23. The indicated

Lincar least=squares fits give the tollowing relationships:
ts(eontrol) } V.087 - 1.01 [c(control)} (13)
i anal
{:{mobile)} U082 - 1,02 [J(mobile)] . (14)
diy anaz
{* (a7 0,06« 1.37 [2(aT)] . (13)
dig anal

' Noave the above relatzopships £t the dats well, with vela-
frnety 3 Uie wotter, they have proven dscful ir alidbyating the Ligma

et r te correct the anaiog dats {ror the control recoiver and dif-

terenttal thermoneler colicoted L song the slant~path oxperiment.
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IV EXPERIMENT B--SIANT-PATH PROPAGATION EXPERIMENT

A. General
The specific objectives of this experiment were as follows:

(1) To verify the existence of scintillation magnitude
saturation for slant-path laser propagation, and to
*
examine the magnitude of the scintillation maximum Gm

and its dependence upon path geometry.

(2) To develop relationships by means of concurrent measure-
ments among slant-path scintillation, scintillation on a
horizontal path near the ground, and atmospheric

conditions.

(3) To determine the effect, if any, of the pseudo-wind due

to aircraft motion upon scintillation magnitude.

To accomplish these aims, we fielded an experimental program at
Brooks Air Force Base, Texas, during the period 14-23 April 1968. The
main portion of the experiment involved tracking an airborne receiver

mounted on an orbiting C-97 airplane with a ground-based laser.

B. Site Description

A plan view of the area surrounding the experimental site is pre-
sented 1n Figure 24. The average elevation is about 575 ft above sea
level, The tevrain is generally flat to slightly rolling in the area
south and ecast of the ground site where the flights were conducted. The
vegetation consists of patches of scrub brush and low trees intermixed
with frequent open grassy fields and a few surbuban housing developments,
The central business distyrict of the city of San Antonio lies 7.5 miles

to the northavst of the ground site.
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The immediate area around the ground site was level and covered

with short grass. As shown in Figure 23, the recording van was situated
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FIGURE 25 SITE LAYOUT FOR SLANT-PATH EXPERIMENT AT BROOKS AIR FORCE BASE

near the laser tracking mount, as was the meteorological instrumentation

and the receiver for the ground laser.

C. Instrumentation

1. laser Measurements

Two Spectra-Phy-‘cs Model 122 3-aW helium/neon lasers were
used in this vxperiment, one for the slant-path propagation link and the
other for a 350-m horizontal control link. The instrumentation setup

for the horizontal control path at about 1.7 m above the ground was

Sl
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essentially identical to that used in the Woodland experiment, again with
a 25-cm-diameter laser beam impinging upon a receiver with a 5-mm aperture.
However, the slant-path portion of the experiment required the development

of special instrumentation,

A surplus antiaircraft gun director mount was precisionized and

fitted with an azimuth motor drive and optical sighting devices to permit

A M

its use in tracking the receiver on the orbiting aircraft with the laser
(Figure 26). The same model laser was used here as was used in the hori~
zontal control link. The tracking mount proved to be capable of consis-
tently accurate tracking to within about plus or minus one-half plane-
length (approximately * 5 mrad) with an experienced operator when the
airplane was in smooth, level, orbiting flight. In consideration of this
tracking accuracy, the laser beam was diverged to approximately 10 mrad.

The maximum azimuthal tracking rate of the mount was approximately 6°/s.

The left front side window of a USAF C-97 aircraft was removed
and the laser receiver assembly installed in the opening, as shown in
Figure 27, In qupr.to reduce the backgrcund noise level in the re-
ce aused by reflected sunlight, it was necessary tc minimize the
receiver field of view, A value of 10 mrad was found to be suitable.
This required that the receiver assembly (Figure 28) be mounted on a
pivot with appropriate sighting devices, so that it could be manually
aimed at the laser on the ground. A S0~mm corner-cube reflector was
mounted on the front portion of the receiver assembly to provide a
visual indication of tracking accuracy *o the ground tracking mount
operator. An audio monitor of the received signal level was used by the
atrborne reoceiver operator io aid in aiming the receiver. Figure 29
shiowy the atrborne receiver and associated electronics installation in

the atrcraft, as well as the receiver asscmbly in its operating position.
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FIGURE 27

s} BROAD VIEW, AND (b) CLOSE-UP
VIEW OF LASER SIGNAL RECEIVER
INSTALLATION 1IN W.NDOW OPENING
OF U.S. AIR FORCE C-87 AIRCRAFT,
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FIGURE 28 AIRBORNE RECEIVER AIMING ASSEMBLY

Provision was made for automatic sequencing of a test signal
and the calibration levels at the beginning and end of each run, which
was controlled by buttons in the hand grip on the receiver. The basic
receiver electronics system was the same as that uscd in the Wcodlund
experiment, with the signa’ from an RCA 7265 PMT (with 5~-mm-aperture
diame. r) fed into a logarithanic amplifier. The output of the log
amplifier was converted to FM mode and transmitted back to the recording
van at the ground by neans of a telemetry link, which proved to be very
trouble=free.  Communications betweon the ground station and the airplane

were carried out using a UHF channel.
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FIGURE 29

(s} AIRBORNE RECEIVER AND ELEC-
TRONICS INSTALLATION INSIDE C-97
AIRCRAFT, AN® (bi RECEIVER AIMING
ASSEMBLY '~ LPERATING POSITION
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2, Meteorolog}cal Measurements

Ground instrumentation used in this experiment for monitoring
the meteorological conditions consisted of an anemometer and wind vane
for measuring mean wind velocity, and the differential thermometer pre-
viously descrihed for measuring the temperature structure function. All

instruments were positioned at the mean laser beam height, 1.7 m.

Mean temperature profiles up to 8000 ft MSL were obtained by
means of a thermistor thermometer installed on the C-97 aircraft. The
shielded sensor tube was exposed to the airstream by a mount on & 35-cm-
long boom attached to the window clamp for the receiver assembly (Figure
28). Temperature profiles were recorded during spiral ascents and de-
scents at the start and end of each flight by means of a chart recorder

[shown at right bottom of Figure 29(a)].

D. Experimental Procedures

The basic configuration for the slant-path experiment is illustrated
in Figure 30. The experimen:.1 procedure consisted of conducting a series
of runs during which the airborne receiver was tracked with the laser as
the C~97 flew an almost continuous circular path in a counterclockwise
direction around the ground station. The tracking occurred over an
approximate 180° arc fron-southwest to northeast of the ground station.
Several aircraft altitudes between 1500 and 8000 ft above ground werc
employed, at various ground distances betweer 0.5 and 2.5 miles from the

laser. The runs varied between 2 and 7 minutes in duration.

The telemetercd signal {rom each run was recerded in FX mcde on »

30 in‘s analog magnetic tape recorde:r with a 10 kHz frequency bandwidtihi.

The signal from the receiver on the hirizontal control path and
the AT signal were recorded continuously in FM mode on a separate 1-1.72

in/s magnetic tape rocorder. ln addition, the signals were also fed inlo
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FIGURE 30 EXPERIMENTAL CONFIGURATION FOR SLANT-PATH MEASUREMENTS

the two channels of the Sigma Meter, whose output was displayed on a chart

recorder. This provided a real-time indicator of turbulence conditions.

A chronological summary of activities during the slant-path experi-
ment is presented in Table IV, Five days were required for the equipment
instailation and testing, followed by two days of data collection. The
quantity of data collected during the field program was limited by the

restricted availability of the C=97 aircraft.

E. Data Analysis

A fairly substantial number of runs were completed or the two days
of 19-20 April 1969, as summarized in Table V. The slant-path sgignal
data for cach run were digitized at a rate of approximately 13,000
samples/s and converted into amplitude probability distributions
(histograms) essentially as was done with the Woodland data. However,

only one histogram per run was computed for the slant-path data.
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Table IV

CHRONOLOGICAL SUMMARY, SLANT-PATH EXPERIMENT

Day Activity

14 April | Unpacked equipment; began ground installation
15 April | Completed ground installation

16 April | Completed C-97 aircraft installation

17 April | Test flight, operator tracking practice

18 April | Test flight, 6 preliminary data runs collected
19 April | Data flight, 4 hours, 24 runs recorded

20 April | Data flight, 2-1/2 hours. ! ‘uns recorded

21 April | Aircraft in maintenance

22 April | Aircraft in maintenance

23 April | Data taken on ground link; aircraft grounded
because of mechanical problems and unavailable
remainder of week because of other commitments

The principal problem in the analysis of these data resulted from
the intermittcnt‘naturc of the gignal as the tracking was on and off
target. When the tracking was off target, the signal consisted only of
background noise. This can be seen in Figure 31, which shows cxamples
of 15~s time-exposurc photographs of the CRO display for selectcd runs.
At the longer ranges, the signal-to-noise rutio (SNR) was frequently low
and the laser signhal envelope merged with the backgrournd noisc eavelope.
These two distributions are superimposed upon one another, as indicated
in the sample histograms shown in Figurc 32. In the {irst example in
this figure the signal and noise distributions are rathuer clearly sepu-
rated, but therc were many runs similar to the second cxample where the

“a disuributions were merged together more closely.
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Table V

1ASER DATA SUMMARY, SLANT~PATH EXPERIMENT

§
i
i
Atrerafi 3
start Altitnde Ground | Slant
Run Time (ft above |Distance | Ronge Tape Numbors
Nov, St {C3T) ground) | (miles) (m) Slant Hoﬂio_n(al Weather, Remarks 1 ]
| 1/19,69 ) o180 5000 1.8 1000 4 3 QO 25 150°/9 mph 78" ¥
2 1026: 45 | 3000 1.8 3000 1 3 Same
3 1036:45 | 5000 1.6 3000 4 3 Samo
i 1047: 15 8000 1.4 3150 4 3 Same
3 1057: 15 | 6000 1.6 1180 ) 3 Same
6 107:10 | 6000 1.8 3150 5 3 © 25 i60/10 ™°
7 1120: 151 3000 1.0 1839 ) 3 samo
8 1126:00 | S00G 1.0 1850 5 3 Same
9 1136: 40 3000 1.0 1850 5 3 Q 15 135/12
10 1147: 00 1500 0.5 950 5 4 Ground oper. couldn't track
11 1155:15 3000 1.0 1850 6 1 O 15 i40/10
2 1208:15 | 6000 1.6 3150 [ 4 Same
v 133100 | 60u0 1.0 2450 [ 1 O 25 15071327
11 1242:30 | 6000 1.6 3150 ] 4 Same ;
] 15 1352:00 | 4000 1.3 2400 7 4 Abort--tape ran out
16 1108:05 | 4000 1.3 2400 7 4 Abort
17 1410:00 | 4000 1.3 2400 7 4 O 25 130/12115
18 1418: 15 3000 1.0 1830 7 4 Samo N
‘ 19 1424:00 | 3000 1.0 1850 7 4 sSame ;
E 20 1422:00 | 4000 1.3 2400 7 5 Same
21 1440: 00 4000 1.3 2400 7 5 Smu==few cu i
22 1H49:45 | 6000 1.6 3150 7 5 O 25 150/14+17 81° i
23 1458:00 | 6000 1.6 1150 8 5 No turb. abv. 7000 ft 3
24 1512:20 | 80CH 2.0 1050 8 5 O 25 150/12 i
25 |4,20/69] 1018:15 | 8000 2.0 4050 8 ) A0 @/ 15 mo/7 =6° :
26 107..90 | 8000 2.0 405¢ 8 [ Same 5
27 1044:20 | 3000 1.0 1350 ] [ Same i
28 1108:00 | 30C0 1.0 1850 9 8 Same
29 1119: 10 | 3000 1.5 2600 9 [ 8 QAD 15 0" V7 :
30 1129:20 | 3000 2.¢ 3350 9 [} same 73° i
3k 1143:30 | 3000 2.3 4150 9 3 Some :
32 1136:40 | 3001 1.0 1850 l 9 6 so@ 25 139/8
13 1210:45 | 3000 1.5 2600 | 10 6 Same
34 1219: 30 3000 0.8 1600 10 6 90 s12y8
35 1344:00 | 3000 1.0 1850 ' 10 8 50 QAD 25 160/10+14 74°
36 1332:00 [ 3000 1.0 1850 | 10 8 w0 Q /60 O 25 17074
37 1403:30 | 3000 1.3 2600 | 10 [ Same
3 J¢ 1200 | 2000 2.0 1380 s b same
% K& ' 1418:10 | 3000 2.3 1150 l 1 7 Ad0 D 23 i60/6 78°
e ("un- ing .tva, booke
{ l on airborne receiver)
i N I
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FIGURE 32 SAMPLE HISTOGRAMS FOR SLANT-PATH EXPERIMENT
SHOWING (s) GOOD SIGNAL-TO-NOISE RATIO (SNR),
AND (b) POOR SNR
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The analysis technique used to find the standard deviation of the
signal distribution was simply to locate the mode (peak value) of this
distribution on the histogram--if there was a distinguishable mode--and

then to use the high-amplitude half of the distribution to graphically

compute the standard deviation, assuming that the distribution is Gaussian.

It is recognized that this procedure will give only approximate results.
More accurate values should be obtained when a new technique currently
under development is completed. This new procedure involves the use of

a nonlinear least-squares computer program to fit a model distribution

to the entire observed histogram. One of the model parameters obtained
from this fitting routine is the standard deviation of the signal distri-
butiqn. The model attempts to take into account and remove the influence
of the "artificial" signal intensity fluctuation that occurs when the
beam--which has a Gaussian intensity profile--is scanned acroscs the re-

ceiver in the course of normal tracking.

The chart records of the standard deviations produced by the Sigma
Meter for the horizontal-path laser signal and the differential ther-
mometer were digitized at 15-s intervals by means of a Benson-Lehner
LARR-M digitizer. The resulting data were written on magnetic tape to

facilitate later use.
F. Results

1. Meteorological and Horizontal Control Path Measurements

Ground-based measurements were obtained on three days during
this experiment; the slant-path measurements were limited to two days
because of the problem with aircraft availability. The results of the
ground-based measurements are illustrated in Figures 33-37. Figure 33
presents scatter diagrams for the three experimental days for the mea-
sured values of scintillation (am) on the 350-m horizontal control range

versus Cn as obtained from the differential thermometer measurements.
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FIGURE 34 TIME VARIATIONS ON 19 APRIL 1969 OF (s} LASER
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Downward excursions of traces were caused by cloud shadows
drifting across runge
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The analog standard deviations used here, as obtained from the Sigma

Meter, have been corrected by means of Eqs. (13) and (15), Section III.

The dashed curves in this figure represent the empirical func-
tion fit to the data from the Woodland horizontal propagation experiment.
The curve fits the data on 20 and 23 April reasonably well, but seems to
underestimate the measured values on 19 April. The reason for this i«
not known, but it could be due to an error in calibration of taec amplifier
for the differential thermometer on that day, since the measured values
of Cn seem abnormally low in comparison with those cn the other two days,

when the general weather conditions were similar.

A number of the 0‘ data points on the three days are anumalously
high. As was discussed in Section III, an increase in scintillation mag-
nitude occurs when the laser beam drifts and the receiver is no longer
located in the center of the beam. This is what occurred at various
times during the experiment. When this condition was noticed, it was
immediately corrected by recentering the receiver in the beanm. The effect
of this realignment procedure is apparent in Figure 34(a) from the char-
acter of the trace ot about 1200 CST. This figure illustrates vhe varia-
tion of a_ and O(AT) with time on 19 April. It may be noted that, prob~-
ably hecause of the slightly sloping nature of thu site, the transition
from unstable to adiabatic to stable conditions occurs sooner at the
location of the differential thermometer (at the west erd of the range)
than over the 350-m range as a whole. The adiabatic condition is indi~
cated by the minimum in ¢ (JT) at 1720 CST and the s- minimum at 1740 CST.
Thir out-of-phase condition explains the reason for the strange shipe in

the envelope of data points near the origin in Figure Ji(a).

Figurc 33 tllustrates the time variation xn‘ﬁ‘ angd T(4T) on
20 April. Although higher frequencies occur in the latter trace bec.usév

¢ (8T) represents a point measurcment, rather thar a line intégral an
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does g therc is a good correlation between % and 0(AT). Thir can be
secen more clearly in Figure 36, which has an expanded time scale. The

dips in the traces were caused by cloud shadows drifting across the range

from time to time.

The time variation of om and 0 (AT) on 23 April is presented in
Figure 37. As indicated, there were several occasions when beam drifting
caused the receiver to he off-center and necessitated realignment. No

slant-path data were collected on 23 April.

Figure 38 illustrates the vertical temperature profiles obtained
by means of the instrument mounted on the C-131 aircraft. On 19 April
at 1215 ©S8T there were temperature inversions present at approximately
1200 m (3900 ft) and 2000 m (6600 ft) above ground. By that afternoon
at 1520 CST, the two inversions had apparently merged to form a single
inversion layer from 1700 to 2000 m (5600 to 6600 ft). Little structure
is apparent in the proiiles for 20 April, except for isothermal layers

at 1500 m (4900 ft) at 0955 CST and at 1700 m (5600 ft) at 1320 CST.

2, Slant-Path Mcasurements

For a slant path of length R with the origin of coordinates at

the receiver, Tatarski (1961) has shown theoretically that

R 1/2
2 - 5/6
3, = 1.49 i / ¢ (rr / . (16)

o

In order to evaluate the integral, it is necessary to specify Cn as a
function of distance along the slant path. For our work, we have assumed
that Cn is herizontally uniform and decreases exponentially with height

(z) according to the model

70

w

bl 3 Sk

SRS bWl b a6 51 T, 2 o i ] B2 e i i o,




ANINWIHIIXT HLVE-LNVTS ONIHNA G3INIVLEBO SIHA0Hd JHNLVYHIINIL TVYIILHIA

6E-TLvL-VL @

2 bep — JyrUVM3IJINIL ¥V
o2 [~ ] ol

v I v 1 M i

GO8L YiudV OZ ()

A i M | A |

-

8¢ 34N914

098 YUY 61 (M

2 i A

7




1 G

17)

-1
where k is a selectable parameter with units of m and Cno is the near-

ground (2 m) value of Cn' This function is graphed in Figure 39 for two

reasonable values of k.

c"/cm = exp (-kz)

13
|
- } k = 0.01 m" J
I h
Q v
w 1
T 200pv
\
[}
L\
.
100 -
0
0 0.2 0.4 0.8 0.8 0
cnlcﬂo

TA-7472-40

FIGURE 39 ASSUMED EXPONENTIAL FORM FOR VERTICAL
PROFILE OF NORMALIZED REFRACTIVE INDEX
STRUCTURE CONSTANT
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When the Cn profile is substituted into Eq. (16), and geomet-
rical considerations, involving the slant-path elevation angle 9, are

taken into account, we obtain the following:

/IZC 1/2

o = 1.43¢21/\)" A , (18)
t no

where the range integral (a) is given by

Case I (ground-based laser):

R
- - 5/6
A=A1=/e B(R r)r5/ dr (19)
(e)
Case 1II (airborne laser):
R
-Br 5/6

A=A2=/e r/dr (20)

0

and B = k sin 6. The value of the constant in Eq. (18) has been changed
slightly from Tatarski's plane-wave value to incorporate our results from

the horizontal propagation experiment.

The integ:als A1 and A2 in Equations (19) and (20) are not
solvable analytically and must be integrated numerically. Since our
experiment involved a ground-based laser, Eq. (20) was used, and values
of ct were calculated for each run for which a measured value of om on
the slant path was available, using values of Cno derived from the
ground-based measurements. Values of cm were obtained from a total of

28 runs; the remaining 10 runs could not be analyzed because o1 poor
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signal-to~noise ratios, or else the data were invalid because of equip-

ment malfunctions.

The measured values (cm) are compared with the theoretical

values Gat) in Table VI and Figure 40. The dashed curves in the figure

Table VI

REDUCED SLANT-PATH DATA, APRIL 1969 EXPERIMENT

c ant
0 (slant) (°c) ¢ M
Run No. | m o(AT) | k = 0,01 | k = 0.02

1 0.80 0.140 1.63 1.17
4 0.94 0.152 1.68 1.17
5 0.87 0.148 1.63 1.14
6 0.94 0.156 1.71 1.20
7 0.71 0.152 1.44 1.04
8 0.69 0.140 1.32 0.95
12 1.10 0.160 1.73 1.21
13 0.99 0.120 1.02 0.71
14 1.13 0.160 1.72 1,20
15 0.80 0.120 1.25 0.90
16 0.64 0.100 1.04 0.75
17 0.67 0.108 1.12 0.81
18 0.62 0.112 1.04 0.75
19 0.69 0.100 0.93 0.68
20 0.62 0.096 1.01 0.72
2] 0.71 0.088 0.92 0.66
22 0.92 0.080 0.87 0.61
23 0.80 0.076 0.83 0.58
24 0.85 0.084 1.00 0.70
26 0.76 0.080 1.00 0,70
27 0.71 0.096 0.95 0.69
28 0.83 0.120 1.17 0.85
29 1.29 0.180 2.39 1.73
30 1.17 0.200 3.33 2,39
32 0.87 0.188 1.82 1.32
36 0.67 0.180 1.75 1.27
37 0.67 0.160 2.10 1.52
38 0.67 0.048 0.79 0.57
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represent the same empirical function previously fit to the data from the

Woodland horizontal propagation experiment. Although there is a fairly
large scatter in the data points, the data are represented reasonably

weil by the empirical function, at least for k = 0.02 m-l.

It is apparent from Figure 40 that the values of ct obtained
during the experiment were not large enough to provide an adequate test
of the supersaturation effect with regard to scintillation magnitude that
was found during the Woodland experiment. The laser we used for the
slant-path experiment did not have enough power to permit measurements
at longer ranges, which would have given larger values of ct. There is
some evidence from these slant-path data that scintillation saturation
is occurring in the range from ct = 1.5 to 3.0, but measurements at
longer ranges will be necessary to confirm the supersaturation effect on

the slant path.

As shown in Figure 40, there is a slight tendency for the
measured scintillation values to be greater when the propagation path
went through an elevated temperature inversion layer, indicating that the
thermal turbulence frequently present in such layers may be significant

in enhancing scintillation.

Although nc power spectra were computed for t slant-path data,
it was apparent in the raw data (see Figure 31,_Secti« IV-E) that the
scintillatiun frequencies were much higher than those observed during
the horizontal-path experiment. The dominant frequencies of scintillation
on the slant path were typlcally in the range 1000-4000 Hz, while those
in the Woodland experiment were generally on the order of 100-200 Hz.
These higher frequencies are caused by the pseudo-wind effects caused by

the movement 2f the aircraft and laser bean.

Before proceceding to the next section, it is worth noting that

Eqs. (18), (19), and (20) predict that, for the same range, wavelength,
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and ground-level Cn value, the scintillation magnitude will be largest
for a near-ground horizontal path [for which Eq. (18) reduces to Eq. (9)],
next largest for a slant path with a ground-based laser, and least for
the same slant path but with an airborne laser. This is the case because
thermal turbulence has the most effect near the laser source. The equa-
tions also show that for a given range, the scintillation magnitude
decreases with increasing slant-path elevation angle, and reaches a

minimum for a vertical (90°) propagation path,

o v
TR A e, P e
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V INCORPORATION O¥ EXPERIMENTAL RESULTS INTO LASER EYE SAFETY GUIDELINES

A, General

In the previous report 6n this project (Johnson et al., 1868), a
procedure was described: for estimating the brobability of eye damage
from exposure ton a lagser beam. Similar work has been reported by Deitz
(1968, 1969). The new eye-hazard evaluation procedure presented in this
section incorporates revisions that (1) reflect the results of our latest
experimental work, and (2) streamline the procedure to make it easier to
use on an operational basis, The equations and assumptions underlying
each part of the eye-hazard evaluation procedure (as represented by
Figures 41-48 and Tables VII and VIII) will be briefly explained in a

subsequent section.

It should be emphasized that these eye-safety guidelines should be
considered tentative and used with caution until the new experimental .
results that they reflect can be confirmed for a variety of laser-beam

and propagation-path configurations.

B. Eye~Hazard Evaluation Procedure

The input parameters required for the eye-hazard evaluation proce-

dure are as follows: .
¢, latitude (deg)
U, surface wind speed (knots)
V, atmospheric visibility (miles)
N, cloud cover (tenths)

slant path elevation angle (deg)
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R, range (km)

P, laser peak power (W)

Q, laser pulse rate (pulses/s)

A\, laser wavelength (y)

B, laser beam divergence (mrad)

d, minimum beam diameter (m)

T, exposure time (s)

laser type (CW, long pulse, or Q-switched)

Type of slant path (ground-based or airborne laser)

Date and time

Using the above information, the probability of eye damage may be

estimated by the method outlined below.

(1) In the case of relatively low-power lasers, go to Step (2).

For other lasers, skip to Step (3).

(2) Divide the LASER POWER P (W) by the minimum beam area
nd2/4 (mz), using the MINIMUM BEAM DIAMETER d (m) to

compute the maximum power density available for eye

damage (W/m). If this value does not exceed the

appropriate MAXIMUM SAFE POWER DENSITY LEVEL (l‘.

given in Table VIIl, then the laser can be considered

safe and the rest of the procedure disregarded.

fe

(3) Use TIME OF YEAR, HOUR OF DAY, and LATITUDE ¢ in

Figure 41 to find SOLAR ELEVATION ANGLIE @. Interpolate

between graphs for dates between those given.

For

)

P




latitudes in the southern hemisphere, reverse the dates
on graphs (a) and (c). For nighttime, proceed to

Step (5).

(4) Use @ and CLOUD COVER N (tenths) in Figure 42 to find
INSOLATION CATEGORY S (strong, moderate, or weak).

(5) For daytime, use S and SURFACE WIND U (knots) in
Table VII to find NEAR-GROUND REFRACTIVE INDEX
STRUCTURE CONSTANT C_ 6% V3. For nighttime, use

last two columns of table, given N.

(6) For a near-ground horizontal propagation path, proceed
to Step (8;. For a slant path, use RANGE R (km:) and
SLANT PATH ELEVATION ANGLE © in Figure 43 to find RANGE

-11/6
INTEGRAL A (m 1/ ).

(7) For a slant path, use A, C and LASER WAVELENGTH
A (u) in Figure 44 to find LOG-INTENSITY STANDARD
DEVIATION 0. ([Proceed to Step (9)].

(8) For a near-ground horizontal path, use R, C,» aud LASER
WAVELENGTH ) (;;) in Figure 45 to find LOG-INTENSITY
STANDARD DEVIATION ¢,

(9) Use ATMOSPHERIC VISIBILITY V (miles), LASER BEAM
DIVERGENCE B (milliradians), and R in Figure 46 to
. N ) - —2
find NORMALIZED MEAN POVER DENSITY L'P (m ).
" (10) Multiply I/P by LASER POWER P (¥) to ohtain MEAN POWER
CDENSITY T (W w2,
(112 Usa 3\ and LASER TYPE (Q-switched, long pulse, our C¥)
 in Teble V111 to obtain MAXIMUM SAFE POWER DENSITY

L}




(12)

(13)

(14)

Isafe(w m~2). For a CW laser, use the following
exposure times: (1) < 1 ms for a slant path in-
volving an aircraft; (2) 1~10 ms for static paths
and U > 10 knots; (3) 10 ms - 1 s for static paths

and U $ 10 knots.

Divide I_ by 1 to obtain SAFE-TO-MEAN~POWER-

f
DENSITY RATIO I /1.
safe

Use O and 1safe/T in Figure 47 to obtain INSTANTANEOUS

PROBABILITY OF EYE DAMAGE Y.

Use Y and EVENT FREQUENCY F (s ) in Figure 48 to obtain
INTEGRATED PROBABILITY OF EYE DAMAGE r, for given EXPOSURE
TIME T. For pulsed lasers, set F equal to the LASER FULSE
RATE @ (pulses/s). For CW lasers, set F equal to the

values given below:

Static path

U £ 10 knots: F = 500

U > 10 knots: F = 1000
Aircraft path: F = 5000
82

[

AT




HV3A 40O S3NIL SNOIYVA
404 (4) 3aN11LVY ONV AVQ
40 HNOH 340 NOILIONNG V SV
(®) ITONV NOILVAII3 HVI0S

0S-ZLve-va
(1€ YIBWILLIS ONV IZ HOUVI) SINONINDI (9)
AVQ 40 YNOH

1y 3UNSI4

-]

M Y

LN

'vrv

T

lel‘l'

PN ST PR N

L

A

g 8 R 8 8 ¢ 8 B8

bep — TNV NOUVATII W06

(1Z INNC) IDNLSTOS YINWNS IV INGSINIH NEIHLINON )

® (4]
- ot
- oz
-

- q O
- 4
= o»

b ue
=
- o9
- O
- o’
L os
(1Z HIBMIOIA) 3148708 HILNIM FUIHSININ NUIHLIMON ()

AVQ 40 ¥NOM

[ o2 -]

'y T v o

- ~3 Of
- -

- -4 o2
- -1 0%
o E
ﬁ- —f O»
— -{ 08
L 4
- -{08
- g o
- ~{ 0@
- L

A 1 M ) 4 — " L A on

NV NOLWMTY W0E

880 ——

Go0 — FYONV NOUWATID WNOS




SOLAR ELEVATION ANGLE —— deg

8 8 8§ 8 &8 a 8 8
' T

STRONG INSOLATION

MODERATE INSOLATION

»
[ WEAK INSOLATION -
0 ]
1] - I\ 4 | e L abe d k
0 2 4 N ° ©
TENTHS OF OPAQUE CLOUD COVER (N} TA-7472-48

FIGURE 42 INSOLATION CATEGORY (S} AS A FUNCTION OF

SOLAR ELEVATION ANGLE {y) AND TENTHS OF
OPAQUE CLOUD COVER (N)

Table VII

RELATION OF NEAR-GROUND (2 m) REFRACTIVE INDEX STRUCTURE

CONSTANT (Cn) TO WEATHER CONDITIONS

-6 -
Cn (10 m 1/3)

Niﬁhttime Conditions

Surface Daytime Insolation Thin Overcast
Wind Category (S) or 2 5/10 <€ 4/10
(knots) | Strong | Moderate | Weak | Cloudiness Cloudiness
<3 0.69 0.30 0.40 0.30 0.40
3-6 0.50 0.40 0.23% 0,20 0.3%
6-10 0.40 0,25 0.13 0.10 0.20
10-12 0.20 0.12 0.05% 0.0% 0.05
> 12 0.12 0.05 0.05 0.05 0.03
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FIGURE 43 RANGE INTEGRAL (A} AS A FUNCTION OF RANGE (R)
AND SLANT-PATH ELEVATION ANGLE (t), FOR THE
TWO TYPES OF SLANT PATHS

-




SHivVd LNV1S "¥3sSv1 Q3sve

-ONNOYD HO INHOBHIV NV 30

c.é SHLIONIIIAVM SNOIHVA HOL

«(“0) ANVISNOD JUNLINHLS XIANI

JA1LOVHSIY ONV (V) TVHOILNI

JONVY 40 NOLLONNZ V SV (0)
NOILVIAIA GUVOANVAS ALISNILNG-901 ¥v 3¥NOI4

Tr-ZLve-vL

rEye0 = Y (9
n:-: — IWHOILINI IONVY
o g0 o o0

T

|  AAAAZS B

{NOIO3Y
StHL NI
STV =0
ANNSSY)

111 L

[VPPPS PP | by Yo TN

TS T | [PV e |

neot =X

w — TwHDOILNI FIONVE

| Al |

9/t
o el [ ool 9o
2 . A
b
3
| (noioay
SiML N8
" ozt =0
- WNNSSY)
[
ST EPUR SN PPPPY PO TR Prevy | N

I‘I"

YUY PR

(NOI1D3H
SIH1 NI
&t ~0
INNSSY)

| VPN P |

08890 =X M
w — IVHOILN! IONVY
-

9/11

...\Jﬁ.o.o

basaataa )

SRS SO N




Hlvd NOILVOVdOuUd

TVLNOZIHOH ONNOHD-UVIN V OGNV ()

w-.:.@!maw><3e H3SV SNOIHVA HOd ‘(Y)

IONVE ANV ( J) LNVISNOD IJUNLONYLS

X3ANI JALLOVHAIY 40 NOLLONNG VvV SV
(0) NOILVIA3A QHVANVLS ALISNILNI 907 SF 3HNDIA




(A) ALINDISIA JIHIHISOWLY 30 SINTVA SNOIYVA HOd
(4) JIONVY AGNV {f) 31ONV IONIDUIAIQ Wv3E 3O NOILONNL V SV (d/1) ALISN3Q H3MOd NV3IW O3IZ)1IVINHON 9y I¥NOII

"-Zivi-vi
(,- W 0L = @) st Z = A JZVH ISNICQ (P) {,-% 90 = ©) Sopws p = A "IZVH JAVHIOON (9

wy .- 30NV

<0 z0

<=+ JINFONING e

i

—pt-cd €0 =¥ ‘sopt § = A “IZVH LHOIT (Q)
- - 300




MAXIMUM SAFE POWER DENSITY LEVELS (Isa

Table VIII

FOR CORNEAL EXPOSURES (RECOMMENDED
BY USAF MANUAL AFM 161-8, 1969)

fe

)

K e g

g L E T P S——

2
1 (W/m)
afe
Laser Q-Switched | Long Pulse Ccw
Wavelength (u) | Time (20 ns) (1 ms) <ims 1-10ms | 10ms-1s
8 4
1.0600 Day 3. 21)(108 7. 15X104 - —— ——
Night 0.59410 1.30x10 -——— —— ——
6 4 3 3 2
0.6943 - 0.6328 Day 5-35)(106 1.43XI04 2.86)(103 1.43)(103 7.15)(].02
Night 0.98x10 0.26X10 0.52x10 0.26X10 1.30x10
3 2
0..145 - 0.4880 Day —— -——— 2.86x10 1.43)(102 7.15)(102
Night ——— —— 0.52x10 0.26x10 1.30x10

1000 3 Y T Y Y L =T
[
200 |-
100 —
;
L m &
\s i
2
— 20k
0
s
] y =10 !
t 3 o -
i " - 2 . s A i A i
] o2 - X} 0.8 o8 .0 1.2
LOG INTENSITY STANOARD DEVATION
TA 422.4%
FIGURE 47 INSTANTANEQUS PROBABILITY GF EYE DAMAGE (y)

AS A FUNCTION OF LOG-INTENSITY STANDARD
DEVIATION {0} AND SAFE-TO-MEAN POWER DENSITY
RATIO u“,‘ti»
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C. Basis fcr Eye Hazard Evaluation Procedure

1. Figure 41
The curves in this figure are based upon the following equation

(Smithsonian Meteorological Tables, 1963):

o= sin-lisin°sinc + cds°cochos[0.262(h-12)]% , (21)
where @ = solar clevation angle
$ = latitude

{ = solar declination

h = hour of day.

2, Figure 42

\
\

The relative insqlation strength (S), on a scale from zcro to

cne, is given by
S =sinaQ (22)

for a cloudless, nonattenuating atmosphere. When the cloud cover (N) in
tenths is considered and the albedo of the clouds is taken to be 0.5,

Eq. {22) becomes
§ = sin [a(l - 0.5N/10)] ’ (23)

which is the basis for Figure 42. The categories of S (strong, moderate,
and weak insolation) were determined simply by dividing thc runge of S
into thre~2 equal irtexvals: 0 - 0.33, 0.33 - 0.67, and 0.67 - 1.0.

3. Table V1l

This table is based principally upon empirical data from our
experimonts and those of other investigators, such as Wright and Schutz

(1967), Frivd et al. (1967), bavis (1966), and Goldstein ¢t al. (1963).

91




e Al bk

Unfortunately, most of the values of Cn reported by these other workers

have not been accompanied by a full account of the concurrent meteorological
conditions, Hence the dependence of cn upon weather conditions as given

in the table is based largely upon our measurements. The values ir the
table must be considered only as approximate, since some extrapolation was
required, and also since at least one important variable, grcund condition,

has been omitted for the sake of simplicity.

The basic structure of the table is patterned after that given
by Pasquill and Meade (see Slade, 1968) for the estimation of atmospheric
stability categories, Since Cn is related to the absolute value of the
stability, appropriate values of Cn were substituted for those of

stability category.

4, Figure 43

Equations (19) and (20) (Section IV-F) were used for the compu-
tations for the curves presented in this figure. The value of the constant
k was taken to be 0,01 (see Figure 39, Section IV-F) in order that the eye-

hazard estimates be on the conservative (safe) side.

5. Figure 44

This figure was based upon Eq. (18), Section IV-F, for the slant-
path configuration, but we have limited g to a maximum value of 1.25. The
curves are thus derived from the Tatarski relationship but take inco
account the saturation effect indicated by experimental results. Since the
occurrence of scintillation supersaturation on the slant path has not yet
been adequately confirmed, we have not made any allownnce for this. In not

doing so, we have erred, if at all, on the safe side.

6. Figure 43
This figure uses Eqs. (9) and (11), Section 1II-F, and incor-

porates the supersaturation effect as observed during the horizoatkl

propagation experiment, It is significant in the eye-hazard context
92




thet, as shown in the figure, the scintillation magnitude (0) reaches a

maximum velue of 1.25 and then decreases for increasing range and Cn.

7. Figure 46

This figure is derived principally from considerations of the

laser-beam geometry, represented by the equation

- 4G
1/P = —0— R (24)
"™ R
- 2
where 1 = mean power density (W/m )
(assumed to be uniform across the beam)
P = laser output peak power (W)
B = beam divergence (milliradians)
R = range (km)
G = atmospheric transmission.

The transmission is given by

-aR

) (25)
where a is the attenuation coefficient (klcl). To a first approximation,
the relation between the atmospheric visibility (V, miles) and the atten-

uotion coefficient is given by
Vv = 2.43/a . (26)
for visible and near-infrared wavelengths.
8. Table VIII

, 2
The maximum safe power density levely (I ¥/m ) given in

safe’
this table ary those recommended by the U.S. Air Force in AFM 161-8

(1969).
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9, Figure 47
The curves in this figure were computed by means of the

following equations:

1 2
Yy = 7= exp(=x /2)dx , (27)
M

where ¥ is the instantaneous probability of eye damage, x is a dummy

variable, and

-1 —-
M=0/2+4+0 1n (Isafe/l) s (28)

where 0 is the log intensity standard deviation. The development of
these equations, as detailed in the last report (Johnson et al., 1968),
involves the assumption of a log-normal probability distribution of in-
tensity fluctuations., For convenience, these derivations are reproduced

in the Appendix.
10. Figure 48

When one looks at a laser beam continuously for T seconds, the
integrated probability of eye damags (I') over that period will be greater
than the instantanccus probability of eye damage (Y). One simple way to
assess this increased probability is to assume that the intensity peaks
occurring at a single observational point represent separate events.
1f (1-Y) corresponds to the probability of no damage for a single event
(i.e., the probability that any one intensity peak will not exceed
Isufp), then the intcgrated probability of no damage (1-I') for a given
number of occurrences (M) in the time period (T) is given simply by

multiplyingz tne individual provabilities:
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or r=1- (1""Y)M .

Since M = FT, where F is the frequency of events,

=1~ (l-Y)FT . (29)

This equation forms the basis for Figure 48.

The event frequercy F may be considered to be equivalent to
the pulse rate for a pulsed laser, or to the scintillation frequency in
the case of a CW laser. If we assume the turbulent elements separated
by a mean correlation distance (po) to move with the wind, then to a

first approximation we have
F=U/p ’
n o

where Un is the wind component perpendicular to the propagation path.
Since the variation in po with range that is pradicted by theory dis-
agrees with that measured, it seems best for our purposes to assume that

F depends only upon wind speed and beam sweep rate. On the basis of our
measurements, the following values have been selected as being representa-

tive of the cases given:
Static paths
U £ 10 knots: F = 500
U > 10 knots: F = 1000

Aircraft slant paths: F 5000

These coefficients allow for the maximum scintillation frequencies

observad during our cxperiments.
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11. Setting a level of Acceptable Risk

After the probability of eye damage ([') is found, it becomes
necessary to compare this value with a preestablished value (rsafe)
representing the highest probability judged to be an acceptable risk.

The magnitude of Fsa may change as the nature of the situation changes,

fe
but values in the range of 10-3 to 10.'5 (1 chance of eye damage in 1000
to 100,000 occurrences) seem reasonable. By way of comparison, the
probability of an average American being killed in an automobile accident
in the year 1968 was 1 in 3600, or 2.8 X 10~4, while the probability of
being injured in an automobile accident was 1 in 100, or 10“2 (World

Almanac, 1870).

D. Examples of Use of Eye-Hazard Evaluation Procedure

To illustrate the use of the procedure given above, four examples
are presented in Table IX. The input parameters for these examples were
selected to be as representative and realistic as possible and to cover
a variety of conditions. Example 2 represents the conditions of an

actual recent field experiment.
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Table IX

EXAMPLES OF LASER EYE~HAZARD EVALUATION

Parameter

Example 1

Example 2 Example 3 Example 4

A. SPECIFIED PARAMETERS

Date 21 Dec 1 May 21 June 21 June
Time 2200 1200 1500 1500 (1ST)
® 30°N 40°N 20°s 20°s
N 2 ] 6 6 (tenths)
u 5 8 12 12 (knots)
v 20 8 20 20 (miles)
Path Type Slant- Slant Horiz, Horiz,
Laser Site Airborne Ground -—- -—
8 &0’ 20° o° o’
R 0.4 5 1 ] (km)
A 0.4880  0,6943 1.06 1,06 W)
Q ——— 0.5 10 10 (pulses/s)
B 0.5 0.5 0.5 0.5 (mrad)
d 2 - - -—- (107m)
p 1 2.5x107 10 10’ )
T 1 0.1 0.1 0.1 (s)
Laser Type cw Q-sw, Q-sw., Q-sw,
B. DERIVED PARAMETERS
Step No.
3 o o° 60° 30° 30°
4 K] -— Strong Mod. Mod.
5 c. 0.35 0.40 0.25 0.25 a0~ % 13
6 A 6x10° 6x10° —-—- ——- (mll/s)
7,8 o 0.4 1.25 1.23 0.80
9 §%3 30 sx10°2 4 ox10"2 (%
10 1 30 1.25x10°  axa0 9x10° (W/n®)
11 sate 1.3x10°  s.3sa0’  s.2pac®  3.21x10° W/n?)
12 xsnte/T 4.3 4.28 8.0 360
13 Y 6x10"> 402 1072 1071
14 r 2x10"2 >107! >107! 1012
15 Safe ?‘ no no no yes
‘Blsed upon a selected value of ' = = 10-3.
safe
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Appendix

DERIVATION OF EQUATIONS FOR PROBABILITY
OF EYE DAMAGE FROM A SINGLE EVENT

Let
X 2 1n (A/Ao)
where
A = field amplitude
Ao = field amplitude reference value
Now
I = A2
where

I = field intensity

Also, from Eq, (A-1),

A=A ex,
o
g hence
| 22X
! I =A e
o

Now we assume that Y is a normal random variable,
to assuming that A'A follows a log-normal distribution,
4]

shown (Mood, 1950) that the mean value of I is given by

-2 - 2
S Y P Az exp (ZX +2c )
o X

(¢

99

(A-1)

(A-2)

(A-3)

This is equivalent

Then it can be

(A-4)
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- 2
where X and ax are the mean and variance of X,

We are interested in the event

, or I/1 2 SR o (A-5)

Isafe fe

or from Eqs, (A-3) and (A-4),

- 2 -
X - - 2 . -
exp‘[?( X) 2 ax] Isafe 1 (A-6)
This converts to
- 2 -
2(X - X) -2¢ 2 ln(I /I)
X safe
or
- 2 -
- 2 . -
x - /0, [ox +0.5 1n (xs“e/x )]/a’x (A-7)

If the instantaneous probability of eye damage, Y, is defined as

= 2
Y = Prob (I Isafe) s

which is the probability that the event specified in Eq. (A-5) occurs,

then from Eq., (A-7) this is equivalent to
- 2 -
= - 2 . -
Y = Prob {(X - X)/a, [ax +0.5 1n (I“fe/l)]/cx (A-8)

Since x = (X - i)/crx is simply a normally distributed variable with
zero mean and unity variance, the probability represented by v in Eq.
(A-8) is equivalent to the area in the tail of a standard normal distri-

bution heyond the point

2 -
. ’/ f! -
M= [ax + 0,35 In (I““ I)] o (A-9)
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as given by
® 1 s
Y =[ —«/=2n e dx (A-10)
M

Since the relation between the log amplitude standard deviation

(ax) and the log intensity standard deviation (o) is

¢ =0/2 ,
X

we can also write M as |

M=0/2+0"} ln(l (A-11)

safe/l) :

A
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ABSTRACT (continued)

either a ground-based or airborne laser, as well as near-ground horizontal
propagation. The airborne-laser slant-path configuration is shown to give
the lowest eye-damage probability, other factors being the same,
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The results of two laser scintillation experiments in the atmospherc are presented,
as is a reviscd laser eye-hazard cvaluation procedure incorporating these resulits. Tt
objective of the research is to determinc the influence of atmospheric thermal turbu-
lence on laser cye safety. :

The experimental work on a 3.5-km near-ground horizonfal pfopagation path was de-
signed to determine the cffect of range upon laser scintillation magnitude, represent
by the log intensity standard deviation (0). It was found that for very short ranges
and low thermal turbulence, the measured values (Gm) agree well with theory (0 ). How
ever, for longer ranges and higher thermal turbulence, the values of O reached a max:
mum value of approximately 1.25 at G, = 2.50, and then decreased bcyong, fitting the

cmpirical function c =7 /(1 + 0, 160t2) fairly well, This ''supersaturation effect" ic
quite significant in rccucing eye-damage probabilities for typical ranges and thermal
turbulence conditions. RE i )

The sccond cxperiment was an attempt to confirm that scintillation saturation occu
on a slant path between a ground~based laser and a receiver on an orbiiing aircraft.
Some cvidence of saturation was found, but the effect was not clearly astablished be-
cause of the limited ranges necessitated by the laser used.

The cye-hazard cvaluation procedure is quite generally applicable, and requires
only readily available input data. The method covers propagation on a slant path wit:

L

M
FORM

DD "3%..1473 (race ) - UNCLASSIFIED

S/% 0101.807.6801 Sccurity dl-uimnuon




5
TR 9 e

RN U S s s e

UNCLASSIFIED
Security Classilication
'e LINK & LINK 8 LINK €
KEY WORODS
ROLE L AJ nROLE L Ad ROLE wr

Iaser propagation J

Eye safety

Light scintillation

Atmospheric turbulence

laser safety ‘ y

Atmospheric effects u
f

\\

i

DD .’;.‘.‘.“..!473 tBACK) ) UNCLASSIFIED
E E (PAGE 2)

- - - .
Secwrity Cissnilivotion




