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I INTRODUCTION

The rapid proliferation of laser systems for civilian and military 41

applications urgently requires the development of suitable guidelines to

ensure safety in their use. In the absence of appropriate and realistic

gui.delines, 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 to: (1) determine threshold levels for laser eye damage

(Vassiliadis et al., 1969)* and (2) determine the effects of atmospheric

thermal turbulence on eye-damage probabilities. The latter is the objec-

tive of our present work and the subject of this report. Three previous

reports (Johnson et al., 1968, 1970, and Dabberdt and Johnson, 1971)

described the results of the earlier research. 4

Atmospheric temperature inhomogeneities increase eye-damage prob-

abilities through the breakup of the 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 "quiet"

situation (no scintillation) to one of increasing thermal turbulence and

scintillation, the probability of laser eye damage increases drastically.

Substantial progress has been made toward clarifying and parameter-

izing the effects of atmospheric thermal turbulence on laser propagation

and on the associated eye-damage probabilities. It was determined exper-

imentally that the amplitude probability distribution of the laser inten-

4 References are listed at the end of the report.
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sity measured by a 5-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 distributirIs

departed somewhat from log normal at the extreme upper end of the dis-

tribution (possibly because of the finite laser power), the assumption

of a log-normal distribution gave safe (conservative) eye-damage prob-

ability estimates. These analyses were carried out to probabilities

approaching 10-7, almost three orders of magnitude lower than previously

available.

With the use of the log-normal model, a preliminary set of laser

safety guidelines for atmospheric effects was developed. These guide-

lines are based upon readily available, conventional weather observations.

A number of approximations, however, had to be made in developing the

initial guidelines, because of the basic lack of information. Additional

experiments were conducted to clarify certain unresolved propagation

effects and to extend the guidelines to a broader range of laser system

use in terms of wavelength, path geometry, nature of the platform, and

turbulence conditions. Our results indicated the presence of a super-

saturation region of optical scintillations along a horizontal path in

"which the scintillation magnitude decreases with increasing range and

thermal turbulence level. The eye-safety guidelines were revised to

incorporate this effect as well as the results of our initial scin-

tillation measurements along a slant path. Additional experimental work

was carried out to investigate slant-path propagation and the wavelength

dependence of scintillation. The results of this research were also

incorporated into the eye-safety guidelines.

During the past year, further experimental work was carried out to

investigate in greater detail the nature of the scintillation for a slant

propagation path. Measurements were made simultaneously along identical

2
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4,
ground-to-air and air-to-ground paths. Concurrent vertical profiles of 10

thermal turbulence (i.e., the refractive index structure function, C )

were also obtained and have been used to parameterize atmospheric

effects. The results of the study indicate the onset of scintillation

saturation at long ranges, low elevation angles, and high thermal tur-

bulence. A significant finding of our experimental work has been the

heretofore unobserved dependence of the scintillation pattern on the

scale of atmospheric thermal turbulence, in addition to the widely recog-

nized dependence on range, path geometry, and the vertical profile of the

refractive index structure function. More specifically, when the slant-

path scintillation (a ) predicted by the classical theory of Tatarski
t

(1961 and 1971) is taken as the scaling factor for range, geometry, and

the vertical profile of C , the observed scintillation shows evidence ofn

saturation at ct-values that are about a factor uf two larger during

unstable (lapse) atmospheric conditions than during stable (inversion)

conditions. The pattern is similar for both paths, although the observed

scintillation at saturation is slightly larger (about 1.3 dB) for the

ground-to-air path. These results and the incorporation of this infor-

mation into the eye-safety guidelines are described in the main body of

this report.

Additionally, we have developed a simplified eye-safety evaluation

procedure for the estimation of the worst-case probability of eye damage.

The worst-case estimate is made using only the laser and operational

A. characteristics, while the atmospheric effects are treated implicitly in

the procedure. This worst-case guide is intended for use when operational

restrictions prohibit the use of the more detailed, general guidelines.

3
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II PROGRAM SUMMARY

A. Background

Classical optical propagation theory (Tatarski, 1961 and 1971)

predicts that the scintillation magnitude for a near-ground, horizontal

propagation path is directly proportional to the refractive index

structure function (C ), approximately directly proportional to the
n

range (R), and approximately inversely proportional to the square root

of the optical wavelength (M); the exact form is

11/12 7/12
(at)H =K R (2n/X) C " (1)

Here it is the theoretical standard deviation of the log signal intensity,

K1 is a dimensionless constant, and the subscript H denotes a horizontal

path. This theory, which is based on the so-called Rytov approximation,

fits observations well for low thermal-turbulence conditions and rela-

tively short vanges.

Tatarski's theory also predicts the scintillation magnitude for the

case of optical propagation along a slant path (subscript S),

R I12

(at)S = K2 (2/X)7/12 f r) r dr (2)

0

where the coordinate origin (r = 0) is at the receiver. The term shown

in brackets is referred to as the range integral and is a function of

range, path geometry, the slant profile of thermal-turbulence intensity,

and receiver-transmitter orientation. For the normal came of a decrease

L: in C with increasing height, the theory predicts that the scintillation

n
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will be larger for a ground-to-air propagation path than vice versa. The

results of our earlier slant-path studies (Johnson et al., 1970, and

Dabberdt and Johnson, 1971) indicated that the applicability of Equation

(2) may be restricted to relatively small values of the range integral.

Application of the theory to longer ranges and higher turbulence

levels has not been intuitively appealing since for these conditions, the

predicted scintillation magnitude (and hence the eye-damage probability)

increases indefinitely without bound. However, 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

leveling off, of the scintillation magnitude with increasing range beyond

about 1 km. (The longest range at which measurements are reported in the

Russian work is 1.75 kcm.) Subsequently, Tatarski (1966) and DeWolf (1968)

developed variations of the propagation theory that conform to some degree

to the Russian observations. A second breakthrough resulted from our

earlier work (Johnson et al., 1970) at a field site in Woodland, California,

that showed the presence of a supersaturation region where the scintil-

lation magnitude for a helium-neon laser and a near-ground, horizontal path

Actually decreases with increasing range and thermal-turbulence intensity

f beyond the saturation level. An analytical expression was given that relates

the measured scintillation magnitude (a to the theoretical (0t)

m H t H

OtH
m(a) = 1 + 0.16 (gt)H2 (3)

Figure 1 gives a comparison of the measured values of the scintillation

intensity with the values predicted by Tatareki's theory.

6
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t H
a (0.6328 p) 1 + 0.30 (at) H5/3 (4)

where a is the measured log-intensity standard deviation along a
mH

horizontal path. Furthermore, our multiwavelength measurements (0.4880 p,

0.6328 p., and 1.064 a) showed that: (1) the ratios of a for the various
mH

wavelengths are well approximated by Tatarski's "minus seven-twelfths"

dependence on wavelength; (2) the value of a at the measured peak (a )
tH mH

varies inversely with wavelength; and, most significantly, (3) optical

scintillations show little apparent dependence on wavelength in the far-

supersaturation region. Analytical expressions for the 0.4880-p. and

1.064-p data are given by

t H
a (0.4880 p.) 1 + 0.25 ( .)H1 7 7  (5)

and
:I (,jt) H

a (1.064 1.) = + 0.48 (, t) 1.60 (6)

Application of Tatarsai's slant-path theory is also restricted owing

to the monotonic increase of the predicted scintillation magnitude with

increasing turbulence levels and range. The results of the earlier pro-

gram (Johnson et al., 1970) indicated the possibility of scintillation

saturation along a slant path, although the limited range (< 4000 m) pre-

cluded possible supersaturation. During the 1970 field study, static slant-

path scintillation measurements were made using a 465-m tower as a receiver

platform for a ground-based helium-neon laser (0.6328 p); vertical profiles

of thermal turbulence intensity were also collected. These measurements

p were made during daytime--lapse conditions--and the measured scintillation

magnitude (a ) was observed to: (1) saturate with increasing range and

thermal-turbulence level (as represented by a ) and (2) show some indi-
t5

cation of supersaturation beyond Ors f S. The observed scintillation

8

. /

- -~-~--, ~ -~



maxima for the slant- and horizontal-propagation paths were virtually

the same at about 1.25. We found that, for our experimental conditions,

the eye-damage hazard was larger along the slant path for ranges greater

than 4 kin. This resulted from saturation along the slant path together

with supersaturation on the horizontal path at these ranges.

B. Summary of Results

An extensive field program was conducted during July 197.1 at the

Mercury site to study the nature of the scintillation of a helium-neon

laser beam for ground-to-air and air-to-ground propagation paths during

both daytime (lapse) and nighttime (inversion) periods. The scintillation

measurements were made simultaneously along the two coincident paths,

together with concurrent measurements of the differential-temperature

structure (used to determi..e the refractive index structure function, C )
n

at four heights from the surface to 460 m (the height of the elevated laser

and receiver). Supplemental mean wind and temperature profiles were also

obtained.

One significant aspect of the program was the data it provided on the

time-height variations of the refractive index structure function. As

expectec, C is a minimum during the near-sunrise and -sunset adiabatic
n

periods, while nighttime (inversion) values are typically about one-half

those observed during the midday (lapse) periods. The general feature of

the vertical C profile is the quasi-exponential decay with height. How-"n
ever, during the sunrise and sunset stawility-transition periods, a secondary

C maximum occurs well above the surface. This feature is particularly sig- 4
n

5<. .&ificant when evaluating the slant-path scintillation in terms of the theo-

retical value given by Equation (2 A simple model that describes the

features of the time-height dependence of C is:

C (z,t) ffi +t•C cos (w t z/Zi + •) . (7)n n,i i n ±•

i "i

n•

.. ..... .



The overbar denotes the time average of the i harmonic, AC is theth n

harmonic amplitude, w is the frequency, Z is the damping depth, and • is

the phase lag.

A particularly significant finding of the program is the apparent

stability dependence of the scintillation pattern. As with the earlier

horizontal path studies, crt [in this case, Equation (2)] is used as a

range-turbulence-wavelength scaling parameter. While the observed scin-

tillation patterns for both the ground-to-air and air-to-ground paths are

similar for the two stability categories (see Figures 2 and 3), corres-

ponding absolute values of ot are twice as large for the lapse cases than

for the inversion cases. This suggests that there is a scaling effect

not only of range, geometry, wavelength, and turbulence intensity, but

also of the stability types, i.e., lapse or inversion. We therefore pro-

pose, in way of conjecture, that the scintillation magnitude is dependent

on the frequency (or scale) as well as the magnitude of the thermal

fluctuations.

During lapse conditions, there is a decrease in the atmospheric

potential temperature with height and a tendency for convective activity

resulting from the unstable density stratification; for inversion conditions

the reverse is true and the atmosphere is regarded as stable. Typically,

the spectrum of near-surface thermal fluctuations during inversion con-

ditions (typical of clear nights) is characterized by relatively high fre-

quencies (and low wavelengths) due to the height variation of temperature

and the action of mechanical turbulence. During lapse conditions (char-

acteristic of sunny days), the spectrum of thermal fluctuations is often

augmented by the effects of buoyancy (free convection). The impact of this

convective activity is reflected in the occurrence of a second peak in the

spectrum at lower frequencies (higher wavelengths). In summary, nighttime

conditions are characterized by relatively small though frequent turbulent

10
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elements, whereas daytime conditions with free convection may be dominated >4

by the larger, infrequent convective cells. As a consequence, it may be

that the "effective range" (or number of refractive occurrences) is sig-

nificantly less for these daytime conditions although the value of C may
n

not differ from the nighttime case. The idea of an effective range is

introduced to specify the relationship between the scale of turbulence

and the scintillation: For equal values of C and a given propagation
n

path, daytime scintillation under free convection is observed to occur as

if the range were effectively reduced.

The occurrence of scintillation saturation is indicated at large at t

for all path and stability categories, but there is no evi.dence of a

supersaturation effect within the range of at values observed. Again

there appears to be an influence of the stability category--in this case

on the magnitude of the scintillation at saturation, a . For the irver-
* m

sion cases, a is about 1.7, while for the lapse cases it is about 1.4.
m

This difference, though only about 20% or 1.3 dB, is quite important in

the evaluation of the eye-damage probability because of non-linear

effects.

These findings have been incorporated into a revised procedure for

the evaluation of the probability of laser eye-damage. Additionally, a'

short and simplified procedure has been developed to estimate the worst-

case probability of eye damage.
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III EXPERIMENTAL PROGRAM

A. General

The general objectives of the program were to extend and supplement

our previous laser eye-safety research (Johnson, Evans, and Uthe, 1970,

and Dabberdt and Johnson, 1971) and to develop a simplified laser eye-

safety guide covering a broad range of use of laser systems in terms of

path geometry, atmospheric conditions, and laser characteristics. Specif-

ically, the objectives of the experimental program were to:

(1) Verify the existence of scintillation saturation and

supersaturation for ground-to-air propagation, and

simultrnoously determine whether saturation and
supersaturation occur for the air-to-ground path.

(2) Examine the path dependence of the magnitude of the

scintillation maximum.

(3) Develop relationships between slant-path scintillation
and atmospheric structure.

Toward these ends, an experimental program was conducted during the

period 8 to 23 July 1971 at the Nevada Test Site (NTS). Simultaneous

measurements were made sequentially of the intensity fluctuations in the

beams of two 15-mW helium-neon lasers, along ground-to-air and air-to-

& ground propagation paths at six ranges. A chronological summary of our

activities is given in Table 1. Two receivers with 5-mm diam. apertures

were used, one near the top of the 465-m BREN Tower and the ther in a

mobile instrumentation laboratory. The horizontal range between the

tower and the six sites varied between 0.625 and 10.0 Ikn; both daytime

• and nighttime measuren.ents were made. Coincident thermal-turbulence

measurements were made at four heights ranging from 1.7 to 460 m;

13
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Tab le 1

CHRONOLOGICAL SUMMARY, 1971 BREN TOWER
EXPERIMENT, NEVADA TEST SITE (NTS)

Date Activity

6 July Equipment departs SRI

7 July Equipment and field party arr.,'ve Las Vegas

8 July Equipment and field partv arrive NTS, clear
security; unpack equipme.it, locate field
sites, calibrate and begin installation of
equipment with aid of EGW personnel; Air
Resources Laboratory personnel &ctivate wind
and temperature system on BlEN Tower

9 July Continue equipment check-out, calibration,
and installation

10 July Complete equipment installation and 11 daytime
data runs

11 July Rest day

12 July Complete 26 daytime data runs

13 July Begin nighttime data collection sequence; 13
-runs completed

14 July Complete nighttime data collection sequence;
19 runs completed

15 July Complete 28 daytime data runs

16 July Complete 15 daytime data runs

17-18 July Rest days

19 July Begin nighttime data collection sequence;
/4"18 runs completed

14



Table 1 (Conte.)

Date

20 July Complete nighttime data collection sequence;

17 runs completed

21 July Complete 9 daytime data runs

22 July Complete 26 daytime data runs; shut down

23 July Begin equipment take-down and packaging

24 July Complete equipment packaging, clear N75

security and depart

26 July Equipment arrives SRI

supplemental wind and temperature profiles were also made using available

tower instrumentrstion.

B. Site Description

The BREN Tower facility at the NTS is located about 80 miles north-

west of Las Vegas at Lat 360 46' 50.4" N, Long 1160 14' 33.4" W, at an

elevation of 1110 mi mal. The tower is an equitriangular structure approx-

imately 4 m on a side, with an open steel framework. The terrain slope

within a 2.5-km radius of the tower is approximately 1:40, with the fall

line ENE to SSW, except for a ridge 5 km distant in the SE quadrant (see

Figure 4). All runs were made over paths to the west of the tower to

ensure maximum homogeneity of the surface, thereby permitting us to be

reasonably confident that the meteorological conditions measured at a

fixed point over suitable averaging time would be representative of the

entire propagation path. Figure 5 is a topographic cross section between

the BREN Tower and Site 6 (range 10 km); the slope (1:62) is quite uniform

over the entire path. The surface is basically a sandy, pebbly gravel of

15
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volcanic rock fragments, primarily tuff with some basalt and andesite.

This uppermost stratum (caliche) extends to a depth on the order of 30 m.

The instrumentation runway on which the shorter-range measurements (0.63

km) were made is devoid of vegetation; the surrounding terrain has a

typically sparse growth of sagebrush.

C. Instrumentation

1. Laser Measurements

The tower and truck laser-receiver systems were virtually

identical (Figures 6 and 7). Two Spectra-Physics Model 124 helium/

neon lasers (wavelength 0.6328 p) with an output power of approximately

15 mW were used for this experiment; the surface laser was positioned

1.7 m above the groumd, while the elevated laser was at the 460-m level

on the tower. Transmitter-receiver alignment was controlled with micro-

positioners on both the laser mount and the receiver mount; a corner cube

retroreflector mounted on the receiver aided in positioning the laser.

Beam-expanding and collimating optics (S-P Model 336) were used to obtain

a transmitted beam diameter of approximately 20 mm (measured between the

e-2 intensity levels). A spatial filter (S-P Model 332) with an aperture

of 15 L (S-P Model A6) was used to ensure a smooth, mean (Gaussian)

intensity profile across the beam.

Two virtually identical receivers were used to measure the laser

intensity fluctuations. One receiver was positioned near the truck to

monitor the signal from the tower-mounted laser, while the second receiver

was at the 460-m level on the tower and monitored the signal from the truck

laser. Each receiver employed a 5-mm diam. aperture to simulate the average

* Spectra-Physics

1250 West Middlefield Road

Mountain View, California 94040
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size of the pupil of the human eye, a 10-4 interference filter centered

at 0.6328 p to reduce background (ambient) radiation, and a 3-mrad full-

angle field of view. An RCA Model 7265 photomultiplier tube (PMT) with

an S-20 photocathode surface was used in each receiver.

The output signal from each PMT was fed into a logarithmic

amplifier (PMt Model 1002) and the output voltage was then recorded in
*

FM mode on an analog instrumentation tape recorder (H-P Model 3960A).

The mean PMT current was monitored by a meter using an R-C circuit with

a time constant of approximately 7 seconds. Data from the truck-based

PMT were recorded in the truck; power for the mobile instrumentation was

supplied by a bank of storage batteries. These were capable of 8 to 12

hours continous operation and were recharged during off-periods. Data

from the tower-based PMT were recorded in a bunker (see Figure 8) at the

base of the tower.
t

2. Meteorological Measurements

The primary meteorological instrumentation consisted of four

fast-response differential thermometers (Figure 6) for the measurement of

the temperature structure function. A vane was used to maintain the

orientation of two horizontally separated temperature sensors perpendicular

* RCA Corporation

Electronic Components

Harrison, New Jersey 07029

+ Pacific Instruments Inc.

940 Industrial Avenue

Palo Alto, California 94303

* Hewlett-Packard Company

1101 Embarcadero Road

Palo Alto, California 94303
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to the wind direction; two 0.0005-in. diam. chromel-constantan thermo-

couples were used, physically separated by 60 cm but electrically connected

in series. The voltage generated by the temperature difference between the

thermocouples (64 ±V/oC, as determined from repeated calibration tests) was

then amplified by a high-gain differential amplifier (designed and con-

structed at the Institute) and recorded in FM mode on the analog magnetic

tape recorders (H-P Model 3960A). The time constant of the differential

thermometer was determined experimentally to be 0.015 s when ventilated at

2 m/s. This response was sufficiently fast so that the error in the com-

puted fluctuation variance caused by neglecting the higher frequencies

should be small.

The four differential thermometers were used to provide a ver-

tical profile of the temperature structure function for the slant-path

scintillation measurements. The lower-most sensor was positioned near the

truck atop a tripod at the approximate height of the surface laser (1.7 m);

,F. the other three sensors were mounted on booms that extended 3 m outward

from the tower at heights of 91.5, 213, and 460 m. The near-surface

differential thermometer was used at the location of the near-surface laser

to provide thermal-turbulence measurements at the point where turbulence

effects on the intensity fluctuations are most pronounced--near the source.

For the elevated laser, the 460-m differential thermometer provided the

resolution required. 2hermal-turbulence measurements at the two inter-

mediate levels were used to help define the vertical structure of the

temperature structure function.

Supplementary mean-temperature profiles were obtained as hard-

copy output from an electromechanical printer at 1O-min. intervals from

existing National Weather Service (NWS) sensors mounted at ten levels on

the tower: 3.0, 16.4, 25.9, 47.3, 90.0, 133, 175, 213, 303, and 460 m.

Mean wind speed and direction were taken visually from strip chart records

over the course of each run; NWS wind sensors at eight levels were used:

21
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3.0, 16.4, 25.9, 90.0, 175, 218, 303, and 460 m. Additional measurements

of wind speed. and direction were obtained using a propeller-vane maintained

at a height of 1.7 m at a location approximately 100 m SW of the tower

(see Figure 9). These data were recorded on an incremental, dual-channel

chart recorder.

D. Experimental Procedure

The basic configuration of the path geometry and range dependence

experiment is illustrated in Figure 10. Lasers and receivers were located

at the top of the BREN Tower and sequentially at various horizontal ranges:

0.63, 1.4, 2.5, 5.0, 7.5, and 10.0 km. The signal inputs from the tower

recoiver and three differential thermometers were brought into a recording

bunker located near the base of the tower. A second recording system in

the truck was used for the ground-based laser scintillation and temperature

V fluctuation measurements.

U The experimental procedure entailed the simultaneous measurement of

laser scintillations over reciprocal slant-propagation paths sequentially

at the six different ranges; temperature fluctuation data, together with

the wind and temperature profiles, were recorded simultaneously with the

laser data. In practice, the technique entailed the transport of the

mobile instrumentation system to the desired range. A 6-m.n. run was made

at a site, including calibration levels and a check of the background

(ambient light) noise. The system was then transported by truck to the

next. site, and the procedure was repeated; transit and setup time varied

typically from 15 to 35 min., depending on the range change and the laser-

receiver alignment. time.

Before each run, the PINT supply voltage was adjusted to give an

approximate mean output current of 10 LA. The log amplifiers were adjusted

to give zero output voltage from an input of 10 M, so that the means of

the recorded (logged) signals would be near zero,

22
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4,

FIGURE 8 RECORDING INSTRUMENTATION FOR TOWER
RECEIVER AND DIFFERENTIAL THERMOMETERS:
(1) FM INSTRUMENTATION TAPE RECORDER,
(2) PROBABILITY DENSITY ANALYZER, AND
(3) X-Y PLOTTER

FIGURE 9 VIEW TO THE WEST OF BREN TOWER ILLUSTRATING
THE TOPOGRAPHY AND SHOWING THE LOW-LEVEL
WIND SENSOR
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The high-gain differential amplifier for the near-surface differ-

ential thermometer was set so that a 50-LV input signal (0 O.78°C differ-

ential) produced a 1-V output. The other three amplifiers produced a

1-V dc output for a 25-pV input signal 0. O.390 C differential) owing to

the smaller temperature fluctuations at the higher levels.

A total of 182 data runs were collected at six ranges for all hours

of the day. The runs are tabulated in Table 2.

E. Preliminary On-Site Data Analysis ,

As mentioned earlier, the laser scintillation and temperature

fluctuation data were recorded in analog fashion on magnetic tape. In

addition, the signals from the tower instrumentation were monitored on

line with a probability density analyzer (PDA, see Figure 8) to examine

the quality of the data in real time. The PDA automatically "builds up"

a probability density histogram (PDH) as data are being collected. When

a preselected number of samples has been collected, the PDH is auto-

matically displayed and can then be recorded ovi an on-line x-y plotter.

(This procedure has since been improved, and the PDH is now automatically

transferred to a desk computer for statistical analysis--see Chapter IV).

In this manner we were able to monitor laser-receiver alignment, back-

"ground noise level, thermal turbulence, and so forth. Then, for example,

if the mean laser signal level varied during a run, we were able to

remedy Lbp. problem and repeat the run.

2.• :25
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Tab le 2

DATA SUMMARY--RECIPROCAL SLANT PATH EXPERIMENT,

NEVADA TEST SITE, 1971

Site ranges: 1 = 0.63 km, 2 = 1.4 km, 3 = 2.5 km,
4 = 5.0 km, 5 7.5 km, 6 = 10.0 km

RUN TIME SITE RUN TIME SITE
NO. DATE (PDT) ITO. NO. DATE (PDT) NO.

A 7/10 1011 1 16 7/12 1737 4

B 1025 1 17 1756 5
C 1034 1 18 1812 6

D 1111 2 19 1833 4

E .E 1132 3 20 1854 4

"F 1205 4 21 1915 4
G 1213 4 22 1933 4

H 1238 6 23 7/13 1910 1

I 1255 6 24 1944 4
J 1325 5 25 1955 4

K 1333 5 26 2012 4

L 7/12 1012 4 27 2030 4

M 1028 4 28 2057 4

N 1059 6 29 2132 6
0 1142 6 30 2152 5

1 1155 6 31 2211 4

2 1238 1 32 2233 3

3 1247 1 33 2243 3

4 1312 1 34 2301 2
: 5 1340 2 35 2331 1

6 1406 3 36 7/14 0026 6
7 1438 4 37 0033 6
8 1446 4 38 0050 6
9 1509 5 39 0109 5

10 1518 5 40 0131 4

11 1538 6 41 0149 3

S12 1547 6 42 0205 2
13 1626 1 43 0227 1

14 1653 2 44 0302 6
15 1712 3 45 0327 5
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Table 2 (Cont.)

DATA SUMMARY--RECIPROCAL SLANT PATH EXPERIMENT,
NEVADA TEST SITE, 1971

Site ranges: 1 = 0.63 km, 2 = 1.4 km, 3 - 2.5 km,

4 = 5.0 km, 5 = 7.5 kin, 6 = 10.0 km

RUN TIME SITE RUN TIME SITE

NO. DATE (PDT) NO. NO. DATE (PDT)

46 7/14 0345 4 76 7/15 1638 6

47 0403 3 77 1648 6

48 0422 2 78 1657 6

49 0453 6 79 1720 4

50 0500 6 80 1727 4

51 0510 6 81 1751 2

52 0530 4 82 1800 2

53 0546 4 83 7/16 0944 6

54 0556 4 84 1001 5

55 7/15 0643 6 85 1009 5

56 0709 6 86 1027 4

57 0726 5 87 1043 3

58 0737 5 88 1101 2

59 0757 4 89 1139 1

60 0812 4 90 1304 5

61 0829 3 91 1322 4

62 0847 2 92 1330 4

63 0917 1 93 1355 3

64 0924 1 94 1415 2

65 1008 6 95 1440 1

66 1028 5 96 1448 1

67 1047 4 97 1510 2

68 4 98 7/19 4

69 1115 3 99 4

70 1132 2 100 4

71 1153 1 101 1940 4

72 1509 2 102 1954 4

73 1530 3 103 2011 4

74 1602 4 104 2031 4

75 1620 5 105 2044 4
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Table 2 (Concluded)

DATA SUMMARY--RECIPROCAL WLANT PAV EXPER•MENT,
NEVADA TEST SITE, 1971

Site ranges: 1 m 0.63 km, 2 * 1.4 km. 3 • 2.5 km,
4 a 5.0 km, 5 * 7.5 kmi 6 • 10.0 km j

RUN TIME SITE RUN TIMN SITE
NO. WE 11 (3T) NO. NO. DATE P NO

106 7/19 2106 4 136 7/21 1156 4
107 2124 4 137 1204 4
108 2155 6 138 1226 5
109 2204 6 138A 1234 5
110 2227 5 139 1255 6

140 1408 1

i11 2247 4
112 2257 4 141 7/22 0900 2
113 2308 4 142 0910 2
114 2331 3 143 0930 3
115 2353 2 144 0957 4

145 1014 5
116 0019 1
"117 0028 1 146 1036 6
118 0133 6 147 1101 3
119 0156 5 148 i119 4
120 0204 5 149 1134 5

150 1141 5
121 0222 4
122 0241 3 151 1159 6
123 0250 3 151A 1208 6
124 0312 2 152 1247 3
125 0319 2 153 1256 3

154 1314 4
126 0344 1 1546 1321 4
127 0445 6 155 1337 5
128 0457 6
129 0518 5 156 1354 6
130 0540 4 157 1401 6

158 1409 6
131 0548 4 159 1434 3
132 7/20 0G07 3 160 1443 3
133 7/21 1029 1
134 1102 2 161 1500 4
135 1132 3 162 1517 5

163 1534 6
164 1543 6
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In practice, the laser is aligned with the receiver before the

start at the run, The run then begins with the recording ot calibration

levels, after which the laser output tosuhielded for approximately 15 a

while the noise in the reaivqor syatem to recorded. The PDA ti then

stopped, and its uutput to displayed an the x-y recorder while the data

continue to be recorded on tape, Next, the PDA collecta the density ot

the acintillation data, and this is platted over the calibration; plot, $
An example of a PD caollected on line is given In Figure 11. The

figure Illustrates the calibration and "noise" checka made at the

beginning of the run, in addition to the signal received along a ground-

to-air propagation path.

RUN No. N LASIR SCINTILLATION PROGRAM

TIME 1101 POT NIVASA T1IT BITE

PIANGE 1.4 km 16 JULY 1971

1500-It RIECIVER

81NAL

LO-CAL HI-CAL(o do) (20 dW'"N

4,.oNOISK

L Ai

$A-1341-?

FIGURE 11 PROBABILITY DENSITY HISTOGRAM OF LASER SCINTILLATIONS
WITH NOISE AND CALIBRATION LEVELS, AS COLLECTED IN THE
FIELD WITH THE PROBABILITY DENSITY ANALYZER
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IV DATA lRDUCTION AND ANALYSIS

A, Data Processinl

As diacuived in Chapter i11, the laser scintillation and temperature

fluctuation data wore recorded In analog fashion on FM magnetic tape, ,

The probability density analyzer (PDA) discussed earlier was used to

process the data to obtain frequency distributional the variance of the

signal it then easily obtained tor une in the application of the theoriesm

of Tatarski and Kolmogoroff (1941).

In operation, the PDA takes a lUrg, number of samples of the analog

waveform and records the number of samples that occur in each of 1024

voltage bins. Typically, about one million samples are obtained. The

data are presented as a relative frequency-of-occurrence histogram that

constitutes an estimate or 'masurod value" of the probability density

function of the scintillation or thermal waveform with spectral content

from do to 12 OHm. (Actually the spectral content of the system Is

limited by the frequency passband of the tape recorder that is about

0 to 1250 Hz at the tape speed usedJ) Specifically, a sampling oscil-

loscope in the PDA -takes nearly instantaneous samples of the signal and

generates a boxcar waveform whose height is proportional to the sampled

voltage. In the pulse-height analyzer section, an analog-to-digital

converter categorizes the section of the waveform corresponding to each

sample as being within one of the 1024 contiguous voltage intervals. The

* -number of times a sample occurs in each bin during a given test is recorded

in memory. After a selected number of samples has been obtained, the data

in the memory are displayed on a CRT and can be analysed to obtain the

statistics of the probability function.

Precedlng page blank 31
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For this purpose, we have constructed a hardware Interface to

transfer the data to a Wang 720/702 Programmable Calculator/Plotter.

When a density of sufficient length ham been collected, it is trans-

ferred through the Interface to the calculator. Software progr'ams have

been developed to analyse the density to obtain the mean, standard

deviation, skewness, and kurtosim of the distribution. These output

data can then be displayed with an on-line typewriter-plotter.

Figure 12 Is an example of a typical display. The probability

density histogram generated by the PDA is indicated by the crosses in

the figure. To decrease the time required to print the curves, only

every fifth point is plotted; however, this spacing can be controlled by .4

the operator according to the resolution required. The distribution has

been normalized about a zero mean, and the second, third, and fourth

moments are listed beneath the plot. The Gaussian curve corresponding

to the variance of the measured distribution is nlso plotted routinely;

it is indicated by the heavy dots in the figure. The difference between

the two curves is shown by the distribution of stars at the bottom of

the plot.

A powerful capability of the data reduction program is illustrated

in Figure 13. At the longer ranges the negative, normalizes intensity

fluctuations often drop into the background noise level of the PMIT

(photomultiplier tube) detector. Fortunutoly, huwever, most of the

scintillations are detected, although the distribution is severely skewed

in th• positive sense. One of the results of our earlier programs

(Johnson ot al., 1970) was the recognition that the scintillation can be

accurately represented by a log-normal distribution. Therefore, we have

developed an optional software subprogram that automatically locatos the

SWang Laboratories

836 North Street
rowksbury, Mass-chusetts
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PROBABILITY DISTRIBUTION WITH GAUSSIAN FIT
14,0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C CALC
12,01 + MEAII

* SKEWNESS: -0.04
KUIrTOIS: 2.76

W I TIME: 102I PDT
6 0.0 DATE: 12 JULY 1971 ,
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4,01

~2.0
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FIGURE 12 PROBABILITY DISTRIBUTION WITH GAUSSIAN
FIT, RUN NO. "M"

PROBABILITY DISTRIBUTION WITH GAUSSIAN FIT

12.0: CALC
+ MEAS

ca STD DEV: 6.00 dB
cc0, SKEWNESS: 1.65

KURTOSIS: 2.81
8.0 TRUCK RECEIVER

TIME: 000 POT

, e6.0 DATE: 14 JULY 1971
RANGE: 10.0 kmn

... ...

S+•.-20.0 - 15.0 - 10.0 - 5.0 0 5.0 10.0 15.0, 20.0

:[.•,,•-RELATIVE INTENSITY - dilAnt.," BA-, 341-1,,

":I+Y FIGURE 13 PROBABILITY DISTRIBUTION WITH GAUSSIAN
FIT, RUN NO. 38
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wcighted median of the distribution and computes the standard deviation

from the positive half of the data. The results of this routine are

illustrated in Figure 13 for an evening run at a 10-km range along an

air-to-surface path. The signal for this run begins to drop off system-

atically below approximately -3.5 dB. The weighted median is computed

for the -3.5- to +3.5-dB range and normalized, or set to zero; the

standard deviation is computed for the half of the distribution where

the relative log intensity is positive. The fitted curve is seen to

represent the "good" data accurately.

During the course of the data processing, we also sought to examine

the short term variations of the variance of the scintillation. This is

especially important as the scintillation is a result of turbulence con-

ditions over the entire path, while the temperature fluctuations are

measured at discrete locations. Figures 14 and 15 illustrate the nature

of the scintillation distribution measured along a 2.5-km surface-to-air

path over three consecutive 1-min. periods during inversion (midnight) and

lapse (late morning) conditions. The scintillation for the nighttime runs

(Figure 14) is quite consistent, ranging from 1.7 to 1.9 dB. The charac-

teristic meteorological feature was a surface-based radiation inversion
0

of 2.5 C between the surface and 90 m; winds were light (1.5 m/s) although

steady, both in speed and direction, from the SE. An interesting feature

is illustrated by the daytime sequence (Figure 15): The standard deviation

of the scintillation intensity is quite steady about 1.9 dB, but a shift in

the mean level of the scintillation intensity occurs during the seuond

minute LFigure 15(b)]. The distribution appears to be a composite of two

populations whose mean levels differ by about 5 dB. The lower atmosphere

was unstable, with a temperature decrease of 3.8°C between 3 and 16 m;

winds were light (2 m/s) and variable from the south. Moderately strong

convective activity was present under these conditions and it can be

expected that the horizontal temperature structure of the atmosphere was
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PROBABILITY DISTRIBUTION WITH GAUSSIAN FIT
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Table 3

RESULTS FROM NTS PATH GEOMETRY AND
RANGE DEPENDENCE EXPERIMENT

o* (din) * (0C) y
RUN SITE SURFACE TOWER T (oC)

NO. NO. RECEIVER RECEIVER a 3# z 2m z:92m z:213m za460m

A 1 1.65 1.22 27.5 0.648 0.087 0.046 0.029
B 1 1.34 0.80 28.7 0.690 0.093 0.053 0.028
C 1 1.41 0.97 28.7 0.722 0.088 0.057 0,037
D 2 2.25 1.77 29.4 0.620 0.051 0.034 0.040

E 3 2.88 3.69 29.9 0.777 0.056 0.024 0.034

G 4 4.01 5.30 31.2 0.786 0.129 0.061 0.044
L 4 4.32 4.04 33.4 0.561 0.067 0.047 0.024
M 4 4.72 5.68 33.4 0.596 0.064 0.064 0.030
2 1 1.51 1.15 35.9 0.682 0.060 0.059 0.039
3 1 2.25 1.88 35.9 0.697 0.077 0.072 0.057

5 2 3.02 2.79 36.4 0.608 0.078 0.053 0.039
6 3 2.12 3.24 35.2 0.389 0.062 0.039 0.024
8 4 2.68 4.13 36.4 0.320 0.032 0.028 0.031

S13 1 1.52 1.51 36.5 0.465 0.050 0.025 0.019
14 2 1.46 1.74 37.2 0.353 0.036 0.025 0.028

15 3 1.93 2.56 36.6 0.384 0.049 0.025 0.018
16 4 3.22 4.01 36.2 0.246 0.041 0.036 0.031
17 5 3.38 5.26 36.0 0,234 0.038 0.031 0.027
19 4 2.06 2.85 35.3 0.129 0.026 0.022 0.014
20 4 1.69 2.26 35.0 0.082 0.032 0.024 0.014

21 4 1.16 2.00 34.1 0.039 0.023 0.017 0.014
22 4 0.84 0.99 33.6 0.046 0.018 0.016 0.012
23 1 0.25 0.45 35.4 0.117 0.027 0.017 0.017
25 4 0.91 0.87 32.8 0.093 0.009 0.015 0.014
26 4 1.08 1.06 32.4 0.118 0.010 0.015 0.015

27 4 1.05 1.36 31.7 0.162 0.015 0.019 0.016
28 4 1.46 1.62 30.4 0.211 0.019 0.023 0.017
29 6 2.61 2.66 29.6 0.239 0.015 0.019 0.014
30 5 2.92 2.94 29.1 0.209 0.025 0.018 0.014
31 4 3.79 3.07 29.0 0.315 0.016 0.017 0.014
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Table 3 (Cont.)

RESULTS FROM NTS PATH GEOMETRY AND
RANGE DEPENDENCE EXPERIMENT

a (dB)* o (0C)
• RUN SITE SURFACE TOWER T (0 C) 1Z:3m z:2m 92 z2Im :40NO. NO. RECEIVER RECEIVER z-

32 3 1.47 1.57 28.9 0.152 0.009 0.020 0.014
33 3 1.98 2.07 29.0 0.116 0.010 0.019 0.014
34 2 0.63 0.61 28.6 0.174 0.010 0.022 0.014
35 1 0.71 0.48 28.0 0.242 0.016 0.018 0.014
38 6 6.00 5.88 26.5 0.091 0.069 0.016 0.020

39 5 6.36 6.53 26.5 0.119 0.029 0.061 0.017
40 4 3.69 4.17 25.3 0.099 0.035 0.064 0.022
41 3 2.38 3.06 24.3 0.122 0.048 0.054 0.025
42 2 1.48 1.18 25.3 .190 0.028 0.043 0.021
43 1 0.98 0.63 26.5 0.172 0.028 0.048 0.024I "
44 6 6.24 5.64 25.6 0.165 0.043 0.058 0.023

J 45 5 5.71 5.39 25.0 0.180 0.033 0.046 0.025
46 4 4.60 5.00 25.3 0.164 0.051 0.042 0.024
47 3 2.68 2.47 25.5 0.140 0.027 0.042 0.018
48 2 0.94 1.05 24.1 0.131 0.025 0.028 0.015

49 6 5.56 8.09 22.4 0.288 0.022 0.038 0.015
50 6 6.44 6.96 21.7 0.238 0.020 0.034 1 0.014
51 6 5.89 5.62 22.0 0.222 0.054 0.022 I 0.014
52 4 2.80 3.03 21.2 0.206 0.043 0.035 0.013
53 4 4.60 4.94 22.2 0.179 0.061 0.030 0.016

54 4 4.74 5.30 21.9 0.170 0.048 0.037 0.017
55 6 4.78 6.41 24.1 0.165 0.028 0.027 0.018
57 5 1.69 2.11 30.3 0.161 0.016 0.017 0.021
58 5 2.40 2.37 30.9 0.166 0.020 0.022 0.016
59 4 1.40 2.72 31.4 0.273 0.021 0.021 0.013

60 4 2.01 2.42 31.4 0.325 0.030 0.033 0.012
61 3 1.37 1.45 32.3 0.236 0.038 0.039 0.013
62 2 2.06 1.94 33.3 0.386 0.049 0.051 0.039
63 1 1.04 0.92 34.0 0.478 0.064 0,045 0.029
64 1 0.88 1.00 34.0 0.513 0.052 0.030 0.024
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Table 3 (Cont.)

RESULTS FROM NTS PATH GEOMETRY AND
RANGE DEPENDENCE EXPERIMENT

o. (do)* (0C)
RUN SITE T.4CSURFACE TOWER T (C)

NO. NO. RECEIVER RECEIVER z:2m z:92m z:213m z:460m

65 6 6.07 6.90 34.4 0.579 0.064 0.038' 0.069
67 4 2.27 2.31 34.2 0.225 0.028 0.025 0.040
69 3 2.01 1.78 36.4 0.340 0.083 0.071 0.026
70 2 2.37 2.98 38.3 0.588 0.063 0.024 0.037
71 1 0.69 1.09 38.3 0.655 0.051 0.028 0.043

72 2 1.01 0.88 38.3 0.593 0.053 0.036 0.033
73 3 2.06 2.26 37.1 0.531 0.024 0.018 0.019
74 4 2.89 3.13 38.3 0.273 0.050 0.040 --

75 5 3.16 3.65 35.6 0.213 0.011 0.017 0.055
76 6 4.08 4.01 36.2 0.268 0.027 0.032 0.015

79 4 2.53 2.10 37.9 0.419 0.060 0.031 0.027
80 4 2.92 2.17 37.2 0.396 0.049 0.031 0.021
82 2 1.63 1.12 37.1 0.435 0.038 0.037 0.026
85 5 4.50 5.17 34.2 0.481 0.048 0.044 0.035
86 4 4.89 4.88 33.3 0.726 0.075 0.053 0.033

87 3 2.77 3.24 33.4 0.570 0.039 0.079 0.022
88 2 1.99 1.69 34.4 0.609 0.055 0.084 0.016
89 1 0.97 1.12 34.5 0,742 0.035 0,090 0.071
93 3 3.57 4.24 38.1 0.489 0.102 0.094 0.082
94 2 1.35 1.18 37.5 0.518 0.064 0.075 0.020

96 1 1,40 1.25 38.0 0.809 0.061 0.085 0.04597 2 2.31 1.87 37.8 0.701 0.054 0.063 --

101 4 0.58 0.74 33.0 0.045 0,010 -- 0.014
102 4 0.42 0.48 32.3 0.044 0.010 -- 0.015
103 4 0.48 0.55 31.3 0.057 0.011 -- 0.015

104 4 0.39 0.50 30.3 0.087 0.010 -- 0.015
105 4 0.76 0.64 29.8 0.082 0.011 -- 0.015

106 4 1.83 1.04 28.7 0.155 0.024 -- 0.013
107 4 1.14 1.16 28.3 0.120 0.019 -- 0.014
108 6 2.40 2.69 28.3 0.139 0.015 - 0.014
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Table 3 (Cont.)

RESULTS FROM NTS PATH GEOMETRY AND
RANGE DEPENDENCE EXPERIMENT

Oi (da)" o" (0 C' )

RUN SITE SURFACE TOWER T (oC) - -

NO. NO. RECEIVER RECEIVER zz m z:2m Z:92mI z:213m z:460m

109 6 3.61 3.91 28.2 0.128 0.016 -- 0.014
110 5 2.57 3.04 27.7 0.104 0.015 -- 0.015
111 4 1.48 1.77 27.1 0.116 0.013 -- 0.018
112 4 2.67 2.67 27.3 0.081 0.017 -- 0.017

113 4 2.01 2.05 28.0 0.092 0.043 -- 0.016

114 3 1.07 1.08 27.5 0.132 0.029 0.019
115 2 1.57 0.93 275 0.090 0.029 -- 0.014
117 1 0.95 0.50 26.9 0.193 0.052 0.031
118 6 5.38 5.20 26.5 0.082 0.039 "- 0.024
120 5 4.61 4,77 25.8 0.121 1 0.018 -- 0.022

121 4 3,76 2.89 25.6 0.104 0.020 0.020
122 3 1.48 1.31 26.1 0.128 0.012 -" --
123 3 2.62 1.94 26.0 0.206 0.027 -- 0.027

124 2 1.24 0.88 25.9 0.150 0.027 -- 0.02
125 2 1.12 0.67 25.5 0.095 0.032 -- 0.026

126 1 1.08 1.04 24.9 0.070 0.039 . , J.043
128 6 5.50 5.46 24.8 0.108 0.012 -- 0.028
129 5 5.11 5.46 24.4 0.121 0.037 -- 0.030
131 4 3.47 3.81 25.4 0.092 0.023 -- 0.029

132 3 1.08 1.15 24.7 0.112 0.040 ° "" 0.016

133 1 1.44 0.92 31.9 0.562 0.062 0.057 --

134 2 .49 1.77 32.5 0.756 0.040 0.063 10.031

137 4 4.08 3.96 35.6 0.606 0.075 0.090 I 0.062
140 1 0.77 1.18 36.8 0.671 0.069 0.038 0.022

141 2 0.87 1.01 29.5 0.346 0.054 0.033 0.126

143 3 1.87 1.50 31.4 0.587 0.061 0.113 0.166

144 4 4.34 4.65 32.3 0.627 0.095 0.040 0.033

145 5 6.07 5.87 33.4 0.701 0.076 0.050 0.056

146 6 5.91 6.79 32.2 0.474 0.035 0.070 0.020
147 3 3.29 3.20 33.1 0.722 0.049 0.083 0.033
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Table 3 (Conoluded)

RESULTS FROM NTS PATH GIOMWItRvt AND
RAN0G OIPNOD[NC[ EXPIRIMENt

0 (d I) "
•UN j ( SURFACE TOW R T ('C) "-- "-

NO. NO, RECEIVER RECEIVER to 3m 1i1m ,a0m aI m a'460m

148 4 4e55 4,93 34A4 0.796 0.08 0.064 0,070
149 5 5058 6.56 31.6 0,794 01088 -M 0,047150 5 5.24 5.67 33.6 0.599 0.107 0.071 0.073
152 3 4.08 4,.25 35.6 0.609 0.006 -- M.W60
153 3 3o54 4,22 37,3 0.613 0.009 -- O0O0O

155 5 5.19 6.37 36.7 01879 0.071 0.048 0.030
157 6 5.59 8,53 36A4 0.669 0.030 0.030 0.065S159 3 2.60 3,72 37.1 0.?52 0.079 O6062 06059160 3 2,96 3,57 37,1 0.886 0.059 0.049 0,043
159 4 6,26 63.7 37,1 0,758 0,078 0,069 0,034

162 5 6,10 6.15 36.8 04684 0.059 0,051 I0.035

163 6 3.48 6.72 37.9 0.689 0.114 0.109 0,065
164 6 5.05 7.59 38.1 0.732 0.036 0.024 0.,030

* Divide values by 4.34 to convert from dB to conventional natural
logarithms.

-- Data missing or invalid.
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qite Inhomogenesuus, These lateral thermal gradients could CouI il•se

laser beam to. wander, thereby producing the bimodal distribution shown

In the figures Segments of data containing tbwhe bimodal distributions

have been deInted In the processing otilne by the operator,

Simtilarly, cases of poor reoeiver-tranomitter alignment, laser mal-

tunction, mehanical vibration, and so forth have beent doteoted and

emitted from the analyses, lFurhevmore, we have chosen to discard those

runs where only A mingle laser may have been operating satiufaotorily or

where the uer.a surfaue difterential thermometer was Inoperative, Ot

the total .t 1f13 runs made In the field, 133 were suAtable for subsequent

analysis aS dictated by the above criteria, The standard deviationM of

the laser and differential teoperature data for these runs are tabulated

i n 'tn•hl te 3

Ia. IResults

1, Oeneral

The analysis p•ocedure described in the preceding section pro-

vides values of the standard deviation (0) of the log-intensity signals

front the two laser recoivers and of the differential temperature fluu-

tuitions (OT) from the four differential thermometers,

The measurements of L(7T) are used to derive values of C, the

refractive index structure ounstant. Specifically, the temperature

structure function, )?, is defined as

D2  [Tlr1 ) - T(r ) (A T (&r) I()

In the Inertial subrange of the spectrum of atmospheric turbulence, the

turbulence is isotropic and the Kolmogorov (1941) "two-thirds" law can

be applied to describe the refractive index structure function, D I
n
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weett(r) En(rI . 11" a.a r8/3

where r is the *eparation distanoe and C to the refreative Index struc-

ture consnts When the Kolmogorov law to applied to the temperature

fluctuati•no, the analog of Equation (9) to seen to be

D a 8 (10)

where C ti the temperature ptruature constants On combining Rquation
T

(10) with (1),

C4
T1

It can easily be shown (eog, Tataraki, 1971) that the structure

constants for the refractive Index and temperature are essentially propor-

tional and, when neglecting the minimal effects of water vapor, are

related by
C " (79 x 10"4) (p/Ti) C , (13)

n T

where p is atmospheric pressure in millibars, and T Is the absolute air

temperature In degreon Kelvin* Comtbining Equatluns (11) and (12),

C - (79 X 10-0) (p.T2)r-1/3 o(AT) . (13),, n
ii

Surface pressure observations were obtained from the nearby

National Weather Service station at Yucca, Nevada (elevation 1200 M mal).

Because of the large variation In height over which the differential

temperature measurements were made, It was necessary to compute pressure

' values at the various levels, in this regard, the pressure-height

relationship In a standard atmosphere (Berry et &l., 1945) was used,
" ~~where ! d
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and a ts the elevation above the reference level where temperature and

pressure are To ind p respectively; g Is the auceteratio1 of gravityl
Sis an average temperature lapsec rate (assumed equal to GsBa°K km-1)| ;

and K* to the gas colnstants Under the assumed aonditinto1| the exponenlt

has the value of 5%(61

For a slant path ((ubmcript a) of length it with the coordinate

origin at the rever, Tatarski (1961) has developed a theoretical

expression for the anda ei deviation (Ct) of the log of the Intensity

fluotua•ions of a plane monochromatic beam in a turbulent atmosphere,

where

1/9I
1.4 (2 A 7 "1 12[ 9,.0 5/6L.9i/ C rWr dr J(5

0 n

For a spherical wave, the equation for 4 has the same form but the

constant has the value 0,97,

To evaluate the integral, C must be specified an a function of
n

111distance along the slant1 path, There is ins•ufficient knowledg* about tho

vertical structure of C and Indeed the measurements made during this

program represent a substantial contribution in this areas In integrating

Rquation (15), we have assumed that C in independent of distance in the
n

horinontal plane. Vertical variations of C have been treated in two

ways: (1) assuming a simple exponential decay, and (2) on the basis of a

linear variation between measurement levels.

The model assumption for C in that used in our earlier studiee

(Johnson et al., 1970, and Dabberdt and Johnson, 1971),

C n C exp (-k.) , (16)
n4 no
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where k is a selectable parameter with units of m- and C Is the near-no
ground, measured values When the proposed Cn profile is substituted
Into Equation (15), and geometrical considerations involving the slant-

path elevation angle (0) are taken into account, we obtain the following:

atta ua n 5 nd g et/rical C Ao to, n v h

a no

The value of the constant is changed slightly trom Tatarski's plane-wave

value in keeping with our earlier format as determined by the results of

horizontal propagation experiments (Johnson et al., 1970). The range

Integral (A) in Equation (17) is dependent on the direction of propagation I
and is given by

Case I (surface laser-,elevated receiver):
R

A - A1  /-/f (R-r) r5/6 dr (18)

0

Case 11 (elevated laser-surface receiver):
R

A - A2 -/f"Br r5/6 dr , (19)

0

where B = 2k sin 0. Equations (18) and (]9) are then solved by numerical

integration.

In the second method, Equation (15) is solved analytically

through the use of a linear interpolation of C between measurement
n

levels, where

C (Z zau (+ a LaZ-aJ * (20)
n 1 2 n 1 L 1J

The bracketed term in Equation (15) is then integrated using Equation

4i (20), where
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Came , (surface laser-elevated receiver):

rri+ ±1 25/6

iul

er w C 1 + a (i t sin E dri (21)Ifl n,4-i a4-1 ri+l

r i 
:

Ca2e 11 (elevated laser-surface receiver): n

ri+l
3* 2 2 5/6 "R R2 Cn [I aizi + (a, sin ) r' dr. (22) !

ri;

The subscript notation i denotes the layer over which the integration is

performed where rt = zi cc ,, and aui is the constant ia Equation (20)

for the layer with lower bound z The use of Equations (18), (19), (21),
i " and (22) is discussed in subsequent sections of this report.

•, 2. Height Dependence of the Refractive Index
' •" Structure Function

a 60-cm sEquation (13) is used to compute values of the refractive index,
S.4tructure function, C ,using the mean and fluctuatlion temperature measure-

n
•.me|'ts, the computed profile of atmospheric pressure [Equation (14)], and

•i. a 60-cm separation distance. The C data were stratified according to the
•-•. n

atmospheric stability in the lowest 92 m:

Inversion conditions

0
T(2 m) - T(92m) ( 0.9 C

Lapse conditions

0
ti T(2 m) - T(92 m) > 0.9°C

The individual C profiles were then used to evaluate the paramneter k
n

from Equation (16), whero
I• 1

k =- log (C /C )
z e n no 48
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Three values of k were obtained for each profile and these have been

stratified by the stability. The mean and standard deviation of the

ratio C /C and the average k value for each category are summarized
n no

in Table 4. Only those runs were used where simultaneous AT measure-

ments were obtained at all four heights; these include 30 inversion and

68 lapse cases.

Table 4

HEIGHT AND STABILITY DEPENDENCE
OF C /C AND k

n no

Inversion LapseLayer',

c~~ k [~m- 1] (C /C) cml~- - [ - "'k [m-1]
(n) n no n no

0-92 0.179 t 0.14 0.0187 0.129 • 0.08 0.0223

0-213 0.194 ± 0.13 0.0077 0.109 ± 0,07 0.0104

0-460 0.106 ± 0.04 0.0049 0.086 * 0.07 0.0053

The observed height dependence of C is illustrated in Figure 16,
n

together with the theoretical structure given by Equation (16) using two

typical values of k. It is highly significant that the theoretical,

exponential decay of C with height does not provide a particularly good
n

representation of the details of the average profile structure; individual

profiles are even less well represented. The reasons for the apparent

failure of this simple model to simulate observed conditions can be

explained through a consideration of both micro- and mewometeorological

processes. In the case of the latter, the effects of such meteorological

phenomena as frontal activity, squall lines, and air mass structure must

be considered when describing the temporal and spatial variations of C
n
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Clearly, these cannot be simulated on the basis of purely local conditions.

In the absence of these effects, micrometeorological influences will

determine the C structure. Temporal variations will then occur with a

predominantly diurnal periodicity. Shortly after sunrise, solar energy

will be absorbed at the earth's surface and subsequently partitioned, in

part, as a flux of sensible heat in both the soil and atmosphere. In

comparison, direct heating of the air by solar absorption is minimal and

can be ignored. Under these conditions, the input of heat to the atmos-

phere is controlled by the surface, and the transport of heat to higher

levels occurs with a finite time lag. Moreover, the time lag is height

dependent. At night, the situation is reversed because of radiational

cooling at the surface and the subsequent transport of heat is from the

atmosphere to the surface. Since the magnitude of C is proportional ton

the absolute value of the atmospheric sensible heat flux, one must con-

sider both the nature of diurnal variations at the surface and the time-

height dependence of the atmospheric diffusion process.

As a first-order approximation, the problem may be considered as

an analory to the classical case of thermal diffusion of heat in a homo-

geneous medium with a periodic source function. Therefore, the ne.sr-

surface time variation of C is given by
n

C n(t) , + C cos (W + (23),,no noi In

where the overbar denotes the time-averaged value, i is the number of the

harmonic period with frequency wi, C is a constant phase lag, and t is

time. Similarly, the nonsurface variation is expressed as

c (.,t) +AC coo (Wt -/Z +C)} (24)

n5I
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Z is the so-called "damping depth," where the amplitude of the wave is

1/e (about 0.37) times ý'ýe surface value. For illustration purposes,

we may consider only the diurnal period and make the additional model

assumptions:A

C n C exp (-z/Z), and (25)
n no

LC n = AC no exp (-z/Z). (26 i

Combining Equations (23-26), the ratio C /C is
n no

C - + 6C Cos (wt-z/z +n o no (27
- exp (-z/Z) . (27
C U + AC cos Ut + C)

no no no

Although the NTS experimental program did not encompass any

complete diurnal cycles, we may take advantage of the similar meteoro-

logical conditions that persisted over the first few experimental days

to construct a "typical" diurnal variation using data from the following

periods: 1000-1930, 12 July; 1900, 13 July - 0600, 14 July; and 0640-1000,

15 July. The composite diurnal cycle for Cno is illustrated in Figure 17.

The value of C is about 2.5 X 0-"7 m-1 /3 while AC is on the order of
no no

2.0 x 1'- 7 . These values and a 100-m damrpng depth have been used to

"illustrate the simple, descriptive model [Equation (27)] in Figure 18.

Vertical C /C profiles are shown for six tim.s during the period; the
Yn no

phase lag • would be about 12 hours so that the profile at t - 0 would

P correspond ,o 120C LST.
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3. Slant-Path Scintillation

The theoretical value of the standard deviation of the log of

the intensity fluctuations was computed using Equation (15) with the two

model assumptions [Equations (16) and (20)] for the height variation of

the refractive index structure function:

(2/)7/12 C2 5/

a 1.43 (2/X) C[ (r) r dr 1t: ts n

0

C C exp (-kz), and
n no

Cn(z 1  z 2) Cnz(z {1 +a Cz Z1

In making the computations with the linear interpolation method

for C , values of the coefficient a were determined for each run between
n

2 and 92 m, 92 and 213 m, and 213 and 460 m, and Equation (15) was then

integrated anaytically using Equations (21) and (22). Figures 19 and 20

depict the relationship between the theoretical and measured values of

a along air-to-ground and ground-to-air propagation paths, respectively.

These data have been fitted by a nonlinear, least-squares computer program

to an empirical equation of the form
tO

t (28)•' •t

where the subscript m refers to the measured value, and M and 8 are con-

stants. Equation (28) has been evaluated independent of the atmospheric

stability and is plotted along with the data in the two figures. For the

air-to-ground path, M = 0.47 and 8 * 1.10, while for the ground-to-air

case, L = 2.31 and 8 0.53.
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Figures 19 and 20 also illustrate the apparent dependence of the

scintillation on the class of atmospheric stability. Those experimental

runs that were conducted under stable lower atmospheric conditions are

depicted by the triangular symbols in the figures; unstable conditions

are shown by the crosses. In interpreting these data, the theoretical

sigma values provide a convenient scaling factor of atmospheric (C) and
n

geometric (r,G) conditions. Clearly, the measured scintillation is

consistently larger for stable conditions than for the unstable cases.

To examine these differences in greater detail, the scintillation

data have been stratified according to both the path-type and stability

category in Figures 21 through 24. -The values of the constants CL and

from the regression Equation (28) for each case are summarized in Table 5;

the individual functions are plotted un the respective figures.

Table 5

VALUES OF CL AND 0 FROM EQUATION (28)
USING THE MODEL ASSUMPTION

Cn(zlI z 2 )= Cn(Z) {I( + a z-zl}

Atmospheric Stability

Path Type Inversion Lapse All Cases

Air-to-ground 0.16 1.64 0.72 0.82 0.47 1.10

Ground-to-air 1.38 0.61 3.21 0.42 2.31 0.53

Within the broad range of experimental conditions represented

by these data, there are indications of scintillation saturation for

both propagation paths. While saturation may be inferred, the data

provide no evidence of scintillation supersaturation as had been noted

earlier by Dabberdt and Johnson (1971) for near-ground horizontal paths.
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it saturation does indeed occur aloha the slant path, then one

would expect to find evidence tfirt along the ground-to-air path (because

of the dominance of conditions near to the source), Presumably, Nature-

tion oh%,•ld timo tirst be noted during unstable atmospherin conditions

when the magnitude of the refractive index structure function to largetst

These experimental conditions are the basis for the date prosented Ini

Figure I1, An expected, there appears to be a systematic leveling oft

of the observed scintillation 0 m, 1,?) at large distances and hijgi Cn

values (as reflected in the scale factor, ut), However, there art too

tow date points in this range to fully confirm that saturation has Indeed

occurred, I

A surprising aspect of ground-to-air scintillation to Illustrated

In Figure 88, These data were obtained under Inversion (ntighttime) con-

ditions and consequently span a smaller range of 3t values (ns shown In

Figure 17), In spite of the smaller values oft •, the magnitude oa the

sointillation is the same me that observed under the unstable atmospheric

conditions, Comparing the two case., it appears that the scintillation

under stable conditions io comparable to the "unstable" scintillation

where scale values ( t) arc about two times larger'. A significant con-

sequence of this observation may be the dependence of the scintillation

on the frequency or scale of the thermal fluctuations.

Figure. 23 and 24 show a similar pattern for the variation of

scintillation along the air-to-ground path for lapse and Ir.version con-

ditions, respeotively. Surprisingly, there In an even stronger indi-

cation of possible scintillation saturation for the unstable cases with

this path configuration than was noted earlier fnr the ground-to-air,

unstable cases, Again, the small number of oamse preclude a definitive

analysis of the saturation phenomenon. The maximum % values are about

1.4, in contrast with the ground-to-air value of 1.7. The stability I'
I

5,

.-A.
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dependence ti air-to-ground saci1tillation ts illustrated by tile corm-

pertoon of Figures 83 and 84% As with the ground-to-uir cause, the
maximum odielrved sc[intillation at about, 1*4 to~r the air-to-ground con-

figu~ration to ILndependent of stability (Iseo lapse or Inversion can- !

ditionls)s As noted befolre, the relative •i deIpendence at % is l virtually

identical. for, both stabilLity types, butt the comparable cyt values are

aanabout two times larger for tetp*otvtTi ugssta

there to a scaling effect nut only ot ranige, omemtry, wavelength, and

turbulence IntensiLty, Wit a of ot he stabiliLty types, Its*, lapse or

inversion, We therefore proposal In way of conjecture, that the scin-

tillation magnitude is also dependent on the frequency (or scale) a#

well as the magnitude of the thermal fluctuations,

During lapse conditions, there is a decrease In the atmospheric

potential temperature with height and a tendency ftr convective activity

resulting fruit the unstable density stratifcationj for inverolon conditions

the reverse io true and the atmosphere Is regarded as stable, Typically the

spectrum of near-surface thermal fluctuations during inversion conditions

(typical of ,,ear nights) ti characterised by relatively high trequenciei

(and low wavelengths) due to the height variation of tvmperavure and the

action of mechanical turbulence. During lapste conditions (characteristic

of sunny days), the spectrum of thermal fluctuations is often augmented

by the effects of buoyancy (free convection), The 6'mpact of this con-

vective activity is reflected In the occurrence of a second peak in the

spectrum at lower frequencies (higher wavelengths). in summary, nighttime

conditions are characterised by relatively umall though frequent turbulent

elements, whereas daytime conditions with free ctnvection may be dominated

by the larger, infrequent convective cells. As a consequence, it may be

that the "effective range" (or number of refractive occurrences along the

path) is significantly less for theme daytime conditions although the value

of Cn may not differ from the nighttime case. The idea of an effective
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range Is introdmoed to specify the relationship between the scale of .

tur!bulence and the scintillationt For equal values of Cn and a given

propagation path, daytime scintillation under free convection In

observed to occur an it the range were effectively reduced.

As mentioned earlier, the measured scintillation (a.) represents
a line-integral value, while the theoretical values are computed on the

basis of a few point measurements of the refractive Index structure

functions Two possible sources of uncertainty result: (1) the vertical

profile of C obtained from the measurements may not provide sufficientn

spatial resolution under all atmospheric conditions. This Is Illustrated
by the hypothetical, time-dependent vertical profiles of C Illustrated

n

in Figure 181 and (2) the concept of "frozen" turbulence may not always

be fulfilled, i.e., the time-average of C at a point may not alwaysn

provide an adequate measure of the space average of C at a given time.n

While these effects presumably add some noise to the system, they do

not affect the overall or average picture as presented in Figures 21

through 24.

At present, there is insufficient information to parameterize

the amplitude and phase functions in Equation (27) fnr the incorporation

into the eye-safety evaluation procedure (Chapter V). Similarly,

Equation (20) cannot be applied in this manner because it requires in

situ measurements of the vertical structure of C . The use of Equation
n

(16) therefore is retained in the evaluation procedure since it provides

conservative (safe) results and represents a modoi*ly successful simu-

lation of conditions and is easily. parameterized. Figures 25 through 28

illustrate the a -o relationship incorporating Equation (16) for the
m t

data stratified in an identical manner to the presentations in Figures

21 through 24, rospectively. The relative features are the same for

the two mets of data and only the absolute values of at differ. The

unstable, ground-to-air oases (Figure 25) are similar to the slant-path
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data collected previously by Dabberdt and Johnson (1971); the results

from the two programs agree quite well. For the present study,

evaluation of the regression Equation (28) for these cases yields

values for the two constants of O = 2.07 and • = 0.45, while the

earlier (1971) results give a = 1.79 and • = 0.69.

In summary, the use of the linear interpolation model for

C (z) -- Equation (20) -- is to be preferred for the evaluation of

the field data as it provides the best representation of ambient con-

ditions as determined from the in sitzu measuremento. However, the

exponential model for C (z) -- Equation (16) -- ' .A. n)re suited for
n

incorporation into the eye-hazard evaluation procedvre as it is more

readily parameterized. It is desirable, therefore, to compare the two

model assumptions in terms of the a values that result from their
t

application in Tatarakil's theory, Equation (8). Figures 29 through 32

illustrate these 1t values for both path types and the two stability

classes. For the two stability classes and the ground-to-air path, the

"exponential" model consistently gives It values about twice those

obtained from the "linear" model, while along the air-to-ground path the

two models provide essentially similar values of .7t for both stability

categories. As would be expected, the scatter is larger for the inver-

sion cases than with the lapse cases and probably reflects the greater

atmospheric homogeneity associated with the latter. The application of

Eqvation (16) in the eye-hazard evaluation procedure has been reviled

on the basis of the path dependence of the exponential model assumption

for C (z).S~n

The classical slant-path propagation theory of Tatarski [see

Equation (15)] predicts scintillation values that are heavily dependent

on the direction of propagation in the planetary boundary layer because

of the height dependence of C . While first seeking to confirm then

validity of this relationship, the ratio of measured scintillation along
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the two reciprocal paths was compared with the theoretical ratio using

Equation (15) and the C computations. A surprising result of this
n

comparison is that there is virtually no systematic relationship that

can be observed. Therefore, the observed scintillation ratio was

examinbd in view of the corresponding value of the theoretical, ground-

to-air scintillation (at). The use of a is justified on the basis of

its role as a convenient scaling parameter for range and C * The results
n

of this comparison are illustrated in Figure 33 and have been stratified

according to atmospheric stability. The best-fit linear regression

equation for each case is also illustrated. It can be noted that there

is a slight dependence of the ratio of the magnitude of a, although the b

scatter is quite large and particularly so at the low at values. Again,

the stability dependence is evident in the Jifference in the magnitude of

the slope of the regression line for the two stability classes.

We may conclude that the simple relationship between scintilla-

tion and path type, as in the theory of Tatarski, is not evidenced by

our observations and that additional research into the complexities is

required.
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1

V LASER EYE-SAFETY GUIDELINES

A. General

In three earlier reports on this project (Johnson et al., 1968,

1973, and Dabberdt and Johnson, 1971), a procedure was described for

estimating the probability of eye damage from exposure to a laser beam.

Similar work has been reported by Deitz (1968, 1969). The eye-hazard

I, evaluation procedure presented in this section incorporates minor

revisions that reflect the results of our latest experimental work.

The equations and assumptions underlying each part of the eye-hazard

evaluation procedure (as represented by Figures 34 through 41 and Tables

6 and 7 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:

p•, latitude (deg)

U, surface wind speed (knots)

V, atmospheric visibility (miles)

X, cloud cover (tenths)

0, slant-path elevation angle (deg)
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R, range (kin)

P, laser peak power (W)

Q, laser pulse rate (pulses/s)

X, laser wavelength (±)

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, one can estimate the probability of

eye damage 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

i•d 2 /4 (m2 ), using the MINIMUM BEAM DIAMETER, d (m), to

compute the maximum power density available for eye

damage (W/m 2 ). If this value does not exceed the

appropriate MAXIMUM SAFE POWER DENSITY LEVEL (I W)

given in Table 7, then the laser can be considerea safe

and the rest of the procedure disregarded.

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

Figure 34 to find SOLAR ELEVATION ANGLE, CL. Interpolate

between graphs for dates between those given. For

latitudes in the southern hemisphere, reverse the dates
on graphs (a) and (c). For nighttime, proceed to Step
(5). "

(4) Use M and CLOUD COVER, N (tenths), in Figure 35 to find

INSOLATION CATEGORY, S (strong, moderate, or weak).
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(5) For da'ytimo, use I anOt HURIACK WIND, U (knots), in
Table 6 to find NIAl-filtOUNI) XXVIItACTIV9 INDEX TRUCITURK
CONSTANT, Cn (10V'im'l 3 ), Vup n1idlttime, loS asot two

columns ot tabli, ýAoon No

(01) Fur a near-ground Iwrikontal propagation path, proceed
to Step (6), For a slant path, use RANOG R (Ika), and
SLANT-PATH ELElVATION ANOLI, 'A, in Fiigui 36 to find

ANOGI INTEGIRAL, A (m-11/6),

(7) For a Plant path, use A, ICn LASER WAVICIXNOTH, k (1),
propagation direction, and the atmospheric Ptability
in Figure 3? to find LOO-INTIENBITY STANDAIR) DEVIATION, •.
Assume LAPSE CON4DITIONS during the daytime and
INVERSION CONDITIONS at night. (Prooeed to Step (9))0.

(8) For a near-ground horibontal path, ule R, C n ,nd LASER
( VAVELEN•T•,T, (0), in Figure 36 to find O an-IdRrNITY

STANDARD DEVIATION, is

(9) Use ATMOSPHERIC VISIBILITY, V (miles), LASEt DRAM
DIVERGENCE, 0 (milliradians), and It in Figure 39 to

find NOIRMALIZED MEAN POWER DENSITY, I/P (m'-).

(10) Multiply !/P by LASER POWER, P (W), to obtain MEAN POWER
DENSITY, I (W m'-2).

(11) Use X and LASER TYPE (Q-switched, long pulse, or CW) in
Table 7 to obtain MAXIMUM 3AMS POWER DXNSJTY, I . (\W In'2).
For a CW laser, use the f•.llowing characteristic pulse"

times: (1) 2 to 10 me for a slant path involving an
aircraft, and for static paths and U > 10 knots, and
(2) 10 to 500 me for static paths and U t 10 knots.

(12) Divide Isafe by I to obtain SAFS-TO-MEAN-POWiR-DENSITY
RATIO, I afe/I.

(13) Use o and safe/I in Figure 40 to obtain INSTANTANEOUS

PROBABILITY OF EYE UAMACE, ".
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(14) U~v y mW KVMNT MttXI I~ r os) , II ii tlwmu 41 till,
OltriltivlyIII Mqtiaiollt (38) , to~ Okta~il INTRUltAThI)

I'KOtIAfILITY OV KVK W)MAOXI 1', for' ~l~vo KXIXWU~tX TIMR,
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TA-14?t.4a

FIGURE 35 INSOLATION CATEGORY (5) AS A FUNCTION OF SOLAR
ELEVATION ANGLE (a) AND TENTHS OF OPAGUE CLOUD
CO••R IN)

S~'rub le 6

RELATION OF NFAIR-OOINIO)N (2 ut) REFRACTIVE INDEX STItUCTURtE
CONSTANT (C ) TO W£ATHEB CONDITIONS

I3

C (0106 m 1 /3 )

n

0 ay 2m ans a10

Daytme isolaionNighttime ConditionsCategory, (S) (S) AS__FNCIOOSLA
Surface Thin Overcast

Wind Strong Moderate Weak or • 5/10 • 4/10

( knot s) Cloudiness C loudi hess

< 3 0.60 0.50 0.40 0.30 0.40

3-6 0. 50 0.40 0.25 0.20 0.35

6-10 0.40 0.25 0. 15 0. 10 0.20

10-12 0.20 0.C12 0.05 0.05 0.05

[>..12 0.12 0.05 0.05 0.05 0.*05
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C. aNtis for Kye-Ilatalwa 1-valuation Procedure

1. Figure 34

The curves in this figure are based on the following

(mtfithsoniAn Meteorological Tables, 1963),

sin 'ljInasinC + cos*coCoos[O.262(h-l2)4 (SB)

whore a unlar elevation angle

* u latitude

C a solar declination

h m hour of day.

2. Figure 35

The relative insQlation strength (8), on a scale from zero to

one, in given by

S n sin o k30)

for a cloudless, nonattenuating atmosphere. When the cloud cover (N) in

tenths is conaide-.ed and the albodo of the clouds is taken to be 0.5,

Equation (30) becomes

8 a sin MC(l - 0.5N/10)] , (31)

which is the basis for Figure 35. The categoriou of S (strong, moderate,

and weAk insolation) were determined simply by dividing the range of S

Into throe equal intervals, 0 to 0.33, 0,33 -to 0.67, and 0,67 to 1,0.

3. Table 6

This table is based principally upon empirical data from our

experimentb and those of other investigators, such as Wright and Schutz

(1967), Fried et al. (1967), Davis (1966), and Goldstein et al. (1965).
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Unfortunately, most of tile values of C reported by these other workers

have not been accompanied by a full account of the concurrent meteorological

co)nditlons. Hence the dependence of C on weather conditions ap given inn

the table Is based principally on our measurements. The values in the

table must be considered only as approximate, since some extrapolation was

required, and also since at leaqt one important variable, ground condition,

has been omitted for the sake of simplicity.

The basic structure of the table is patterned after that givnn

by Pasquill and Neade (see Slade, 1968) for the estimation of atmospheric

stability categories. Since C is relatod to the absolute value of then

stability, appropriate values of C were substituted for those of

stability category.

4. Figure 36

Equations (18) and (19) were used for the computations tor, the

curves presented in this figure, The value of the constant k was taken

to be 0.01 so the eye-hazard estfintes Wouild be on the conservative (safe)

side, as determined from the BREN Tower experimental results.

5. Fiore 37

This figure was bared on Equation (17) for the slant-path con-

figuration, but we have limited a to a maximum value according to the

direction of propagation and the atmospheric stability. The curves are

thus derived from the Tatarski relationship but take into account the

saturation effect indicated by experimental results (Chapter IV), Since

the occurrence of scintillation supersaturation on the slant path has not

yet been adequately confirmed, we have not made any allowance for this.

As a result of this omission, any resulting errors would give eye-hazard

predictions on the safe side.
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6. FiUre 36

This figure uses the resultc of Dabberdt and Johnson (1971)--

Equations (10) and (10), Section 111-F--and incorporates the super-

maturation afftot as observed during that horizontal propagation exper-

iment. The coefficients of their Equation (16) used in the calculation

are those reported by Johnson et &l. (1970). These values were chosen

because they give more conservative (higher) estimates of ai than the

revised equation. The leveling off of the scintillation magnitude in

the far-supersaturation region Is also Incorporated in the figure; again,

a safe value (0.8) was chosen.

7. Figure 39

This figure is derived principally from considerations of the

laser-beam geometry, represented by the equation

4G22/ ' (32)

2
where I mean power density (W/m )

(assumed to be uniform across the beam)

P = laser output peak power (W)

0 beam divergence (milliradians)

R range (km)

0 atmospheric transmission.

The transmission is given by

-aR
G e (33)

87



where a is the attenuation coefficient (km 1). To a first approximation,

the relation between the atmospheric visibility (V, miles) and the atten-

uation coefficient is given by

V = 2.43/a (34)

for visible and noar-infrared wavelengths.

8. Table 7

The maximum safe power density levels (I safe W/m 2) given in

this table are those recommended by the U.S. Air Force in AFM 161-8,

Change 1 (1971).

9. Figure 40

The curves in this figure were computed by moans of the

following equations:

Y exp(-x 2 /2)dx (35)

M

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

variable, and

"-l
M = C'/2 + a ln (1 safe/) (36)

where O' is the log intensity standard deviation. The development of

these equations, as detailed .n the last report (Johnson et al., 1968),

involves the assumption of a log-normal probability distribution of in-

tensity fluctuations.
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10. Figure 41

When one looks at a loser beam continuously for T seconds, the

integrated probability of eye damage (f) over that period will be greater

than the instantaneous probability of eye damage (Y). One simple way to

assess this increased probubility is to assume that the intensity peaks

occurring at a .4ingle observational point represent separate events.

If (l-Y) corresponds to the probability of no damage for a single event

(i.e., the probability that any one intensity peak will not exceed

I safe), then the integrated probability of no damage (1-f) for a given

number of occurrences (N) in the time period (T) is given simply by

multiplying the individual probabilities:

N1-flr (1-Y)N

or r = 1 - (1-Y)

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

r = - I-7FT
r (1-Y) F (37)

This equation forms the basis for Figure 41. For y < 1, Equation (37)

may be rewritten in approximate form as

Fr=yvr . (38)

The event frequency 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 (P ) to move with the wind, then to a
0

first approximation we have

F=U/P

n o
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whore U is the wind component perpendicular to the propagation path.n

Since the variation in p 0with range that is predicted by theory dis-0

agrees with that measured, it seems best for our purposes to assume that

F depends only on 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 I 10 knots: F = 500

U > 10 knots: F = 1000

Aircraft slant paths: F = 5000

These coefficients allow for the maximum scintillation frequencies

observed during our earlier experiments.

11. Setting a Level of Acceptable Risk

After the probability of eye damage (r) is found, it becomes
necessary to compare this value with a preestablished value (sf )

safe

representing the highest probability judged to be an acceptable risk.

The magnitude of rsafe may change as the nature of the situation changes,
-3 -5

but values in the range of 10 to 10 (one 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 one in 3600, or 2.8 × 10-4, while the probability of

being injured in an automobile accident was one in 100, or 10-2 (World

Almanac, 1970).

D. Examples of Use of Eye-Hazard Evaluation Procedure

To illustrate the use of the procedure given above, four examples

are presented in Table 8. 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 8

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 (LST)

30°N 40 0 N 20P S 20P S
N 2 0 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 ---

0 600 200 00 00

R 0.4, 5 1 6 (km)
A 0.4880 0.6943 1.06 1.06 (,0)
Q 0.5 10 10 (pulses/s)
8 0.5 0.5 0.5 0.5 (mrad)
d 2 --- (lOi-'m)
P 1 2.5 x 10 7  10 7  10 7 (W)
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 00 600 30P 300
4 S --- Strong Mod. Mod.

5 Cn 0.35 0.40 0.12 0.12 (10- 6 m-1 /3)
6 A 1.5 x 10 3  1 x 105 ...... (mll/6)

7,8 a 0.3 0.65 0.65 1.20
9 I/P 30 6 x 10-2 6.7 9 x 10-2 (m- 2 )

10 I 30 1.5 x 106 6.7 x 107 9 x 105 (W M-2 )
11 Isafe- 0.52 x 102 3.53 x 106 1.77 x 107 1.77 x 107 (w m-2 )12 Isafe/I 1.73 2.36 0.26 20
13 y O- 2  5 x 1O"1 --- 10-3
14 (F 5 x 10 3  0.50 --- 10 (sec- 1 )

1r > e0-1 5 x 10-1 10-3
15 Safe? No No No Yes

* -3
Based upon a selected value of F =10

safe
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Appendix

EVALUATION OF THE MAXIMUM RISK

OF LASER EYE DAMAGE

A. General

The results in the main body of this report outline a detailed

procedure for the estimation of the probability of eye damage from

exposure to a laser beam. These guidelines are the result of develop-

ments and refinements that have been made during past several years

(Johnson et al., 1968 and 1970; Deitz, 1968 and 1969; and Dabberdt and

Johnson, 1971). The procedure used in these guidelines incorporates the

simulation of local atmospheric conditions and other factors in some

detail. While the procedure is quite rigorous and the predictions agree

well with observations, the guide is not particularly well suited for

ready application by the novice in remote field situations.

Recognizing this particular need, a simple guide has been developed

to estimate the typical, "worse-came" level of eye hazard using as input

only the most readily available information:

0 Total laser output or energy/pulse

0 Air Force Permissible Exposure Levels (PEL)

e Laser beam divergence

a Eye pupil diameter

e Laser wavelength

* Laser pulse repetition rate

* Clear atmospheric conditions

* Total personnel exposure time

* Given total probability of super-PEL exposure

that is acceptable

* Approximate laser beam elevation angle.
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To ensure accurate estimates in a minimal amount of time, the procedure

- incorporates only a few simple graphs, tables, and arithmetic steps.

B. Procedure

The probability of eye damage from exposure to a laser beam under

worst-case conditions is estimated on the basis of the following

information on environmental and operating conditions:

Range, R (km)

Laser peak power, P (W)

Laser pulse rate, Q (s5)

Laser wavelength, X (p)

Laser beam divergence, B (mrad)

Wind speed, U (kts)

Exposure time, T (s)

Ground-level elevation, z (km)

Laser mode (CW, long pulse, Q-switched)

Time of day (day or night)

Type of path (horizontal or slant)

The method is illustrated schematically in Figure A-1 and detni, ' A

the following step-by.-step procedure:

Step 1: Use GROUND-LEVEL ELEVATION, z (kim); LASER BEAM DIVERGENCi,

B (mrad); LASER WAVELENGTH, X (p); and RANGE, R (kin); in
Figure A-2 to determine the NORMALIZED MEAN POWER DENSITYp

I/p (m-2).

Step 2: Multiply I/P by LASER PEAK POWER, P (W), to obtain the MEAN

POWER DENSITY, I (W m-2).

Step 3: Use LASER WAVELENGTH, % (p) and LASER MODE in Table A-1 to

obtain the MAXIMUM SAFE POWER DENSITY, Isafe (W m- 2 ).

For a CW laser, use the following characteristic "pulse"

times:
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* 2-10 ms for a slant path involving an aircraft, and

static paths with U > 10 knots

* 10-500 ms for static paths and U < 10 knots.

Step 4: Divide Isafe by I to obtain the SAFE-TO-MEAN-POWER DENSITY

RATIO, I* (n.d.)

Step 5: Use I* and the PATH TYPE (horizontal or slant) 3 to obtain

the INSTANTANEOUS PROBABILITY of EYE DAMAGE, y.

Step 6: Ascertain the value of the EVENT FREQUENCY, ;. (s-l). For"
pulsed lasers, set F equal to the LASER PULSE RATE, Q.

For CW lasers, set F equal to the values given below,

a Static path

U < 10 knots: F = 500

U > 10, knots: F = 1000

o Aircraft path: F = 5000

Step 7: Determine the INTEGRATED PROBABILITY of EYE DAMAGE, r, from
the INSTANTANEOUS PROBABILITY of EYE DAMAGE, y; the EVENT
FREQUENCY, F; and the EXPOSURE TIME, T, using Figure A-4 for
Short Exposure times (T V 0.1 s) and the following equation
for relatively long exposure times (T > 1 s):

rmyFT
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For convenience, theose steps are summarlod in Table A-2. Figure

A-2 Is derived principally from considerations of the laser-beam

geometry, reproeented by the equation,
4(;

where

1 a mean power density (W/ mn)
(assumed to be unitform &cross the beam)

P a laser output peak power (W)

a • beam divergence (milltradiani)

R a range (km)

0 a atmospheric transmission.

A-10

p _j • .. .. ... ... ........



Table A-1

NtMMARY OF BVE-HARARD UVAWIUATION PROCODUMI

Atep No, Task Reference

1 Determine I/P figure A-2

V Compute I a * P (1/p)

3 Determine loafe Table A-I

4 ComputeO K I * oaf I /K

5 Determine V Figure A-3

* Ascertain F stop a
7 Uvaluate r Figure A-4, or

ri F T

The atmospheric transmission is taken from the work of Elterman (1963)

tor a olea' standard atmosphere am a function of viavelength and height.

The maximum sate power density levels given in Tuble A-2 are those

referenced by the U.8. Air Forte (1971). For the daytime cases,

the eye-pupil diameter was taken as 3 mm, while a 7-mm diam. was

used for nighttime cases,

The curve In Figure A-3 was computed by means of the following

equations:

1 I "oxp(2 /2dx

where y is the inutantaneous probability of eye damage, x is a dummy

variable, and
M ,t /2 + a'lIn (Ieaf/I)

safe
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where a to the log-intensity standard deviation, For this guide, 0 ti

taken equal to the saturation (maximum) value of the log-intensity

standard deviation, which Is 1,58 for a near-ground hortaontal propaga-

tion path &Ad 1,85 for a slant path, These values have been determined

from an cx~ensivo series of field experiments, The development of

these equations, an detailed in a previous report (Johnson et al,, 19?0),

entails the assumption of a log-normal probability distribution ot

Intensi ty fluctuations,

When one looks at a laser beam continuously for T seconds, the

Integrated probability of eye damage (r) over that period will be

greater than the instantaneous probability of eye damage (y), One

simple way to asses. this Increased probability ts to assume that the

intensity peaks occurring at a single observational point represent

separate events, If (l-y) corresponds to the probability of no damage

for a single event (i,e,, the probability that any one intensity peak will

not exceed 1eafs), then the integrated probability of no damage (l-r)

for a given number of occurrences (N) in the time period (T) ti given

simply by multiplying the Individual probabilities:

-N

or

r - ( -)N

or (since N - FT, where F is the frequency of events),

r • 1 - (1 -y)FT

This equation forms the basis for Figure A-4. For y << 1, this equation

may be rewritten in approximate form as

r YFT
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The event frequency, I'$ may be considered to he equivalent to the

pulse rate for a pulsed laser, or to the scintillation frequenc) for

a V laser. It we assume the turbulent elements separated by a mean

correlation distance (p ) to move with the wind, then (to a first

approximation) we have

F - U /Pno0

where U to the wind component perpendicular to the propagation path.n

Since the variation In p with range that Is predicted by theory

disagrees with that measured, it seems best for our purposes to assume

that F depends only on wind speed and beam sweep rate, On the basis

of our measurements, the following values have been selected as being

representative of the cases given:

Static paths

U < 10 knots: F a 500

U > 10 knotst F • 1000

Aircraft slant paths: F u 5000.

These coefficients allow for the maximum scintillation frequencies

observed during our experiments.

After the probability of eye damage (r) is found, it becomes

necessary to compare this value with a preestablished value (r safe)

representing the highest probability judged to be an acceptable risk.

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

but values in the range of 10 to 10 (one 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
"-4

accident in the year 1968 was one in 3600, or 2.8 x 10 , while the

probability of being injured in an automobile accident was one in 100,

or 10 (World Almanac, 1970).

To illustrate the use of the worst-case procedure given in Section

B, four examples are presented in Table A-3.
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Table A-3

EXAMPLES O' WORST-CASR LASER EYE-HAZARD EVALUATION

Parameter Examgle I Example 2 Eaale..3 Example 4

A, SPECIFIED PARAMETERS

Date 21 Dec 1 May 21 June 21 June

Time 2200 1200 1500 1500 (LST)

Lat 300 0 40 0 N 20PS 20P S
U 5 8 12 12 (knots)

Path Type Slant Slant Hortz. Hortz.
Laser Site Airborne Ground ---

Elev. Angle 600 20P 00 0O
R 0.4 5 1 6 (km)

S0.4880 0.6943 1.06 1.06 (p)

Q --- 0.5 10 10 (pulses/s)
8 0.5 0.5 0,5 0.5 (mrad)

P 1 2.5 x 107 107 10 7  (W)

T 1 0.1 0.1 0.1 (a)

Laser Type CW Q-sw. Q-sw. Q-sw.

B. DERIVED PARAMETERS

Step No.
1 I/P 5 x 101 10-1 5 x 1O0 1O1- (m" 2 )

2 I 5 x 01  2.5 x 106  5 x 10 7  106 (W ms2 )

3 Isafe 0.52 x 102 3.53 x 106 1.77 x 107 1.77 x 107 (W m-2 )

4 1* 1.0 1.4 0.35 18
5 V >10-1 >10-1 >10-1 10-3

6 F 5 x 10 3  0.5 10 10 (s-i)
7 F >5 x 10 2  >10-1 >-10-3

Safe?* No No No Yes

Based on a selected value
of r saf 10-3.

saf
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