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I INTRODUCTION

The rapid proliferation of laser systems for civilian and military
applications urgently requires the development of suitable guidelines to

ensure safety in their use. 1In the absence of appropriate and realistic

e SR R SO G R s B

guidelines, excessively conservative ''satety 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

e S R e 2 S P £

A

(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) k

described the results of the earlier research.

Atmospheric temperature inhomogeneities increase eye-damage prob- Y
abilities through the breakup of the propagating laser beam. To a

viewer, this appears as scintillation (fluctuations in intensity). The é

"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" E

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

O I VY

scintillation, the probability of laser eye damage increases drastically.

Substantial progress has been made towerd clarifying and parameter-

e

izing the effects of atmospheric thermal turbulence on laser propagation

ey

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

imentally that the amplitude probability distribution of the laser inten-

*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 distributiras
departed somewhat from log normal at thelextreme 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 ﬁath in
which the scintillation magnitude decreases with increasiﬁg 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

e ettt o e = Sy 1 3ot et e e
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ground-to-air and air-to-ground paths. Concurrent vertical profiles of
thermal turbulence (i.e., the refractive index structure function, Cn)
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-

S St e e e EE e it

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

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

M L S e,

path scintillation (Of) predicted by the classical theory of Tatarski
(1961 and 1971) is taken uas the scaling factor for range, geometry, and
the vertical profile of Cn’ the observed scintillation shows evidence of

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

i procedure for the estimation of the worst=case probability of eve damage.

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

%; characteristics, while the atmospheric effects are treated implicitly in ‘ %
E; the procedure. This worst-case guide is intended for use when operational j
; restrictions prohibit the use of the more detailed, general guidelines,

et by A e ey e+ e bt e+ e e . e e o e
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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 broportional to the refractive index
structure function (Cn)’ approximately directly proportioﬁal to the

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

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

11/12 7/12
(Of)H = K1 R (2m1/)) Cn . (1)

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

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

Ky

path,

This theory, which is based on the so-called Rytov approximation,
fits observations well for low thermal«turbulence conditions and rela-

tively short sranges.
Tatarski's theory also predicts the scintillation magnitude for the

case of optical propagation along a slant path (subscript S),
R 1/2

(0). =K. (ann /2 [‘/‘c2 ) 78 dr] . (@
t S 2 n
o]

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 case of a decrease

in Cn with increasing height, the theory predicts that the scintillation
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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

experimentat ion.

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 ﬁaasurements are reported in the
Russian work is 1,75 km.) 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 fiom 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

actuglly decreases with increasing range and thermal-turbulence intensity

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

the measured scintillation magnitude (o'm)H to the theoretical (ct)H:
(ct)H

-1, z
(om)H 1 + 0,16 (ct)H (3)

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

intensity with the values predicted by Tatereki's theory.
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FIGURE 1 COMPARISON OF MEASURED VALUES OF LOG INTENSITY
STANDARD DEVIATION WITH VALUES PREDICTED BY
TATARSKI'S THEORY, SHOWING THE SUPERSATURATION
EFFECT, FOR THE WOODLAND EXPERIMENT (Johnson et al.,
1970)

Another experimental program was conducted in September 1970, at an
excellent field site in Mercury, Nevada, that was designed to investigate

the dependence of optical scintillations on range, thermal-turbulence
intensity, path geometry, and wavelength. Because of the location and
time of the experiment, a significantly wider variation (~ 50%) of Cn
values were measured over longer ranges (to 7.6 km) than in our earlier
experiments., We found that the measured scintillation magnitude for a
near=ground horizontal path: (1) saturated with increasing range and
thermal-turbulence level (as ropresented by the scaling factor atﬂ)'
(2) reached this peak (oh;) at about ¢

tH
("supersaturation'), and (3) showed evidence of leveling off beyond

= 2,5 and docreased thereafter

otH s 15 at a value of approximatoly 0.5, An analytical expression that

fits the 0.86326~y data well is
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(Ot)H !

= 5/3
A (0.6328 ) 1 + 0,30 (ct)H (4)

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

horizontal path. Furthermore, our multiwavelength measurements (0,4880 u,
*

0.6328 11, and 1,064 ) showed that: (1) the ratios of ¢ _ for the various

mH
wavelengths are well approximated by Tatarski's “minus seven~twelfths"

i o R S

s et &

*
dependence on wavelength; (2) the value of ctﬂ at the measured peak (cmH)

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

NS P

scintillations show little apparent dependence on wavelength in the far-
supersaturation region. Analytical expresaions for the 0.4880-y and

1.064-, data are given by

(o't)H ]

o (0.4880 W =1 + 0,25 (cf)ﬁl.77 (5) i

' { and f

(crt)H i

’ o g (10840 = 0.48 (qf)HI.GO (8) ;
; % Application of Tatarski's slant-path theory is also restricted owing

k to the monotonic increase of the predicted scintillation magnitude with

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

4 gram (Johnson et al,, 1970) indicated the possibility of scintillation
saturation along a slant path, although the limited range (< 4000 m) pre-

S

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

PR

e g, Y AT L Y

path scintillation measurements were made using a 465-m tower as a receiver
platform for a ground-based helium—-neon laser (00,6328 u); vertical profiles
of thermal turbulence intensity were also collected. These measurements

were made during daytime--lapse conditions=—-and the measured scintillation

magnitude (ams) was observed to: (1) saturate with incressing range and
thermal-turbulence level (as represented by ots) and (2) show someé indi-

cation of supersaturation beyond otssa 8, The observed scintillation
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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 km, This resulted from saturation along the slant path togéther

with supersaturation on the horizontal path at these ranges.

B. Summary of Results

An extensive field program was conducted during July 1971 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, Cn)
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, Cn is a minimum during the near-sunrise and =sunset adiabatic

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

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

the vertical Cn profile is the quasi-exponential decay with height. How~
ever, during the sunrise and sunget stavility-transition periods, a secondary
Cn maximum occurs well above the surface., This feature is particularly sig-

ulficant 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 ot Cn is:

=Y {c - 2/2
c (zt) 21:{c“’1 +08,C cos (Wt - 2/2 + ) S 7
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The overbar denotes the time average of the 1th harmonic, Acn is the
harmonic amplitude, w is the frequency, Z is the damping depth, and ( is

the phase lag.

A particularly significant finding of the program is fhe apparent
stability dependence of the scintillation pattern, As with the earlier
horizontal path studies, o, (in this case, Equation (2)] is used as a
range=-turhulence~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 sumnmary, nighttime

conditions are characterized by relatively small though frequent turbulent
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elements, whereas daytime conditions with free convecticn may be dominated
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 conditioné although the value of CA may
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 Cn and a given propagation

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

if the range were effectively reduced. By

The occurrence of scintillation saturation is indicated at large 9, o

for all path and stability categories, but there is no evidence of a

supersaturation effect within the range of gt,values observead., Again

there appears to be an influence of the stability category=-in this case .
¥*

.on the magnitude of the scintillation at saturation, oh. For the ipver-

*
sion cases, cm is about 1.7, while for the lapse cases it is about 1.4,

A e T3 Lo s W S -

[ SO

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.,

.

i

These findings have been incorporated into a revised procedure for

the evaluation of the probability of laser eye-damage. Additionally, a: 5

short andsimplified procedure has been developed to estimate the worst-

case probability of eye damage. }

o A R - 2

AR
_~

Sanh e e

12




[

g oo
P

o A%.WL&“'W@' for T TR

A

WA
R

II1 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
simultconcously 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 197i 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 463-m BREN Tower and the :ther in a

mobile instrumentation laboratory. The horizontal range between the

tower and the six sites varicd between 0,623 and 10,0 km; both daytime

and nighttime measurenents were made., Coincident thermal-turbulence

measurements were made at four heights ranging from 1,7 to 460 m;

13
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Table 1

CHRONOLOGICAL SUMMARY, 1971 BREN TOWER
EXPERIMENT, NEVADA TEST SITE (N1S)

-

AR v N R I T T

___Date Activity
6 July Equipment departs SRI &
7 July Equipment and field party arvive Las Vegas ;
8 July Equipment and field par*v arrive NTS, clear

security; unpack equipmeat, locate field
sites, calibrate and begin installation of
equipment with aid of EG&G personnel; Air
Resources Laboratory personnel uctivate wind
! and temperature system on BREN Tower

R e ST vy SRy W

‘runsg completed

9 July Continue equipment check=out, calibration, i
i and installation E
P g
; : 10 July Complete equipment installation and 11 daytime j
[ - data runs 4
] 5
| 11 July Rest day s
12 July Complete 26 daytime data runs 3
13 July Begin nighttime daton collection sequeace; 13 i

14 July Complete nighttime data collection sequence;
19 runs completed :

; 15 July Complete 28 daytime data runs

i 16 July Complete 15 daytime data runs

E : 17-18 July Rest days

E 19 July H Begin nighttime data collection sequence;

‘ ; 18 runs completed

14
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Table 1 (Cont.)

Date

20 July Complete nighttime data collection sequence;
17 runs completed

security and depart

a1 July Conplete 9 daytime data runs S
1 _
22 July Complete 26 daytime dnti runs; shut down g ;
a3 July Begin equipment take=down and packaging % f
24 July Complete equipnent packaging, clear NTS §
S

a6 July Equipment arrives SRI

supplemental wind and temperature profiles were also made using available

o Tt T kY e NPT g e

tower instrumentution.

e

B. Site Description

The BREN Tower facility at the NTS is located about 80 miles north-
west of Las Vegas ut Lat 36° 46' 50.4" N, Long 116° 14' 33.4" W, at an

elevation of 1110 m msl, The tower is an equitriangular structure approx-

L e e ST AL /ROy O S S

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

o

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 i
Figure 4). All runs were made over paths to the west of the tower to . 4
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 propaggtion path. Figure 8 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 ground, 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 i (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

mdnitor 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-% 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.

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

The voltage generated by the temperature difference between the

in series.

&7

thermocouples (64 uV/9C, 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 caunsed by neglecting the higher frequencies i
? should be small, é
. ‘
é The four differential thermometers were used to provide a ver- §
Z tical profile of the temperature structure function for the slant-path E
E scintillation measurements. The lower-most sensor was positioned near the %
é truck atop a tripod at the approximate height of the surface laser (1.7 m); ;
§- 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 tﬁe source,
For the elevated laser, the 460-m differential thermomoter provided the
resolution required. Ihermal=turbulence measurements at the two inter=-

mediute 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 10-min. intervals from

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

Nl

the tower: 3,0, 16.4, 25,9, 47,3, 90.0, 133, 175, 218, 303, and 460 m,

e

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:;

y

b
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3.0, 16.4, 25.9, 90,0, 175, 218, 303, and 450 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
receiver 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

fluctuation measurements,

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=min. 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
nex\. site, and the procedure was repeqted; transit and setup time varied
typically from 13 to 35 min., depending on the range change and the laser-

receiver alignment time, -

Before each run, the PMT supply voltage was adjusted to give an
approximate mean output current of 10 uA. The log amplifiers were adjusted
to give zero output voltage from an input of 10 pA, so that the means of

the recorded (logged) signals would be near zero,
22
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FIGURE 8 RECORDING INSTRUMENTATION FOR TOWER
RECEIVER AND DIFFERENTIAL THERMOMETERS:
(1) FM INSTRUMENTATION TAPE RECORDER,
(2) PROBABILITY DENSITY ANALYZER, AND
(3) X-Y PLOTTER
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FIGURE ® 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-uV input signal (~ 0.78°c differ-

ential) produced a 1-V 6utput. The other three amplifiers produced a

1=V dc output for a 25-uV input signal Q~40;39°C differential) owing' to

the smaller temperathre fluctuations at the higher levels.

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

&

of the day. The runs are tabulated in Table 2. k.
E. Preliminary On-Site Data Analysis «g
4

As mentioned earlier, the laser scintillation and temperature g

' i

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 1srauto-
matically displayed and can then be recorded ou an on-line x-y plotter.
(This procedure has since been improvéd, and the PDH is now automatically
transferred to a desk computer for statistical analysis--see Chapter 1V).

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 .he pfoblem and repeat the run.
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Table 2

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

ELTPR PINERIPNCIS S

Site ranges: 1 = 0.637km, 2=1.4 km, 3 = 2,5 kn,

4=50km 5=7,5km, 6 =10,0 km a
RUN. - TIME  SITE RUN TIME  SITE
NO, DATE (PDT) MO, 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 i
i 3
F 1205 4 21 1915 4 )
: G 1213 4 22 1933 4
: H 1238 6 23 7/13 1910 1
1 1255 6 24 1944 4
J 1325 5 25 1955 4
L K 1333 5 26 2012 4
L 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 1408 3 38 7/14 0026 6
4 7 1438 4 37 0033 6
’ng 8 1446 4 38 0050 6 f
9 1509 5 39 0109 5 :
E 10 1518 5 40 0131 4 ;
§ 11 1538 8 4a 0149 3
: 12 1547 6 42 0205 2
: 13 1626 1 43 0237 1 |
: 14 1653 2 44 0302 6 {
18 1712 3 45 0327 5 '
1




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 knm,

4 =5,0km, 5=7,5km, 6 =10,0 km

RUN TIME  SITE RUN TIME  SITE
NO., DATE = (PDT) NO, NO. DATE (PDT) NO,
46  7/14 0345 4 76  7/15 1638 6
47 - 0403 3 77 1848 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
}1 56 0709 6 86 1027 4
‘o 57 0726 5 87 1043 3
. 58 - 0737 5 88 1101 2
f‘, 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
¢ . 85 1008 6 95 1440 1
i 66 1028 5 96 1448 1
L 87 1047 4 97 1510 2
3 68 4 98 7/19 4
% 69 1118 3 99 4
v 70 1132 2 100 4

5

$ 7 183 1 101 1940 4
! 73 1509 2 102 1954 4
" 73 . 1530 3 103 2011 4
. 74 1602 4 104 2031 4
75 1620 5 108 2044 4

a7
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Table 2 (Concluded) %
DATA SUMMARY--RECIPROCAL SLANT PATH EXPERIMENT, ' |

NEVADA TEST SITE, 1971 |

Site ranges: 1 = 0,63 km, @ m 1,4 km, 3 w 2,3 km, _ '
4=30kn 83=7,8km 6w 10,0 km : ‘

RUN TIME  SITE RUN TIME  SITE |
NO, DATE (vDT) NO, NOo, DATE (PDT) NO, !
— ———— Y ——— H
106 7/19 2108 4 136  7/21 1186 4 !
107 2124 4 137 1204 d ) ,
108 2153 6 138 1326 8 ' ]
109 2204 6 138A 1234 8 ; ‘
110 2237 5 139 1288 8 ;
140 1478 1 {
111 2247 4 ,
112 2257 4 141  7/323 0900 2 i
113 2308 4 143 0010 2 |
114 2331 3 143 0930 3 :
115 2353 2 144 0957 4 t!
148 1014 0 ;
116 0019 1 3
117 0028 1 146 1036 ] i
118 0133 8 147 1101 3 ‘
. 119 0156 5 148 1118 4 ,
S 120 0204 5 149 1134 ) E
; 150 1141 5 {
: 121 0222 4 ;
T 122 0241 3 151 1159 6 Y
o 123 0280 3 151A 1208 6
: 124 0312 2 152 1247 3 ;
125 0319 2 153 1266 3 !
154 1314 4 g
126 0344 1 1844 1321 4 .
127 0445 6 158 1337 5 .
128 0457 6
129 0518 5 156 1354 6 1
130 0540 4 157 1401 8
. _ 158 1409 6 ; {
. 131. 0548 4 159 1434 3
: 132 7/20 0507 3 160 1443 3
: - 133  7/21 © 1029 1
l : 134 102 2 161 1500 4 |
: 135 1132 3 162 1517 5 i
o 163 1534 6 i
' 164 1543 6 :
i 2R i




In practice, the laser is aligned with the receiver before the
start of the run, The run then begine with the recording of calibration
levels, after which the laser output is shielded for approximately 18 a
while the noise in the receiver aystem is recorded. The PDA is then
stopped, and ites output is displayed on the x~y recorder while the data
continue to be recvorded on tapo, Next, the PDA collecta the denaity of
the scintillation data, and this is plotted over the calibration plot.
An example of a PDH cullected on line is given in Figure 11. The
figure illustrates the oalibration and "nolue" checks made at the
beginning of the run, in addition to the signal received along a ground=-
to=air propagation path.

RUN Ne. 8 LASER SCINTILLATION PROGRAM
TIME 110V PDT NESVADA TEST 8ITR

J
NANGE 1.4 ke 18 JULY 0N
1800-1t RUCKIVER

SIGNAL ‘

LO-CAL

{0 ds) Mi-CAL 1

{20 dn}

vian

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

BA-1341-7
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IV DATA REDUCTION AND ANALYSIS

A Data Processing

As diacutsed in Chapter 111, the laser scintillation and temperature
fluvtuation data were recorded in analog fashion on ™ magnetic tape.
The probability denmity analymer (PDA) discusaed earlier was used to
process the data to obtain frequency distributions; ths variance of the
signal is then easily obtained for une in the application of the theories
ol Tatarski and Kolmogoroff (1941),

In operation, the PDA takes a llr;g number of samples of the analog
wavelform and records the number of samples that oocur in each of 1024
voltage bins, Typically, about one million samplea are obtained, The
data are presented as a relative frequency=-of=ocourrenve histogram that
constitutes an estimate or "measured value'' of the probability density
funation of the scintillation or thermal waveform with spectral content
from dc to 12 GHm. (Actually the spectral content of the system is
limited by the frequency passhand of the tape recorder that is about
0 to 12680 Hz at the tape speed used,) 8pecifically, a sampling oscil-
loscope in the PDA takes nearly instantaneocus samples of the signal and
generates a boxcar waveforin whose height is proportional to the sampled
voltage., In the pulse-height analyser section, an analog=-to-digital
converter categorizes the asction of the waveform corresponding to each
sample as being within one of the 10324 contiguous voltage intervals, The
number of times & sample occurs in each bin during a given test is recorded
in memory, Alter a selscted number of samples has boen obtained, the data

in the memory are displayed on o CRT and can be analyzed to obtain the

atatistics of the prohability function.

Preceding page biank a1
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For this purpose, w& have constructed a hardware interfacve to
tranafer the data to a Wang 730/703 Programmable c-loulntor/Plottor.‘
WVhen a denmity of sufficient length has been collected, it is trans-
ferred through the interface to the caloulator, Software programs have
been developed to analyze the density to ohtain the mean, standard
deviation, skewness, and kurtosis of the distribution. Theso output

duta can then be displayed with an on=line typewriter=plotter.

Figure 12 is an example of a typicul display. The probability
density histogram generated by the PDA is indicated by the crosaes in
the figure. Tou rdecrease the time required to print the curves, only
every fifth puint is plotted; howovor..thil spacing can be controlled by
the operator according to the resolution required, The distribution has
heen normalizod about a zero mean, and the second, third, and fourth
moments are listed beneath the plot. The Gauwssian curve coxrresponding
to the varience of the measured distribution is also plotted routinely;
it ia 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, normnlized intensity
fluctuations often drop into the background noise level of the PMT
(photomultiplier tube) detector, Fortunntoly, however, most of the
scintillations are detected, although the distribution ls severely skewed
in the pusitive sense, One of the results of our eurlier programs
(Johnson ot al., 1970) was the recognition that the scintillation can be
acocurntely represented by a log=normal distribution, “Therefore, we have

developed an optional software subprogram that automatically locates the

¥ Wang Laboratories
8368 North Street
Tewksbury, Massuchusetts
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PROBABILITY DISTRIBUTION WITH GAUSSIAN FIT

L 1 T T T S T T
¢ CALC

120! *+ MEAS
« DIrF g_

100! STODEV: Besds
SKEWNESS: -0.04
KURTOSIS: 2.76

TOWER RECEIVER

TIME: 1028 POT *.;x'::::::%,\

60! PATE: 12JULY WO & %
RANGE: 8.0 km C "

Y gt an o

I3

PERCENT OCCURRENCE PER dB
>
o
*o
.
=%
T e ek b At S D i g ..g‘ma‘,’.gb

- LIRS
=200 -180 -100 -50 0 80 100 160 200
' RELATIVE INTENSITY — dB i
8A-1341-10M |
g i
i FIGURE 12 PROBABILITY DISTRIBUTION WITH GAUSSIAN ,
' FIT, RUN NO. "M” i
10 PROBABILITY CISTRIBUTION WITH GAUSSIAN FIT ;
J : AR e ! """" * e H {
i ¢ cALC '
. 200, wmeas
® 0o STDDEV: 600cs
e 9% skewness: 1.88
£ | KumTOsis: 28 ;
£ § 89 TRUCK RECEIVER ‘
W {  TIME: 0080 POT 4 t
t € eo. DATE 14JuLY19nt @iy ;
T RANGE: 100km b Th :
Y : ., :
; 4.0 ' L
§ 20 E K 3 I
* .-"'lll“. N :
Qi O

......... L N D A I R A

-200 -180 -100 -8.0 0 5.0 100 18.0 200

RELATIVE INTENSITY — dB
8A-1341-11

FIGURE 13 PROBABILITY DISTRIBUTION WITH GAUSSIAN
FIT, RUN NO. 38
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woighted 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
alr-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 18 illustrate the nature
of the scintillation distribution measured along a 2.5-km surface-to-air
path over three consecutive l-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
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 1ntenéity is quite steady about 1.9 dB, but a shift in
the mean level of the scintillation intensity occurs during the second
minute [Figure 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 temperatufe 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 temberature structure of the atmosphere was
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() RUN NO. 33, TIME 2245 PODT
FIGURE 14 PROBABILITY DISTRIBUTION WITH GAUSSIAN
FIT, RUN NO. 33
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{c) RUN NO. 33, TIME 2248 PDT

FIGURE 14 PROBABILITY DISTRIBUTION WITH GAUSSIAN
FIT, RUN NO. 33 (Concluded)
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Table 3

RESULTS FROM NTS PATH GEOMETRY AND
RANGE DEPENDENCE EXPERIMENT

IR 2

et

e A SRR e L e

owWwp ¥ o (°c)
RUN- | SITE PoURFace] Tower | T ©°¢)
NO. No. |Receiver|receiver] 273" 1:2m 1:92m | 2:213m | 2:460m
A 1 1.85 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 | 0.080 | 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 | 0.082 | 0.039 | 0,024
8 4 2,68 | 4,13 36.4 0.320 | 0.032 | 0,028 | 0,031
13 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
. 18 3 1.93 | 2,36 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
é 19 4 2.08 | 2,85 35.3 0,129 | 0.026 | 0.022 | 0.014
; 20 4 1.69 | 2.28 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
3 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
; 28 4 0,91 | 0.87 32.8 0,083 0.009 | 0,015 | 0,014
i 26 4 1.08 1,08 32.4 0,118 | 0,010 | 0,018 | 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 | 3.6 29.6 0.239 | 0,015 | 0.019 | 0,014
% 30 5 3.92 2.94 29,1 0.3C9 0,038 | 0,018 0.014
: 31 4 3.79 | 3.07 29,0 0.315 | 0.016 | 0,017 | 0,014
%% 39
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Table 3 (Cont.)

RESULYS FROM NTS PATH GEOMETRY AND
RANGE DEPENDENCE EXPERIMENT

e S R RNV BT M TR R ke o - >

o (dB)* o (°C)

RUN | SITE ToURFACE] Tower | T (°C) T
NO. NO. |RECEIVER|RECEIVER] 20" z:2m 2:92m | z:213m | 2:460m
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 f 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 0.190 | 0,028 0.043 | 0,021
43 1 0,98 0.63 26,5 0.172 ; o0.028 0,048 0,024

. {
44 6 6.24 5,64 25.6 0.165 ' 0.043 0.058 | 0.023
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 | 0,014
51 6 5.89 5.62 22,0 0.222 | 0.054 | 0.022 | 0,014
52 4 2.80 3,03 21.2 0.2086 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 | 0,018
39 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 2,08 1,94 33.3 0,386 | 0.049 0.051 | 0,039
63 1 1,04 0,82 34,0 0,478 | 0.084 0.045 | 0,029
64 1 0.88 1,00 34,0 0.513 | 0.052 0.030 | 0,024
40
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Table 3 (Cont.)

RESULTS FROM NTS PATH GEOMETRY AND
RANGE DEPENDENCE EXPERIMENT

..,,;’:
4
&
o 48 o (°C) %%
RUN | SITE "CURFACE] Tower | T (°C) 4
2 : H] : z rE
NO. No. |receiver|receiver| 2™ z:2m ¢:92m | z:213m | 2:460m s
) 65 8 6.07 6.90 34,4 | 0.579 | 0,064 | 0,038 | 0.069 %
. 87 4 2.27 2.31 34,2 0.225 | 0.028 | 0,025 | 0,040 4
- 69 | 3 | 2.01 1.78 | 36.4 | 0.340 | 0.083 | 0,071 | 0.026 i
" 70 2 2,37 2,98 38,3 0.588 | 0.063 | 0.024 | 0.037 k!
71 1 0.69 1.09 38.3 0.655 | ‘0,051 | 0.028 | 0,043 i
72 2 1,01 0.88 38.3 0.593 | 0,053 | 0.036 | 0.033 E
73 3 2,06 2,26 37.1 0.531 | 0,024 | 0,018 | 0.019 k
74 4 2,89 3.13 38.3 0.273 | 0,050 | 0,040 - 4
75 5 3.16 3.88 35.6 0.213 | 0,011 | 0,017 | 0.055 :
78 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 | o0.060 | 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 :
A 85 5 4.50 5,17 34,2 0.481 0,048 | 0.044 | 0.035 ?
2 86 4 4,89 4,88 33.3 0,726 | 0,075 | 0.053 | 0,033 .
i
¢ 88 2 1.99 1.69 34.4 0.609 | 0,085 | 0.084 | 0.016 ¥
i 89 1 0,97 1.12 34.5 0,742 | 0.035 | 0.090 | 0,071 E
; 93 3 3.57 4,24 38,1 0.489 | 0.102 | 0,094 | 0,082 :
k 94 2 1.35 1.18 37.5 0.518 | 0.064 | 0,075 | 0,020
5
5 96 1 1.40 1.25 38.0 0.809 | 0.061 | 0,085 | 0,045
i 87 2 2,31 1.87 37.8 0.70r | 0.054 | 0,063 | --
£ 101 4 0.58 0,74 33.0 0.045 | 0.010 - 0.014
i 102 4 0.42 0.48 32,3 0.044 | 0.010 - 0.015
& 103 4 0.48 0.55 31.3 0.087 | 0.011 -- 0.015
3
& 104 4 0.39 0.50 30.3 0.087 | 0,010 - 0.015
: 1056 |4 | 076 | 0.64 | 20,8 | 0,082 | 0,021 | -~ | 0,018
£ 106 4 1.83 1,04 28.7 0.185 | 0.024 -- 0,013
§~ 107 4 1,14 1,16 28,3 0.120 | 0.019 -- 0,014 1
y 108 ] 2.40 2,69 28.3 0.139 | 0,018 - 0.014 X
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Table 3 (Cont.)

RESULTS FROM NTS PATH GEOMETRY AND
RANGE DEPENDENCE EXPERIMENT

o Wp* o (°C)
RUN 1 SITE PSURFACE] Tower | T ©°¢) - T
NO. | NO. |RECEIVER{RECEIVER| °°°T | PPEM | #i92m g z:23m | 2:460m
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 27.5 0.090 | 0,029 - 0.014
{ v 117 1 0.95 0.50 26,9 0,193 | 0,052 -- 0,031
5 i 118 6 5.38 5,20 26.5 0.082 | 0,039 - 0.024
s 120 5 4.61 4,77 25.8 0,121 | 0.018 - 0.022
g ; 121 4 3,76 2,89 25,6 0,104 | 0.020 - 0.020
[ b 122 3 1.48 1.31 26.1 0.128 | 0.012 - --
L 123 3 2.62 1,94 26.0 0.206 | 0.027 -- | 0.027
P 124 2 1.24 0.88 25,9 0.150 | 0,027 -- | 0,028
g ; 125 2 1.12 0.67 25.5 0.095 | 0.032 -- 10,026
| | |
Y 126 1 1.08 1,04 24.9 0,070 | 0.039 -= 19,043
; 128 6 5,50 5.46 24.8 0.108 | 0,012 -- 0,028
iy 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 | - z 0.016
&
W 133 1 1.44 0.92 31.9 0.562 | ©0.062 | 0,057 | --
o 134 2 1,49 1.77 32,5 0,756 | 0.046 ;, 0,083 | 0,031
& 137 4 4,08 3,96 35.6 0.606 | 0.075 | 0.080 | 0,062
& 140 1 0.77 1,18 36.8 0.671 | 0.089 . 0,038 , 0.022
%ﬁ 141 2 0,87 1.01 29,5 0.346 | 0.084 0.033 | 0,126
f- 143 3 1.87 1,50 31.4 0.587 | 0.061 | 0,113 | 0,166
; 144 4 4.34 4,685 32.3 0.627 | 0,098 | 0,040 | 0,033
; 148 [} 6.07 5,87 33.4 0,701 0,076 0.080 | 0,058
£ 146 8 5.91 8.79 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
r
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Table 3 (Conoluded) %
RESULTS FROM NTS PATH GEOMETRY AND i
RANGE DEPENDENGE EXPERIMENT §
o an o (%) tg
PUN | SITE FgURFaCE] TowER T i) ] {0
NO. NO. (REcEIvER|rEcEiveRr| '™ vedm SRR U LA i
148 4 4.58 .93 34.4 0.79¢ | 0,083 | 0.084 | 0,070 1
149 [ 8.58 6.56 31,8 0,794 | 0,083 - 0,047 §
180 5 5.24 5,67 33.6 0.899 | 0,107 | 0.071 | 0,073 i
1532 3 4.08 4,28 35,6 0.609 | 0,088 - 0.080 i
| 183 3 3.54 4.22 37.3 0.613 | 0,002 - 0,080 |
188 | 5 | 8,19 | 6,37 | 36.7 0,879 | 0,071 | 0.048 | 0.030 s
187 6 5.59 8,83 36.4 0.669 | 0,030 | 0.030 | 0.08a i
159 3 2,60 3.73 37.1 0.782 | 0,079 | o0.063 | 0,089
160 3 2.96 3.57 37,1 0.883 | 0,089 0.049 | 0,043
161 4 8.326 6.58 37.1 0.788 ' 0,078 | 0,089 | 0.034 :
i 162 5 6.10 6.18 se.8 0.684 | 0,089 | 0,081 | 0,038 ﬁ
: 163 6 5.48 6.732 37.9 0.689 0.114 0.109 | 0,068
164 6 5.08 7.59 38.1 0.732 | 0,038 | 0.034 | 0.030

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

== Data missing or invalid.




quite inhomogeneovus. These luteral thermal gradiwnta could cause the
laser heam to wander, thereby producing the bimuodal distribution shown
in the figure. HRegmenta of data vontaining tiwase bimudal diatributions
have Leen delated in the proceasing routine by the operator.

S8imilarly, cases of poor receiver=transmitter alignment, laser mal-
function; mechanical vibratieh, and so forth have been detected and
omitted from the analysea, Furtlisimore, we have chusen to dimecard thoass
runs where only & aingle laser may have beenh operating satisfaotorily er

where the near-aurface differential thermometer was inoperative, Of

the total uf 183 runs made in the field, 133 were auitablas for subsequent

analyais an diotated by the above oriteria, The standard deviations of
thw laser and differential temperature duta for these runs are tabulated

in Tahle Y.

B, Results
1, deneral

The analyais procedure desoribed in the pmweoceding section pro=-
vides values of the standard deviation (o) of the log=intensity signals
from the two laser receivers and of the differential temperature fluu=

tuations (AT) from the four differential thermometera.

The meanurements of g(AT) are used to derive values of Cn' the
refractive index structure constant, 8Specifically, the temperature

structure function, DT' is defined aa

- 2,
B, ® (TG =TT = 0" am (8)

In the inertial subrange of the spectrum of atmuspheric turbulence, the
turbulence is isotropic and the Kolmogorov (1941) "two=thirds" law can

be applied to describe the refractive index structure function, Dn:
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where r is the asparution distance and cn is the retractive index atruc=
ture conatant, When the Kolmogorov lavw i{a applied to the tewmperature
fluctuationa, the analog of Equation (9) is sesn to be

D,=C_ » : (10)

where CT in the temperature structure constant., On combining Rquation

{10) with (®),
Cy atam) e/ | (11)

It can easily be shown (e.g., Tataraki, 1971) that the structure
conatanty for the refractive index and temperature are essentially propor=
tionhal and, when negleating the minimal effactas of water vapor, are

related by
c, = (79 x 10-9) (pﬂ‘) Cp (13)

where p is stmospheric pressure in millibara, and T is the abaolute air

temperature in degrees Kelvin, Combining Equations (11) and (13),

c, = (19 x 1070) (p T8 p=1/3 oAT) . (13)

Surface pressure ohservations were obtained from the nearby
National Weather Service atation at Yucca, Nevada (elevation 1200 m msl).
Becuuse of the large variation in height over which the differential
temperature measurements were made, it was necessary to compute presaure
values at the various levels. 1In this regard, the pressure-height
relationship in a standard atmosphere (Berry et al., 1943) wanm used,

where

48




L)

. R A

T

= 'y
o (BT
.

and a {s the elevation above the reference level where temperature and
presaure are 'r° wnd po. respectively; g ia the avceleration ot gravity]
; is an average temperature lapse rate (aasumed equal to 6,.8°K km™1);
and K* is thw gas conatant, Under the assumed conditions, the exponent
has the value of 8,88,

For w slant path (aubsoript a) of length R with the coordinate
origin at the receiver, Tatarski (1961) has developed a theoretical
expression for the atandard deviation (c‘) uf the log of the intensity

fluctuations of a plane monochromatic beam in a turbulent atmoaphere,

e i i S ] O At F e ot Sl et i ot it i e

ts
constent has the value 0,97,

where v
R 1

" 1/3 o

-y £

3w 1,490 (an)"/ ’[/ c qme?® dr] : (18) !

ts n ¢

o ¥

For a spherical wave, the squation for o has the same form but the 4
1

i

To evaluate the integral, Cn must be specified as a function of

distance along the slant path. There is insufficient knowledge about theo

Pl e v e o

vertical atructure of Cn and indeed the meusurements made during thias
program represent a substantial contribution in this area. In integrating
Bquation (183), we have assumed that cn is independent of diastance in the
horixontal plane. Vertical variations of Cn 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 Cn is that used in our earlier studier

(Johnson et al., 1870, and Dabberdt and Johnson, 1871),

C = C exp (=kz) ' _ (18)
n no
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where k is a selectable parameter with units of m=! and cno is the near-
ground, measured value, When the proposed cn profile is substituted
into Equation (18), and geometrical considerations involving the slant-

path elevation angle (6) are taken into account, we cbtain the following:

g = 1.48 (an) T8 o AMVE Qan
ts no

The value of the conatant is changed slightly trom Tataraki'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

and ia given by

Case I (suriace lulorwolovntﬁf receiver):

A=A, -fo-B(R-r) rS/B dr , (18)
o
Case ]I (olevated laser-surface receiver):
. R
A= Aa _f.-Br rb/e dr , (19)
o

where B = 2Kk ain 6., Equations (18) and (18) are then solved by numericel
integration,

In the second method, Equation (185) is solved analytically

through the use of a linear interpolation cof cn between measurement

levels, where
Cn (n1 - 32) = Cn (zl) {1 +a [z~ "1]} . (20)
The bracketed term in Equation (18) is then integrated using Equation

(30), where
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Case ! (surface laser-elevated receiver):

3 r1+1 2 )
" " 4 5/6
R =R, = 2 an_i‘/‘ [1 L (ri+1 r) sin 9] r dr, (21)
ial
y

Case 1] (elevated lnser=-surface receiver):

r
3 i+1 2
L * 2 5/6
R = N - .
R, = ) C f ‘[1 az + (a1 sin e)r] r dr (22)
1=1 ri

The subscript notation i denotes the layer over which the integration is
performed where r1 = z:l csc 9, and ai is the constant in Equation (20).
for the layer with lower bound zi. The use of Equations (18), (19), (21),

and (22) is discussed in subsequent sections of this report.

2, Height Dependence of the Refractive Index
Structure Function

Equation (13) is used tu compute values of the refractive index
J4tructure function, Cn' using the mean and fluctuatidon temperaturg measu?e-
mer'ts, the computed profile of atmospheric pressure [Equation (14)], and
a 60-cm separation distance. The Cn data were stratified according to the

atmospheric stability in the lowest 92 m:
Inversion conditions
e}
T(2 m) - T(92m) < 0,9 C )
Lapse conditions
o
T(2m) = T(92 m) > 0,9 C .

The individual Cn profiles were then used to evaluate the parameter Kk

from Equation (16), whero

k=-21log (c/c ) .
Zz [<] n no
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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 cn/cno and the average k value for each category are summarized
in Table 4. Only those runs were used where simultaneous AT measure-
ments were obtuined at all four heights; these include 30 inversion and

68 lapse cases.,

Table 4

NP

AN

HEIGHT AND STABILITY DEPENDENCE
OF C /C AND k
n no

o i

T
B

Inversion Lapse 2

Layer ¥
7C k [m~1 -1 B

(m) (Cn no) [m=2] (cn/cno) k [n=1] 5

%

0-92 0,179 = 0,14 0.0187 0.129 + 0.08 | 0,0223 §
0-213 0.194 + 0,13 0,0077 0.109 £+ 0,07 | 0,0104 g

0-460 | 0.106 + 0.04 | 0,0049 | 0.086 + 0,07 | 0.0053 §

The observed height dependence of Cn is illustrated in Figure 16, f

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

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

exponiential decay of Cn with height does not provide a particularly good

JRITVOR- - TR e

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 mesometeorological

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 Cn'
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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 cn structure., Tenmporal 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 iransport 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 magnitu&e of Cn is proportional to
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 analogy to the classical case of thermal diffusion of heat in a homo-
geneous medium with a periodic source function. Therefore, the neus-

surface time variation of Cn is given by
¢ 2
c (&) = ;{cm’1 + 8, com (w + c)} . (23)

where the overbar denotes the time-averaged value, i is the number of the
harmonic period with frequency w, { is a constant phase lag, and t is

time, Similarly, the nonsurface variation is expressed as

Cn(z.t) - ;{Cn.i + Aicn cos (wit - :/21 + C)} . (34)

-} !
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Z is the so-called '"damping depth,' where the amplitude of the wave is

l1/e (about 0.37) times “e surface value. For illustration purposes,"

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

assumptions:

T =¢C exp (=-z/Z), and (25) ?B
n no \g
AC = AC exp (=z/Z). (26 L
n no é
Combining Equations (23-26), the ratio Cn/cno is : ?
§

%

g

c T +0C_ cos (ut-z/Z + () i
-C-:L = exp (-z/z) = . (27 :’
no Cno + Acno cos (wt + 0) :

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 =- 0500, 14 July; and 0640-1000,
15 July. The composite diurnul cycle for Cno is illustrated in Figure 17,

The value of C_ is sbout 2,5 x 10=7 m~1/3 while 6C_ 48 on the order of
2,0 X 107, These values and a 100-m damping depth have been used to
{llustrate the simple, descriptive model {Equation (27)] in Figure 18,
Vertical Qn/cno profiles are ehown for six times during the period; the
phase lag z would be about 12 hours so that the profile at t = 0 would
correspond ‘1'.0 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 (18) with the two
model assumptions [Equations (16) and (20)] for the height variation of

the refractive index structure function:

R

_ 1/2
g =1.,43 (21'r/)\)7/12[‘/‘c2 (r) r5/6 dr] ,
ts n . : .
o
C =C exp (=kz), and
n no
Cn(z1 - zz) = Cn(zl) {1 +alz - z1] } .

In making the computations with the linear interpolation method
for Cn, values of the coefficient a were determined for each run between
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

¢ 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

)
t

o = m . (28)

t

where the subscript m refers to the measured value, and & and B 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, & = 0,47 and 8 = 1,10, while for the ground=-to=-air
case, & = 2,31 and B = 0,53,
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Figures 19 and 20 also illustrate the apparent dependence of the
scintillation on fhe 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 theorgtical
sigma values provide a convenient scaling factor of atmospheric (Cn) and
geometric (r,9) conditions., Clesrly, 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 & and B
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 O AND B FROM EQUATION (28)
USING THE MODEL ASSUMPTIiON

Cn(z1 -~ z) = Cn(zl) {1 + a [z-zl]}

2
Atmospheric Stability
Path Type Inversion Lapse All Cases
a B a g a [
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 us had been noted

earlier by Dabberdt and Johnson (1971) for near-ground horizontal paths,
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1 saturation does indevd aveur along tiw aslant path, then one

would expeat o find evidence tirat along the ground=to=air path (because
Presumably, satura=

O, _‘,j”‘;

of the dominahue of conditions near te the source).
tion shwuld aiso fivet be neted during unatable atwospherin conditions

when the magnitude of tho refractive index structure function is largest,

These experimental conditiona are the basis for the data prusented in
AR expected, thare appaars to he a aysatematio leveling oft

ot

i S R ol

Figure 21,
of the obaerved scintillation (mn » 1,7) at lurge distances and high c“

e NI

values (as reflescted in the scele tuctor, q‘). However, there are too
few data puints in this range to fully confirm that saturation has indeed

voourred,

A surprising aspeat of grounde=to=air sointillation in illustrated

Theae data welre obtained under inversion {nighttime) con=

in Figure 01,
ditions and consequently sphan a smaller range of Ut valuea (as shown in |

! Figure 17). In spite of the amaller valuea of at. the magnitude of the

4 sointillation is the same us that observed under the unstable atmospheric §

. e ———e et
=

gconditiona, Comparing the two camesn, it appears thut the scintillation

under stable conditions is comparable to the "unatable" sointillation
where scale valuen ()t) are about two times larger. A significant con=-
sequence ol this obaervation may be the dependence of the sointillation

onh the frequency or acale of the thermal fluctuations,

Pigures 23 and 84 show a similar pattern for the variation of

sointillation along the air-to=-ground path for lapse und inveraion con- . (

ditions, respectively., Surprisingly, there is an even stronger indi-

cation of possible scintillation saturation for the unatable cases with

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

unstable cases, Again, the amall number of cases preclude a definitive

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

1.4, in contrast with the ground-«to=air value of 1.7, The stability
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dependence of air=to=ground aaintillation is illustrated by the eom=
pavison of Figures 83 and 24, As with the ground=to=uil canes, the
maximum vbaerved seintillation of about 1,4 for the air=to=ground con=
tiguration ia independent uf stability (i.,e., lapao or inveraion con=
ditiona), As noted before, the relative N dupendence of ah is virtually
identioal for both atabhility types, but the cumparable u‘ values are
again about two times larger for the lapae cases. This suggesats that
there is u soaling effect not only of range, geometry, wavelength, and
turbulence intensity, but alao of the atability types, i.e,, lapse or
inveraion, We therefure propose, in way of gonjseture, that the scin=
tillation magnitude is also dupendent on the frequency (or scale) as

well as the magnitude of the thermal fluctuations,

During lapse conditions, there is a decrease in the atmoapheric
potential temperature with height and a tendenoy for conveotive activity
resulting from the unstable density stratification; for inveraion conditiona
the reverse iy trus and the atmosphere is regarded as atable., Typically the
speotrum of near=surface thormal fluctuations during inversion conditions
(typical of . \ear nights) is characterimed by relatively high frequencieus
(and low wavelengths) due to the height variation of temperavure and the
action of mechanical turbulence. During lapse conditions (characteriatic
of sunny days), the spectrum uf thermal fluctuationms isr often augmented
by the effects of buoyancy (free convection). The impact of this con«
vective activity is reflected in the occurrence of a mecond peak in the
spsctrum at lower freoquencies (higher wavelengtha)., In summary, nighttime
condit ions are characterized by relatively small though frequent turbulent
olements, whersas daytine conditions with free cunvection may be dominated
by the larger, infrequent convective cells. As a consagquence, it may be
thut the "effective range' (or number of refractive ocourrences along the
patit) is significantly less for these daytime conditions although the value

of C, may not differ from the nighttime case. The idea of an effective

a0

e i g
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range iv introduced to apecity the relatiunship between the scale of
turbulence and the sointillation: For equal values of cn and a given
propagation path, daytime scintillation under free convection ia
observed to vocur as if the range vere effootively reduced.

As mentioned earlier, the measured sointillation <°h) represents
a line=integral valua, while the theorotioal values are computed on the

basis of a few point measurements of the refractive index struoture

function, Two possible sources cf uncertainty result: (1) the vertioal

profile of cn obtained from the measurements may not provide aufficient

spatial resolution under all atmospheric conditiona. This is illustrated

by the hypothetical, time=dependent vertical profiles of cn illustrated
in Figure 18; and (8) the concept of "fromen" turbulence may not always
be fulfilled, i.e., the time=average of cn at a point may not always
provide an adequate measure of the space average of Cn at a given time.
Whilo these effects presumably add some noise to the system, they do

not affect the overall or average picture as presented in Figures 11

through 24,
At present, there is insufficjent information to parameterize

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

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

Equation (20) cannot be applied in this manner because it requires in
situ measurements of the vertical structure ot cn' The use of Equation
(16) therefore is retained in the evaluation procedure since it provides

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

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

illustrate the am-ot relationship incorporating Equation (16) for the
data stratified in an identical manner to the presentations in Figures

The relative features are the same for
The

21 through 24, rospectively.
the two sets of data and only the absolute values of Ty differ.

unetable, ground-to=-air cases (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 & = 2,07 and f = 0,45, while the

earlier (1971) results give & = 1,79 and £ = 0,69,

In summary, the use of the linear interpolation model for
Cn(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 sivu measurementus. However, the
exponential model for Cn(z) == Equation (16) ==~ 34 morre suited for
incorporation into the eye-hazard evaluation proceduvrs as it is more
readily purameterized, It is desirable, therefore, to compare the two
model assumptions in terms of the 0£ values that result from their
application in Tatarski's theory, Equation (8)., Figures 29 through 32
illustrate these Gf 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 A values about twice those
obtained from the "linear" model, while along the air-to-ground path the
two models provide essentially similar values of dt 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
Eqration (16) in the eye-hazard evaluation procedure has been revised
on the basis of the path dependence of the exponential model assumption
tor Cn(z).

The classical slant-path propagation theory of Tatarski (uee
Equation (18)) predicts scintillation values that are heavily dependent
on the direction of propagation in the planetary boundary layer because
of the height dependence of Cn' While first seeking to confirm the
validity of this rolationship, 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 Cn computations. A surprising result of this
comparison is that there is virtually no systematic relationship that

can be observed. Therefore, the observed scintillation ratio was

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

to=air scintillation (ct). The use of ci is justified on the basis of

its role as a convenient scaling parameter for range and Cn. The results

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

according to atmospheric stability. 1he best=fit linear regression

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

is a slight dependence of the ratio of the magnitude of °f' although the

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

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

the 3lope 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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V LASER EYE-SAFETY GUIDELINES

A, General

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

1970, 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

-
b
%
&
2
-

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:
v, latitude (deg)
U, surface wind speed (knots)
V, atmospheric visibility (miles)
N, cloud cover (tenths)

9, slant=path elevation angle (deg)
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PP

Q,
A,
B,
d,

T,

range (km)

laser peak power (W)

laser pulse rate (pulses/s)
laser wavelength (u)

laser beam divergence (mrad)
minimum beam diameter (m)

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)

(2)

(3)

(4)

In the case of relatively low=-power lasers, go to Step (2).
For other lasers, skip to Step (3).

Divide the LASER POWER P (W) by the minimum beam area
nd2/4 (m?), using the MINIMUM BEAM DIAMETER, d (m), to
compute the maximum power density available for eye
damage (W/m2), 1If this value does not exceed the
appropriate MAXIMUM SAFE POWER DENSITY LEVEL (Iaa e)
given in Table 7, then the laser can be considereﬁ safe
and the rest of the procedure disregarded.

Use TIMFE OF YEAR, HOUR OF DAY, and LATITUDE, %, in
Figure 34 to find SOLAR ELEVATION ANGLE, 4, Interpolate
between graphs for dates between those given. For
latitudes in the southern hemisphere, reverse the dates
on graphs (a) and (¢). For nighttime, proceed to Step
(8.

Use O and CLOUD COVER, N (tenths), in Figure 35 to find
INSBOLATION CATEGORY, 8 (strong, moderate, or weak).
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(8)

(9)

(10)

avn

For doytime, use 8 and SURFACK WIND, U (knota), in
Table 8 to find NEAR=GROUND RRMRACTIVE INDEX STRUCTURRK
CONSTANT, C, (10*“m"'3)‘ For nighttime, use lawt two
columns of tabls, yiven N,

for a near=ground horiaontal propagation path, procesd
to Step (8), For a mlant path, use RANOE R (km), and
SLANT=PATH ELEVATION ANOLX, #, in Figure 36 to fiwd
RANGE INTEORAL, A (m=11/0),

For a alant path, use A, C , LASER WAVELENGTH, A ),
propagstion direction, and the atmospheric atability

in Figure 37 to find LOO=INTENSITY SBTANDARD DEVIATION, 9.
Asaume LAPSE CONDITIONS dupring the daytime and

INVERSION CONDITIONS at night. [Proceed to Step (9)].

For a near=ground horizontal path, use R, C , and LASER
WAVELENGTH, . (u), in Figure 38 to find LOG=INTENRITY
STANDARD DEVIATION, o,

Use ATMOSPHERIC VISIBILITY, V (milew), LABER BEAM
DIVERGENCE, B (milliradians), and R in Figure 39 to
find NORMALIZED MEAN POWER DENSITY, 1/P (m=3),

Multiply 1/P by LASER POWER, P (W), to obtain MEAN POWER
DENSITY, I (W m=3),

Use \ and LASER TYPE (Q=awitched, long pulse, or CW) in
Table 7 to obtain MAXIMUM SAFE POWER DBENSITY, lan&e(w m:a).
For a CW luser, use the following characteristic pulse
times: (1) 2 to 10 mas for au slant path involving an
aircrafft, and for static paths and U » 10 knots, and

(2) 10 to 8500 ms for static paths and U < 10 knots.

Divide 1__ . by 1 to obtain SAFB-TO-MEAN-POWER=-DENS ITY

]
RATIO, 1 /1.
safe

Use o and lsafe/f in Figure 40 to obtain INSTANTANEOUS
PROBABILITY OF EYE LAMAGE, v.

71




(14)  Une % and KVENT MREQUENCY, F (a™1), in Figure 41 op,
alternatively, in Rauation (38), to obtain INTRURATRD

PROBABILITY OF RYK DAMAGR, 1", for given RNPONURR TIMN,
Ty Por pulned lasers., ast F egqual to the ITARRR PULAR WATNK, i

Q (pulvensu) s  For CW Jasers, net F equal to the values
given beluw}

Ntatie path

U? 10 knotat F « 800
U~ 10 knutat F = 1000

‘ Airoraft pathi F = 3000
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Tuble 6

RELATION OF NEAR=GROUND (2 m) REFRACTIVE INDEX STRUCTURE
CONSTANT (C“) 10 WEATHER CONDITIONS

C (10-6 p=1/3)
n
baytime Insolation Nighttine Conditions
Category (S)

Surfacve Thin Overcast

Wind Strong {Moderate Weak or 2 8/10 < 4/10

(knots) Cloudiness Cloudiness

<3 0,60 0.50 0.40 0,30 0.40

J=6 0.50 0.40 0.28 0.20 0.35 g

b
6~10 0.40 0.25 0,15 0,10 0,20 :
1N=-12 0.20 0,12 0.05 0,05 0.05 ¢
> 12 0.12 0,05 0,08 0,05 0,05
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C. Basia for Kye-iiagard Kvaluation Procedure

1. rigure

The curves in this figure are based on the following
(Smithsonian Meteorological Tables, 1963):

o= nin-lilthatnC + ooa‘conCoontO.uea(hvlﬂ)l% ) (29)

whole o

solar aelevation angle

latitude
€ = solar declination

h »n hour of day.

2. Figure 38

The relative insolation strength (8), on u scale from zero to

ono, ia given by
8 = ain & L30)

for a cloudless, nonattonuating atmosphere. Whon the cloud cover (N) in
tonths is consideved und the albedo of the clouds is taken to be 0.3,

Equation (30) hevomews
S = sin [a(l - 0.5N/10)] (31)

which is tho basis for Figure 38, The categorios of § (strong, moderate,
and weak insolution) were determined simply by dividing the range of §
into throe equal intervals: O to 0.33, 0,33 to 0,87, and 0,67 to 1,0.

3. Table 6

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

(1967), Fried et al. (1967), Davis (1966), and Goldstein et al., (1968).

8%
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Unfortunately, moat of the values of C“ reported by these other workers

have not been accompanjed by a full ageount of the concurrent metecrological
conditions, Hence the dopendence of cn on weather conditions am given in
the table ia based principally on our measurementa. The values in the
table muat bhe considerod ounly as approximate, since some extvapolation was
required, and also aince at least one important variable, ground condition,

hax been omitted for the aake of simplicity,

The hasic structure of the table iy putterned after that given
by Pasquill and Meads (=2ee Slade, 1988) for the estimation of atmospheric
stability categories. Since C“ iz related to the absolute value of the
atability, appropriate values of C" wore substituced for those of

stability category.

4. Figure 36

Equat ions (18) and (19) were used for the computations for the
curves presented in this figure., The value of the constant k waa taken
to be 0,01 so the eyo=hazurd ertimntes would be on the conservative (ante)

side, as determined from the BREN Tower oxperimental results.

8. Fii!rﬂ 37

This figure was bared on Equation (17) for the slant=path con-
figuration, but we have limited ¢ 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. Figure 38
This figure uses the results of Dabberdt and Johnson (1971) ==

Equations (10) and (16), Section lll=Feugnd incorporates the super=-
saturation effoot as observed during that horisontal propagation exper=
iment. 7The coefficients of their Equation (16) usod in the caloulation
are those roported by Johnson et al., (1870). These values were chosen
because they give more conservative (higher) estimates of a; than the
reviseod equation, The leveling off of the scintillation magnitude in
the far-supersaturation region is also incorporated in the figure; again,

a safe value (0,.3) was chosen.

7. Figure 39

This figure is derived principally from considerations of the

luser-beam geometry, represented by the equation

- 4G
B R
- 2
where 1 = mean power density (W/m )

(assumed to be uniform across the heam)

P = laser output peak power (W)

B = heam divergence (milliradians)
R = range (km)
G = atmospheric transmission.

The trunsmission is given by

Gmoe ) (33)
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wvhero a is the attonuation coofficiont (km-l). To n first approximation,
tho relation between the atmospheric visibility (V, miles) and the atten=

untion coefficient is given by
V = 2,43/a (34)
for visiblo and nenr-infrared wavelengths,
8, Table 7

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

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

Change 1 (19871),

9. Figure 40

The curves in this figure were computed by means of the

following equations:

)

1 2
Y = /_?-'r-/ exp(~=x /2)dx s (35)
M

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

variable, and

-1 -
= :
M /2 + ¢ 1In (1 fe/I) , (36)

a

vhere 0 is the log intensity standard deviation., The development of
these equations, as detailed in the last report (Johnson et al., 1968),
involves the assumption of a log-normal probability distribution of in-

tensity fluctuations,



10, Figure 41

When one looks at & laser boam continuously for T seconds, the
integrated probability of eye damage (') over that period will be greater
than the instantaneous probability of eye damage (Y). One simple way to
assess this increased probanbility is to assume that the intensity peaks
occurring At u single observational point represent separate events,

If (1-Y) corresponds to the probability of no damage for a single event
(1.e.,, the probability that any one intensity peak will not exceed
Isafe)’ then the integrated probability of no damage (1-') for a given

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

multiplying the individual probabilities:
N
1-I' = (1-Y) s
N
or [ =1« (1-Y) .

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

FT

F =1 = (1=Y) . (37)

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

may be rewritten in approximate form as
r = 'YFT . (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 (Do) to move with the wind, then to a

ry

first approximation we have
F = Un/po )
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whare Un is the wind component perpendicular to the propagation path,
Since the variation in po with range that is predicted by theory dis-
agrees with that measured, it seems beat for our purposes to assume that

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

tive of the cases given:
Static paths
U 5 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 eyec damage (I') is found, it becomes
necessary to compare this value with a preestablished value ([ P )
safe
representing the highest probability judged to be an acceptable risk.

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

safe
but values in the range of 10-3 to 10-5 (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 x 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 Procedurc

To illustrate the use of the procedure given above, four examples
are presented in Table 8. The input parameters for these examples were
sclected 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 [Ixample 1 Example 2 Example 3 Example 4
A. SPECIFIED PARAMRTERS
Date 21 Dec 1 May 21 June 21 June
Time 2200 1200 1500 1500 (LST)
¢ 30°N 40°N 20°s 20°s
N 2 0 6 6 (tenths)
u 5 8 12 12 (knots)
\' 20 8 20 20 (miles)
Path Type Slant Slant Horiz, Horiz.
Laser Site Airborne Ground -—— ——
) 60° 20° o° o°
R 0.4 5 1 6 (km)
A 0.4880 0,6943 1,06 1.06 )
Q _— 0.5 10 10 (pulses/sg)
8 0.5 0.5 0.5 0.5 (mrad)
d 2 --- -—- -~ (10 ")
P 1 2.5 x 107 107 107 W)
T 1 0.1 0.1 0.1 (s)
Laser Type Ccw Q-sw. Q-s8w, Q~sw.
B. DERIVED PARAMETERS
Step No.
3 o o° 60° 30° 30°
4 s —— Strong Mod. Mod.
5 Cy 0.35 0.40 0.12 0.12 (10-6n~1/3)
6 A 1.5 x 10> 1 x 10° ——- —- (m11/6)
7,8 o} 0.3 0.65 0.65 1,20
9 1/p 30 6 x 1072 6.7 9 x 10~2 (m~2)
10 1 30 , 1.5x10% 6.7x 107 9x 105 (W m2)
11 Isage. 0.52 x 100 3.53 x 108 3 77 x 107 1.77 x 107 (v u-2)
12 Igate/l l.zg 2.3(:1._1 0.26 20
13 Y 10 5 x 10 -— 10-3
14 F 5 x 103 0.50 ——- 10 (sec™ 1)
{ r > 1071 5 x 1071 —— 10-3
15 Safe?* No Nc No Yes
* -3
Based upon a selected value of I = 10 .
safe
21
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EVALUATION OF THE MAXIMUM RISK
OF LASER EYE DAMAGE
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Appendix

‘EVALUATION OF THE MAXIMUM RISK
OF LASER EYE DAMAGE

A, General

The results in the main body of this repoft outline a detailed
procedure for the estimation of the probability qf eye damage from
exposure to a laser beam. These guidelinea.are the resulf of develop-
ments and refinements that héve been made duriﬁg 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-case' level of eye hazard using as input

only the most readily available information:

¢ Total laser output or energy/pulse

® Air Force Permissible Exposure Levels (PEL)
® Laser beam divergence

® Eye pupil diameter

o Laser wavelength

e Laser pulse repetition rate

e Clear atmospheric conditions

e Total personnel exposure time

e Given total probability of super-PEL exposure
that is acceptable

e Approximate laser beam elevation angle,

A-3

Preceding page biank
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To ensure accurate estimates in a minimal amount of time, the procedure

incorporates onlyAé 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 (s-l)

Laser wavelength, A (u)

Laser beam divergence, 8 (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 detaf /i
the following step-by-step procedure:
Step 1: Use GROUND-LEVEL ELEVATION, z (km) ; LASER BEAM DIVERGENCi,

8 (mrad); LASER WAVELENGTH, ) (u); and RANGE, R (km); in
Figure A~2 to determine the NORMALIZED MEAN POWER DENSITY,

I/p (m~2),

Step 2: Multiply f/P by_LASER PEAK POWER, P (W), to obtain the MEAN
POWER DENSITY, I (W m~2),

Step 3: Use LASER WAVELENGTH, A (u) and LASER MODE in Table A-1 to
obtain the MAXIMUM SAFE POWER DENSITY, I .¢e (W m~2),

For a CW laser, use the following characteristic 'pulse’
times:

A-4




Step 4:

Step 5:

Step 6:

Step 7:

® 2-10 ms for a slant path involving an aircraft, and
static paths with U > 10 knots

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

Divide Ig,gpe bY f to obtain the SAFE-TO-MEAN-POWER DENSITY
RATIO, I* (n.d.)

Use I* and the PATH TYPE (horizontal or slant) 3 to obtain
the INSTANTANEOUS PROBABILITY of EYE DAMAGE, v.

P

Ascertain the value of the EVENT FREQUENCY, .F (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,

® Static path

U < 10 knots: F = 500

U > 10, knots: F = 1000

® Alrcraft path: F = 5000
Determine the INTEGRATED PROBABILITY of EYE DAMAGE, [, irom
the INSTANTANEOUS PROBABILITY of EYE DAMAGE, vy; the EVENT
FREQUENCY, F; and the EXPOSURE TIME, T, using Figure A-4 for

Short Exposure times (T & 0.1 8) and the following equation
for relatively long exposure times (T >1 8):

Fr'esyFT

B FETTRL " THE P
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e 2 ® 0 km
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BEAM DIVERGENCF — mrad

— 040 SAK 085U
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1.0
RANGE ~— km

SA-1341-19

FIGURE A-2 NORMALIZED MEAN POWER DENSITY (I/P,m2) AS A FUNCTION
OF LASER BEAM DIVERGENCE (8) AND RANGE (R) FOR VARIOUS
WAVELENGTHS (A) AND HEIGHTS (z) IN A CLEAR STANDARD
ATMOSPHERE
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UVENT FREQUENCY - V/weamd
T = 0.0 oo
TA-7472-00R

‘ FIGUARR A-4 INTEGRATED PROBABILITY OF EYR DAMAGHK

! (') AB A FUNCTION OF EVENT FREQUENCY
(R} AND INSTANTANEOQUS PROBARILITY OF

! EYE DAMAGE (7)

! C.  Summary

For convenionce, these ateps are summarizmed in Table A-2. Figure
A=2 is derived principally from considerations of the laser-beam
geometry, reproasented by the equation,
- 4G
94
" %t
where

mean power denaity (W/ma)
Cassumed to be uniform across the beam)

ladd
|

laser output peak power (W)

beam divergence (milliradians) i

range (km)

o ™ o vy
]

atmospheric transmission, ‘

A=-10
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Table A=2
SUMMARY OF EYE=HARARD EVALUATION PROCERDURE
Step No, Task Reference
1 Determine I/P Figure A-2
] Compute | I =P (IP)
3 Determine I...q Table A=)
* L 1
4 Compute I 1" = Ioare’t
8 Detormine vy Figure A=)
L] Ascertain F Step 6
7 Svaluate I Figure A4, or
Fey?PfT

The atmospheric transmission ias taken from the work of Elterman (1963)
for a viewr standard atmoaphere as a funotion of wavelength and height,
The maximum sufe power density levels given in Tuble A-2 are those
referenced by the U.8. Air Force (1971). For the daytime cases,

the eye-pupil diameter was taken as 3 mm, while a 7-mm diam, was
used for nighttime casea,

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

equations: ®

1 2
v - = fnxp(-x /2)dx,
M

where v is the instantaneous probability of eye damage, X is a dummy
variable, and

Mua/2+o tin (:"“/i) ,

A-11
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where ¢ ts the log=intensity atandard deviation, For this guide, g i

taken oqual to the saturation (maximum) value of the log-intensity
standard deviation, which is 1,88 for a near-ground horiaontal propaga-
tion path aad 1,63 for a slant puth. These values have heen determined
from an cx.ensive serios of field experimenta. The development of

these esquations, as detailed in a provious report (Johnson et al,, 1070),
entails the assumption of a log-normal probability diastribution of

intensity fluotuations,

When one looks at o laser heam continuously tor T seconds, the
integrated probability of eye damage (I') over thut period will be

groater than the instantanecus probability of oye damage (v). OUne
simple way to nssess this increased probahility is to assume that the

intenaity peaks occurring at a single observational point represent
separate events, If (l=y) corresponds to the probability of no dumuge

for & single event (i,e,, the probability that any one intensity peak will
not exceed I, ¢.), then the integrated probability of no damage (1-T)

for a given number of ocourrences (N) in the time period (T) is given

simply by multiplying the individuanl probabilities:
1« = (I-Y)N

or
Fal- (-t

or (since N = FT, where F is the frequency of events),
rel - (I-Y)FT

This eguation forms the basis for Figure A-4, For y << 1, this equation

may be rewritten in approximate form as

F-Y”I

A=-12
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The event frequenay, }, msy be considered to he eguivalent to the

pulse rate for a pulaed laser, or to the sointillation frequency for
a OW laser, If wa assume the turbulent elements separated by a mean
correlation distance (po) to move with the wind, then (to a first

approximation) we have
Fu Un/p°

where Un is the wind component perpendicular to the propagution path,
Since the variation in po with range that is prodicted by theory
disagrees with that measured, it seems best for our purposes to assume
that F depends only on wind speed and beam aweep rate, On the basis
of our mneasurements, the following values have been selected as bheing

representative of the cases given:

Stutic paths
U < 10 knots: F = 800
U > 10 knots: F = 1000
Alrcraft slant paths: F = 85000,

These coefficients allow for the maximum scintillation frequencies

observed during our experiments.

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

The magnitude of F.. may change as the nature of the situation changes,

fe
-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 x 10-4, while the

probability of being injured in an automobile accident was one in 100,
-2
or 10 (World Almanac, 1870).

To illustrate the use of the worst-case procedure given in Section

B, four examples are presented in Table A-3,

A-13
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Table A-3

EXAMPLES OF WORST-CASE LASER EYE-HAZARD EVALUATION

Parameter Example ) Example 2 Example 3 Example 4
A. SPECIFIED PARAMETERS
Date 31 Dec 1 May 21 June 21 June
Time 2200 1200 1800 1800 (LST)
Lat 30° ¥ 40°N 20°s 20°s
] 5 8 12 12 (knots)
Path Type Slant Slant Horiz, Horiz,
Laser Site Alrborne Ground —— ———
Elev, Angle a0° 20° o° o°
R 0.4 8 1 6 (km)
A 0.4880 0.6943 1.08 1.06 (W
Q ——— 0.5 10 10 (pulses/s)
8 0.5 0.5 0.5 0.8 (mrad)
P 1 2.5 x 107 107 107 W)
T 1 0.1 0.1 0.1 (s)
Loser Type Cw Q=-sw, Q-sw, Q-sw,
B, DERIVED PARAMETERS
Step No. _
1 I/ 8 x 10! 10-1 5 x 100 10-1 (m=2)
2 I 5 x 10! 2.5 x 106 5 x 107 108 W m=2)
3 Isafe 0.52 x 102 3,53 x 108 1,77 x 107 1.77 x 107 (W n"%)
4 I* 1.0 1.4 0.35 18
5 v >10-1 >10-1 >10-1 10-3
6 F 5 x 103 0.5 10 10 (s~1y
7 r >5 x 102 s>10-1 >10-1 10-3
Safe?* No No No Yes

*
Based on a selected value

of [ = 1073,
safe
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