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Preface

This thesis is the conclusion of my investigation into the factors
that affect the lock-on range of laser-guided svstems in the close-air-
support mission. It is a summary of the elements of a complex and
important operational problem, an analysis of areas where krowledge is
lacking, and a presentation of some methcds of solution of specific
problems in these deficient areass There is no classified information
here: all items in this report are my own or come from unclassified and
commonly available sources.
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and Dick Dela§ of the AF Weapons Labj Jim Rachal, Ron Hubbard, Dick
Firsdon, Hal Watson, and Don Matulka of the AF Avionics Lab. I also
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meaningful discussions with my two advisors: Dr. Leno Pedrotti, Head of
the Physics Department, AFIT, and Colonel Ed Battle, Chief, Operations
Evaluation Group, Assistant Chief of Staff, Studies and Analysis,
Pentagon.
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Abstract

This thesis is an evaluation of the factors that determine the
maximum acquisitioh and tracking (lock-on) range of laser-guided
systems in the military close~air~support missioan. The problem is
divided into a study of the designed system parameters which are
characterized.by a clear—air lock-on range, and a study of the effect
of the intervening atmosphere. Three model atmospheres are considered:
a homogeneous, an exponential, and a three-layer stratified atmospheric
aerosol vertical structure. The vertical 2erosol pumber densitcy
distribution of a real atmosphere can be bracketed between a homogeneous
and an exponential atmospheric model. Conversion charts from clear-air
lock-on range to actual lock—-on range for the three model atmospheres
are plotteds It was found that beamspreading by zerosols can be large
for moderate aFtenuation coefficients. Reflective cross sections of &
jeep model were found to have a standard deviation of +207% of the mean,
for two olive dr-ir paints. Attenuation coefficients at 1.065 microns
are determined for atmospneric gases and raine A method is éresonted
for determining aerosol attenuation at 1.065 microns from the

visibilities measured through red and blue filters; comparison of this
method with the computer analysis by others was successful but

experimental tests were inconclusive due to equipment and weather

problens.,
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LOCK-ON RANGES OF ILASER~GUIDED SYSTEMS
I. Introduction
Background
The purpose of this study is to investigate the factors that

determine the lock-on range of laser-guided systems in the military

close=air-support mission.

&

Fige. 1. Diagram of a Laser-guided System

terrain targed terrain

A laser becam is used to illuminate a target as in Figure 1. The
reflected laser energy is detected by a narrowband electro-optical
receiver and used to guide the receiver to the target. The maximum
range at which the receiver can acquire ¢nd track the target (lock-on
range) is limited by the laser power, beam divergence, target reflective
characteristics, receiver sensitivity, and the atmospherc in the path.

Atmospheric attenuation is a severely linmiting factor in the
operational employment of laser-guided systems, since the useful lock-on
range may be reduced by a factor of 20 in weather that a pilot can still
fly by visual referencess Certain laser wavelengths such as 14065

microns () have better propagation charactervistics than those in the

visual range, due to less scattering and absorptions In adverse weather,
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d . _attenuation_at 1,065 | is principally due to scettering by liquid water
g aerosols, plus slight absorption from water vapor and from dust aerosols.
Prediction of attenuation in a real atmosphere is beyond the state of
the art, as is prediction of the reflective characteristics of a

. complex target in a combat environment. Finally, there is very little
ig;, standardization in the literature regarding laser beam divergence

2 ; definitions, reflectance terminology and characteristics, and

;r‘; atmospheric transmittance terminology and characteristics.

The solution of this problem is of interest to the Operations

= Evaluation Group (USAF-SAV) of the Air Staff. In the presentation of
this problem, they instructed the researcher to:

. 1. Determine what factors most severely limit the maximum lock-on range
of laser-guided systems in adverse weather.

2. Propose improvements to increase the lock-on range.

{ 3. Comment on.factors that may affect the tactics or operational

- employment of these systems, but keep the written thesis unclassified.

¥ 3 Scope

.

E 3 Importaat sub-problems are beam characteristics, beam-~target

K . 3

f;;3 geometiy, target reflectance, receiver characteristics, attenuzting

mechanisms, actosol composi ion and size distribution, atmospheric
A vertical profile models, rTeal atmospheres, statistical variation in

‘3 lock~on ranges, and methods of appirox’ mating values of aevosol

ii;ﬁ attenuation. The tasks are to determine the state of the art, identify

%Jif areas where knowledge is lacking, cvalvate the relative importance of

g'ff these arecas, propose solutions, and test thes? propesals experimentally
'$ or by computer analysis.




r e A e e re—e—————— i

GEP/PH/72-12

Limitations and Assumptions

This thesis is limited to an analysis of 1.065~ laser systems at
ranges of 0.5 - 10 Km. Nonlinear effects and op%ical counterncasures
are not considered. It is assumed that beam wander is either
compensated for in laser pointing and tracking or is negligible. It is
assumed that the human (photopic) eye can detect a 2% contrast threough
narrowband filters anywhere in the visual range as well as with white
lighte.

Organization

The clear-air lock=-on range due to system geometry will be
determined in Chapter Two. Beam, target, and receiver characteristics
will be discussed as they apply to the operztional problem. Chapter
Three will evaluate the attenuation of laser beams by gases and
aerosols in model and real ztmospheres. A methed for determining
attenuation céefficients from meteorological measurements will be
presented and evazluated. In Chapter Four the clear-ailr iock-on range.
will be combined with three different model atmospheres to yield a true
lock=on range. The statistical variation in this true lock-on range
will be discussed. Chapter Five will test and evaluate one of the
proposals to determine the attenuation coefficients from meteorological
range measurements through narrowband filters. The major conclusions

and rccommendations are given in Chapter Six.
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IT1. Geometry of the Illuminator-Target-Receiver Problem

Characteristics of the Laser Beam

Military laser specifications require a beam with a gaussian
intensity profile =cross the beain. This may be achieved in systems with
electrically polarizing cells as the Q-switch, but is almost impossible
to achieve in’'systems that use a rotating mirror as the Q-switch. The
latter device almost always results in a multi-mode lasing 2¢tion, with
highly irregular and erratic intensity distribution across the beam. The
difference in beam pattern is mostly of academic and computational
interest, as scintillation in the atmosphere will often cause far more
serious disturbances to the beam's internal structure.

The computational problems involved in a multi-mode beam can be
immediately understood by observing Figure 2, a series of cross-—
sect onal sweeps across & military 1.065-) laser beam by the Target
Signatures Anélysis Center (TCAC), University of Michigan (Ref 2:51).

If several pulse¢ re averaged together, the irregularities in the
intensity dis 1ibution average out, so for many practical cases an
assumption of .onstant illumination across the beam is better than an
assurption of a gaussian distribution. This report will consider two
cases of laser beam profiles: a gaussian and a constant average
intensity (irradiance) distribution across the beam, thus covering
most practical cases. Detection warning and countermeasures receivers,
however, can respond to the peazk pulse intensity.
The constant average illumination beam is defined by:
I(r)
I(r)

1

1(0) for r < w

1
0

forr>w

The general definition of a gaucsian intensity distribution is:
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o2
: - I(r) ¢ a-cl(=
* =-S5 ey (2)
i I(o) ‘ﬁwz
2 where:
% r = radius from the center of the beam pattern, in cin.
g w = a defined hali-width of the beam pattern, in cm.
; ¢ = a scale constant depending on the definition of w (see Table I).
3 ¢ = 2.3026 for the standard definition used in this thesis.
- I(r) = irradiance at radius r in the beam pattern, in watts/cnlz,
: I{o) = irradiance at the center of the beam pattern, in watts/cm™.
A L= height-normalizing constant such that Lr) ds = 1.
/ ' TTwz I(o)

S = integrating surface across the beam through r,w.

There are several means of specifying whoie-angle beam divergences
{ of a gaussian laser beam in the optical far field. All appear with
i nearly equal frequency in military laser illuminator specifications

without much consistency or clarification about which method is used.

YT

In more recent reports and specifications the beam divergence is most
commonly defined as the cone containing 90% of the total beam energy.
This thesis will follow this convention. Of all the definitions used,
this results in the narrowest real beam for a given numerical divergeiice.

Beam divergences are sometimes defined by the cone containing 50%

RPCAS A AN

of the beam energy; or, by the cone at the points where the local

intensity becomes 10%, 50%Z, 1l/e, l/ez, =10 dB, or =3 dB of the intensity

at the beam axis. Caution must be used to determine which definition of

beam divergence is used with which laser illuminator. A computer

TN

program was developed (Appendix A) to compare all other definitions with

s

the first. The results are in Table T.

s R

Irradiance of the Tarpet

Irradiance by the Laser Beam. Once the laser beam has reached the

optical far field, the becam Jdiameter can then be deterwined in the

absence of atmospheric effects b, .

-
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d = 2R Tan (925) +d (3)

where:

beam divergenc: whole-angle in the far field.

illuminator = Larget range.

beam diameter in the far field at range R.

laser illuminator beam exit diameter (if this is in the far field)
or the diameter of the rearward projection of the divergence angle
to the laser exit windowe

o0
nounn

(o)

If a < 100 milliradians, Eq (3) is approximated within 0.4% by:

———rs

d =Roq +d_ (dyd_in cmj; R in meters; a in milliradians) 4)
10 o 0
The power density (irradiance) in the beam is of considerable value
in optical countermeasures design. Two cases are of primary interest:
the constant average distribution and the gaussian distribution. In the

absence of atmospheric effects, the former is given by:

md m(Re + do)2

]
j=a
o
o]
13

transmitter power.

beam diameter enclosing 100% of the constant beam energy.
irradiance at the target position in the beam.

whole-angle beam divergence at 100% enclosed-energy points.
beam exit diameter, as in Eq (3).

AR I
T ounuy

o

For a gaussian distribution, the irradiance at the target position is:

(from Eq (2)):

: 2 2
T T\
« 302 -2 Q, 4 -9, O (=
H(z) = 2 30d62Pe 3026[;(—1-)-2 _ 2120.9e 942104(3 )
m ('i 2 md
where:
d = beam diameter enclosing 90X of gaussian beam emergy = Ret + d .
o = beam divergence whole-angle between 904 enclosed-energy points.
r = radial position normal to the beam at range R.
P

3 do, H, R as in Eq (5)0

Irradiance bv Other Sourcess Of all the other sources of

illumination of the target, the direct solar radiation is by far the

.

R

e
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most intense. For & 100 & window about 1.065 Uy at sea level on a clear
day it is 3 ~ 6 watts/meterz, depending on the solar zenith angle (Ref
37: 6-6,6~8). The average radiance of the scattered light from each

corresponding solic angle of the clear daytime sky is 2x10“6 as strong

e e b 2o Lt PN

: as the radiance from the sun, at 1.065 p (Ref 3:1314), but over the
whole sky the total becomes 217 as much as the direct solar irradiance.

' Individual bright clovds may have a radiance up to ten times that of the

Rt Y a0

background sky, but thicker, darker clouds may greatly attenuate the

Colxy

: direct and indirect irradiance from the sun, sb that the net contribution

: from clouds is unpredictable: it varies with the sun angle from the

3 target and the angle from the target to each of the individual clouds.
The total day or night emission from sky or clouds at 1.065 p is

less than 10"3 as strong as the sky or cloud scattered light (Ref 3:

: 1314), and can be neglected. Thus the total daytime direct and indirect

; background iréadiance onto the target is 3 - 8 watts/meter2 (300 - 800

8 microwatts/cmz) for a 100 & window at 1.065 e This is a factor of 10'3

: to 108 lower than the peak pulse illumination by most typical systems

F at reasonable target rangess

gy

r Portion of the Beam Eneray Intercepted by the Target
3

Since the beam at the target may be smaller or larger than the

projected cross section of the target, it is necessary to compute what
portion of the total beam energy is intercepted by the target. The
remainder will be lest into the background, which usually has a higher
reflectance and may be a significant distance behind the target. This
results in two separated illumination and lock-~on problems.

A computer program was created to determine the portion of the

laser beam intercepted by targe*s of different shapes: round, square,




;
)
E
3
S
3
S
)
:
:
5
:

St PH R LY

COARI IRt e

R

!
»

GEP/PH/72-12

1aa

10

aqQ

20

30

20

-]

40

RCEPTED BY THE TARGET
§0 B0

[T
[ S, [
TARGET SHAPE

S / _""""RDUND o

(0.4 1 w

o= A SQUARE

=

w / // RECTANGULAR ‘

czt = / /./, LENGTH=1.5X HT. c

g:-; // // LENGT”:ZX I'IT

e /(—]7 7 LENGTH:3,\' HT. S

T /’// LENGTH=Z6X HT.

© LENGTH =20X HT.

= //// o

=

w /,//

~ =
D* —

0 2 4 6 B 10 12 14 1.6 19 20

RATIO OF TARCET DIAMETER (SMALLEST D(MENSION)

TO BEAN DIAMETER AT THE TARGET PGSITION

Fig. 3. Constant Bean Illurinating Turgets of Different Shapes

10

Z 0F TOTAL BEAN ENERGY LOST INTQ BACKGROUND




GEP/PH/72~-12

100
]

N
!

X
N

10
AR
.
sy
+0

INTERCEPTED BY THE TARGET
B8O
EEE§%
::::::T\\
~
30
INTQ BACKGRQUND

o
b
©w ?/// -
I/ S
o ~J
a w
w [ o
/ / TARGET SHAPE %
e ('
: © I r RGUND o i
:“' e / - SQUARE Z
3 =z
' L Z/ RECTANGULAR =
} o C
= i LENGTH=1.5X HT. ™
o //jf// LENGTH=ZX HT. -
e f{ﬁ/l LENGTH=3X HT. s @
w — -
~ LENGTH=6X HT. ©
— 71 LENGTH > 8X HT. -
[ =] ’ P
w — é%/f
© N
N %/ o
O PL ©

a =z 4 & B 10 1z 18 16 15 20
RATIO OF TARGET DIAMETER [SMALLEST DIMENSION)

TO BEAM DIAMETER AT THE TARGET PGSITION

Fig. 4. Gaussian Bean Mluainating Tavgets of Difforent Shapes

11




+ v 2o ——— 2 ——— o -

GEP/PB/72-12

.and rectangular for length~to—hzight ratios of n = 1.5, 2, 3, 4, 5, 6,
8, 10, and 203 for a gaussian beam and a constant cross-section beam.
The irradiance of t3s (5) and (6) was integrated across the target shape
and the results plotted in Figure 3 and Figure #4. The calculations are
’}p Appendix Bo In Figure 4 there was no visible change in the curve
shape above n.= 8.

Target Reflectance

A real surface can be considered to be covered with a broad size
distribution of Mie scattering particles. The surface will have a
relatively broad and strong forward scattering lobe (specular beam) and
a general diffuse reflection in all directions, a result of summing the
Mie reflection lobes of all the particles. The real surface will also
have interference effects due to the surface fine structure (grain of
wood, cloth) and polarization effects.

The term "reflectance" is frequently used synonymously with albedo,
spectral reflectance, directional reflectance, bi-directional
reflectance, reflection distribution function, and target reflectance
cross sectione It is so easy to misuse the published numerical values
of these terms that a few words of caution and clarification are in order.

Albedo is usually the same as reflectance, the ratio of total
radiant power reflected Pr to the total power incident Pi on a surface:

Py

i
But albedo is sometimes used to include black-body emission. Spectral

reflectance is the reflectance in a narrow band about a wavelength A:

P 7 F,, (@)

12
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Directional Reflectance is the ratio of the radiant power reflected into

a specific solid angle, to the total power incident from all directions:

) P (6,0 ) J(6_,9 ) dQ
- __r ' r’fr
Pg =P84 ) = ) =T, for a body (9)

wheres

-~
pr(er,¢r) = power reflected into direction (Gr,ﬁr), in watts.
J(er,ﬂr) = radiant intensity into direction (Gr,ﬁr), in watts/steradian.

d{]l = solid angle subtended by the small, distant receiver.
For a small target surface area dAt’ this becomes:

N (6,8 ) dQda, K (8,0 ) dQcos 6
= .. 't B S N r
g = P800 = =5 dA_ " TH (10)

wheres

H = irradiance onto the actual target area dAt in watts/cm2 of actual
target area. o

2
Nr(er,ﬁr) = d” Pr(er’¢r) = radiance in watts/steradian-cm2 (11)
X s
cos er dAt d} of projected area perpendicular (AL)

to the line to the receiver,
A very dusty surface is approximated reasonably well by a perfectly
diffusing (Lambertian) surface (Nr(er,ﬁr) = constant = N), so the totail

pover reflected from a target surface areca dAt is:

18
dPr 2 2
EIT-:.[N cos 9dQ={ fx‘ cos € sin 6 d6 dp = N (12)
Q 0
For this very dusty surface the directional reflectance is:
dp
~—L H 2
- dAt - mN or N = Pyq in watts/steradian-cm” (13)
Pq P H ? T a of projected area perpendicular
i Lo the line to the receiver.
dAt

This "projected arca" is either the projection of the illuminated target
surface area onto a surface perpendicular to the 1line to the receiver

(At cos Gr), or the projected area that is within the field of view of

13
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the receivar at that projected point, whichever is leaste. Thc irradiance
H is the power onto the surface divided by the actual target surface
area At’ in watts/cmz. It nmust be uniform and cover zll of A, or A
imust be broken up into smaller elements. For a real; :uon-Lanbertian

surface N usudally has a very strong angular depenrdence cthier than the

-

,/

cos er dependence, and the directional reflectance of the surface
_ 1ﬂ' . - e ..

P = 7 1(6r,¢r) cos 8r sin er der d¢r becomes very difficult t-»

evaluate. Pgq may be much greater than ] at certain angles but will

average out over all space to be 1 or less.

Bi-directional teflectance (partial rveflectance) (reflectance

distribution function) is the ratio of the radiant power reflected into

a specific solid angle, to the radiant power incident from a specific

solid angle. It is assumed that the incident power is collimated. The

surface irradiance is therefore H(ei,ﬁ ) = Hyo,pC08 8¢ Similarly to

the arguments for directional reflectance, there is for tiils geometry
a bi-directional reflectance op & p(ei,ﬂi,er,ﬂr) such that‘f;pdfl= 0q?
where () is the influx or efflux hemisphere above the target surface.

For a perfect Lambertian surface this becomes (Ref 27:117):

Pq = ppfdQ =mQ, (14)

Therefore N = dHbecomes N = p H. For a real, non-Lambertian surface:

/fN(Gr,ﬂ ) cos 6 sin 6 8 df .
(e, ,9,) (25)

where the integration limits are over the reflectance cone dé_ df

For a real surface pp niay be much greater than % at certain angles
i

. 1 .
but will average over all space to be = or lesse. Integ ation of the

receiver or source flux over the total hemisphere above the surface

14




Toats Foadalied

B 2003 S S

paas

RN YRS T I AR B TRV T T T TS

TRTEP TN

T

GEP/PH/72-12

yields the total 1veflected or incident radiatior., respectively, and
hence yields the dircctional reflectance P4 Which is m times the average
pp, Pg =T 5& « Irtegration of both source and receiver fluxes over the

hemisphere above the surface yields the total reflectance p:

.

e

p= Py =m0, (16)

The term "directional reflectance' is frequently and unfortunately used
when an author means "bi-directional reflectance'". The "bi" is implied.

Reflective Cross Section

There are two parts to the problem: target material and target
geometry. The Target Signatures Analysis Center has measured, computed,
or catalogued the spectral, directional, and bi-directional reflectances
of several thousand materials of tactical interest. Their mathematical
model for the bi-directional reflectance of a material consists of a
weiphted sum of three parts: one part perfectly diffuse reflection from
2 hard surface, one part perfectly specular reflection from a hard
surface, and one part multiple diffuse volume reflection fFrom a thin
volume of scattering dielectrics on the surface (paint). The three
parts are weighted according to theoreticzl and experimental daca.

For a complex—shaped target such as a vehicle, the different
Jurface materials at different angles results in a complicated total-

target bi~directional cross section. For constant irrvadiance H:

f=of 18]

T

. watts/steradian
fppH ds in watts/, 3 (17)
S i

AN

Total vehicle surface
TSAC has computed this function for a mathematical jeep model
which was validated by field measurcments. One set of their computations
is in Figure 5, a polar logarithmic plot of the total=tavrpet reflective

cross section Gt for three receiver zenith ansles. The specular peak
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Al

from the flat vehicle top is conspicuous. Samples taken from the

e

R e

jeep used in the validation tests had reflectances at 1.065 p for new

paint of 2.9- 32.3%, old paint of 4.8-6.7%, blacr canvas of 9.3%, and

A1y

R e s TR

olive drab canvas of 12.1% (Re¥ 35). Most natural vegetation and dirts
have a higher reflectance range: 10+ 60%,
Computed values of g, were measured from TSAC charts (Ref 2, Ref 34)

and the statistical probability of getting a certain reflective cross

3 section for completely random angular orientation was corputed and

% plotted in Figure 6. The receiver was unpolarized} tge transmitter was

; either horizontally or vertically polarized. The probabilicty of the Gt
being above any value was computed and plotted in Figure 7. The bottom

; graph of Figures 6 and 7 is of a very specular paint, not likely to be

% encountered in tactical combat enviromments, but is presented for

% comparison to the military olive drab, low reflectance paint, on the

; same jeep modéln These computations are for generally clean surfaces

é (not mud-caked, oily, or dusty). A dusty surface has generally a much'

g more diffuse character and a much higher reflectance (1C¢-605). Wet

% surfaces are completely unpredictable. This procedure for the analysis

of reflective statistics of potential threat vehicles yieids the

maximum, minimum, and distribution of O, for targets uncer clean
conditions. It is strongly recommended that these statistics be
computed for many enemy vehicles of potential threat value, under many
different ficld conditions, for wet and/or dirty surfaces.

Lock-on Rappe

0f the energy reflected by the tavget in a general direction
towards the receiver, J(Or,ﬂr) watts /steradian, only the portion

entering the effective receiving area will be available for

19
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amplification, detection, and electronic analysis. The detector of
effective area Ad (real area decreased for losses in receiver optics)

and detector — target range R, subtends a solid sngle from the target of:

d

aq = Ad coS Gd (18)
R2

d
where ed is the angle between the detector normal and the line to
the apparent target through the receiver optics. The cos ed is necessary
because the detector may not be pointed along the line tc the target
before lock=-on.

If the illuminating beam is larger than the target and has uniform
irradiance, then for zero atmospheric attenuation the power received by
the detector in watts becomes (from Eqs (5), (17), (18)):

APAd J, cos ed

Py = Jd(l=Ho d&} = 3 > in vatts (19)
TRy (Ro + do)

If Pdn is the minimum detector power in watts necessary for the receiver
!
to acquire and track (lock-on) the target, then the maxirum lock-on

range is given by (from Eq (19) (for zevo atmospheric attenuation)):

. N 2 PAth cos Gd 20y
de Ra +d mP
o) dm

If the irradiance onto the target is not constant, then the energy

distribution inside the beam has to be included in a new reflective

1 ] -
cross section Gt (with units of steradian 1):

¢ J 1 PP |
0, =% =% j.pp“(ei’ﬂi) ds (steradian ) (21
S

1

If the illuminating beam is not much larger than the target and can be
approximated by a gaussian or constant irradiance beam, then Figure 3 or
4 will yield the portion K of the total beam energy intercepted by the

t
targets Then J = PKOt and Eq (19) becomes:

20
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L
PKG A, cos 6
Pd - td d (22)

3
Rd

with a corresponding clear—air lock-on range of:

1]
PKGCAd cos ed

Rdc= P (23)
dm

The maximur, minimum, and distribution of lock-on range can be
determined by substituting the appropriate values of G, or G; from
Figures 6 and 7. This concept of a clear-air lock-on range, independent
of atmospheric conditions, and fully descriptive of syster geometry and
its statistical variations, will be used frequently in this thesis.

It is generally most desirable that the attacking aircraft approach
the target along the same line as the illuminator in three-=dimensional
spaces The reflective cross section will be higher because the diffuse
reflective lobe of the surface material will be greater, and the receiver
will be viewing more illuminated surface.

Another effect is the reflectivity of the background. Grass, for
example, exposes a much larger reflect’.g surface when viewed and
illuminated from a shallow angles The 1.065-y bi-directional reflectance
of grass varies from 50% (receiver overhead) to 807 (receiver at a 10°
dive angle) when illuminated at a 27° aive angle (Ref 12:909). Roads,
especially wet, have a much more specular rcflection at low angles of
illunmination and show less backscatter than the surrouncding fields. If
the local background has a much higher reflectance than the target and
is within an acceptable kill radius of the target, it will be better to
illuminate the background material beside the target.

Sceker Receiver Characteristies (In General)

Laser sccker systems are classified by that characteristic which

21
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most limits their usefullness to the target-acquisition problem. If a
seeker is not cryogenically cooled, its detector housing or load
resistor thermal noise will be the limiting facto.: (internal-noise-
limited). If the detector has a low efficiency oc the wavelength used
or is followed by low-gain amplifiers, then it is sensitivity~limited.
Either of these are termed seeker-limited systems.

The newest cryogenically cooled (4%K) avalanche photodiodes and
photomultiplier tubes approach the theoretically possible conversion
efficienciess but then these are hackground-limiced by the Zlux from
the terrain within the seecker field of view (5-500 millirazdians). The
radiance of the background may be several orders of magnitude less than
the target, but due to the huge viewed area, may give more net flux at
the detector. This can be improved by either using expensive, high-
resolution ima;ing systems or narrowing the field of view until the
statistical probability of the target not being in the field of view
increases unacceptablye. This constant solar illuwination results
primarily in a large DC component of the detector signal, which can be
filtered out. The white noise component of the signal, however,
requires considerable filtering and electronic amalysis to detect the
desired signal.

Most detector hesds currently used are non-cooled, So are seeker-
limited systems. The signal/noise ratio cf these detectors varies
considerably with the temperature of the detector and its load resistor.
An aircraft from a hot tropical base fo1r a low altitude flight to a
local target will have a detector system at 1000—150°F, depending on how
long the weapons have been sitting in the sun. The same systein cruising

for two hours at 40,000 feet will have a detecter cold-sozked to -50°F,

22
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Unless compensated internally for this temperatuie change, the 200°F
cooler temperature will have a beneficial effect of several orders of
magnitude on the sigrnal/noise ratio of the seeker and the sensitivity of
the system, and hence on the lock-on range. Internal temperature
compensation is therefore necessary for prediction studies and analysis.
Whether Background~limited or sceker-limited the system can be as
1. contrast~limited problem as in the electro-optical target seekers
which use a high-resolution TV imaging system, or
2. "one brightest spot in the field of view" problem, or
3+ "centroid of entire illumination in the field of view" problem.
System 1 is the most electronically complex and expcr.sive, and has the
disadvantage that the operator must designate the target with a pointing
device in the same imaging system. Systems 2 and 3 have the problenm
that the portion of the laser energy falling into the more reflective
background may create a brighter return than the desired target. The
same probiem is created when haze, clouds, or foliage is in the beam
between the illuminator and the target. The seeker will either track the
brightest of the targets available or the centroids As a centroid
seeker gets closer to the target, it will cventually reach a point where
one of the bright spots reaches the edge of its field of view, and then
will change course to attempt to track the remaining target or targets.
This problem can be considerably alleviated by designing arrays and
logic circuits that discriminate asgainst extended returns fronm clouds,
haze, and flat terrain, and discriminate for first/last pulse of the
proper strength and shape to be from a sudden, hard surface too large to
be tree branches and too small to be a sloping hillside.

Seeker-limited systems ave limited by their lack of sensitivity,

23
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and high internal noise; and require illuminances on the order of 10-3

> watts/cmz. Background-limited systems can work with illuminances

to 10
on the order of 10-'8 to 10-10 watts/cm2 with comrercially available
cryogenically cooled detectors. The latter are more expensive, require
considerablce field maintenance, and are not rugged for field use, but
if the problems with pulse-=shape-analysis and multi-target discriminaticn
can be solved, they can extend the useful seeker clear-air lock-on range
by the square root of the increase in sensitivity. In this author's
opinion, this is the present serious limiting factor in extending the
lock-on ranges of laser-guided systems.

This chapter has discussed systems in general and not any one
operational system specifically. The information is a general summary
of the characteristics and problems of system types in general, based
on over 300 unclassified reports and articles. This completes the
chapter on the.geometry and design of laser systems in the absence of
an attenuating atmosphere. The next chapter will deal with the physiéal

nature of that aspect of the lock=-on range problem.
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11I. Attenuation Mechanisms & Atmospheric Structure

Attenuation Mechanisms

Laser beams in a real atmospbhere are attenuated by absorption (both
band & line, in both gases & aerosols in the optical path) and scattering
(Rayleigh, Mie, and turbulence cells). This chapter will discuss these
mechanisms and‘their effects on 1.065-y laser beams in the bottom 10 Km

of the atmospherc.

Attenuation bv Gases. Water is the main absorbing gas at 1.065 p

in the lower atmosphere. Only in special industrial areas with a strong
thermal inversion may there be enough concentration of specialized waste
gases to cause significant attenuation at certain wavelengths. Rayleigh
scattering at 1,065 p is negligible (Ref 37:7-30).

From McClatchey (Ref 26:36,59,A3) and Eldridge (Ref 17:710) one cm
of precipitable water vapor will have a transmission of 96% i 1/2% at

1,065 pe Since the attenuation cocfficient B is defined by:

_ 10 1 -
B =% 108, (24)
where R is the path length and T is the transmission, this yields an

attenuation coefficient SH 0 = 0,175 + 0,022 dB/cm of precipitable

2
water vapor in the optical path. The water content of a path can be

obtained from the relative humidity and temperature by Figure 8 or as

followse. By definition,

. . e existing water vapor prassure

Relative Hunidity = f = = = ~ 2 L (25)
e saturated water vapor pressure

for that temperature.

)

From Haurwitz (Ref 21:9):

DSt s
e, = (4us8) 205t 273 (26)

where t is the temperature in degrees € and e, = saturated vapor pressure
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in mm Hge This would match the meteorological data (Ref 26:A5)(Ref 4O0:
49) better if the exponent were 8.3 instead of 7.5; therefore the
numeric 8.3 will be used in this thesise. Trom Byers (Ref 7:152,154),
the absolute humidity (AH) is given by:

em
_ W - +622 @
T R(: + 273) T R (t + 273) (27)

where m, is the meclecular weight and R is the universzl gas constant.

AH

The number of cm of precipitable water in a column of air is the

absolute humidity/10 (Ref 26:A3), so combining the above information:

o]t

3t
_ " 3e)f1o vt 273

B3 Se3t
o o a622e _.285 £10 ° Y23 £ 28
"™,0 ¥ TO R(t + 273) ~ R(t + 273) t + 273 -

The attenuation coefficient at 1.065 p due to water vapor is therefore:

BH 0= (e175) (cmH 0) in dB/Km (29)
2 2

Attenuation by Turbulence Cells. Turbulence cells (small pockets
of hotter or c;oler air rising or settling turbulently due to thermal
convection in the atmosphere) by themselves. will not absorb laser beaé
radiation, but they will scatter and defocus the beam locally. From one
point in the beam at the target, the laser source will appear to
scintillate about the average non~turbulent inrensity. There will be some
beamspreading, which was found by Buck (Ref 5:705) to be on the corder of
d = aRl'z for t experiments at Boulder, Colorado, using an q = 4.5
microradian beam divergence over ranges from 0.5 Km to 145 Km in
relatively clear air, in mountains 2 Ki above sea level. Under hazy
conditions and daylight hours the exponent of R increased (Ref 5:705). .

Turbulence cells will cause a statistical variation in the beanm
intensity, yielding a pattern analogous to Figure 2. The large target

area will average these out, so *he total energy reflected by the target

27
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will not fluctuate significantly. The small seceker detector area,
however, will not average the fluctuations caused by the turbulence
between the secker and the target, so there will be statistical
fluctuations, up te 200 Hz (Ref 5:706) in the receiver signal.

Due to the stated assumptions in pointing & tracking, beam wander is

disregarded.

Attenuation by Aerosols. Absorption and scattering depend strongly

on the aerosol composition and particle size distribution. The oceanic
salts are the primary constituents of the soluble condensation nuclei,
containing primarily the Ca, K, C03, Br, Cl, Sr, and Na compounds. To
this is added huge amounts of insoluble materials from land soils,
aromatic and organic materials from vegetation, and products of a very
complex photochemical reaction of all these. The mixing ratios of these
compounds vary considerably, as there is rapid transport of acrosols
for at least 1600 miles (Ref 24: sect 2.3) Apparently there are no
purcly continental or purely maritime aerosols, but growth curves of
aerosol particles with increasing relative humidity indicates that the
condensation nuclei for central Europe average roughly 70 - 80%
insoluble materials (Ref 24:169)., The condensation nuclei have
specialized composition around industrial regions, heavily vegetated
regions, mountains, dusty arveas, and windy arecas. It takes several days
for sufficient mixing to smooth out the composition mixing ratios.
Attenuation by solid, dry aerosols is a mixture of absorption and

scattering. CRL aerosol analysis data (Ref 26:9,21) computes the
attenuation coefficient for 1.065 11 at 237 absorption and 77% scattering
for visibilities above 5 Km and relative humidities below 700,

Attenuation by wet acrosols (aqurous solutions or a thick layer of water

28
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around an insoluble solid core) is almost entirely scattering. Above
70% relative humidity the wet aecrosol particles rapidly dominate. During
decreasing humidit’'es the supersaturated aqueous solutions remain liquid
down to about 407 welative humidity.

The index of refraction of water at 1.065 p is 1.325 (Ref 10:244),
and of a large proportion of materials found in aerosol particles is
between 1.3 and 1.5 (Ref 13:1) <7ith some between 1.5 and 1.7 (Ref 41:
328). Therefore the real index of refraction of aerosol particles will
be between the extremes, and will be well towards the lower value for
the higher humidities, where the proportion of water in the aercsol will
be very large (Ref 29:6). This has been validated by attenuation
measurements and calculations by Gibbons (Ref 19:172-176) within + 4%
of the theoretical values for most nonindustrial hazes.

Wet acrosols are spherical; the highly irregular shape of the dry
aerosols will Qverage out to a mean effective spherical radius since any
possible orienting influence of the pulsed laser beam is randomized bg
the Brownian thermal motion around the acrosols. This is consistent with
the dry dust scattering properties measured by Volz and Goody (Ref 38:
390). The absorption coefficient for spherical aercsol particles is

approximately (Ref 29:20,22):

Tmax
~4x%xn* ~4xn'
B =¢Té' r2 1 + + & n(r ) dr 3
acrosol 31°p 2xn’ 2,217 p (30)
. 8x"n
absorpti.on r
min

where:

n(rp) = particle size distribution function.

rp = radius of aerosol particle

n' = imaginary index of refraction of the aerosol, hetween 10“6 and 10-1
for most water-solution acrosols.

2T A
X = =3P and A = wavelength of luser radiation = 1.065 p.

The 4/3 in Eq (30) adjusts the a, preninmation for a better fit of the
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rigorous and exact Mie solutions. The scattering coefficient for

spherical aerosol particles is given by (Ref 29:25;:

Trax
2
o d 31
Prota 7f[rp n(rp) QscattCm,rp,k) T, (31)
scattering min
where:

n(rp) = particle size distribution function.

Qscatt(m’rp’l) = Mie scattering cfficiency factor.

m = real index of refraction of the aerosol.

Many-particle scattering can be neglected.(Ref 29:23) because even
in the densest recorded fogs, the particles are still separated by
distances over 20 times their radius. From his measurciments Zuev (Ref 42:
140) determined that below 9 optical depths (1 optical depth: length at
which intensity decreases to 1/e due to absorption & scattering), single
scattering is valid for narrow collimated laser beams. Above 9 optical
depths (=39 dB attenuation = 1/8000 origionul intensity) multiple
scattering may be significant for targets more than 9 times the diamefér
of the laser beam.

Additionally, the energy in the forwarvd-scatter lobe broadens the

beam and decreases 8 For small particles (haze and

total scattering'
most clouds) the forward-scatter lobe is extremely broad, and hence the
energy scattered onto the distant target is small. Snow 2lso has a very
broad lobe. Large rain particles have a strong and narvvow forward-
scatter lobe that decreases the total attenuation cocfficient in rain by
8.47% at 0.6323 p and 22.6% at 3.5 p (Ref 11:733). Since 4e scattering
raindrvops were much larger than the wavelengths cited, the scattering
efficiency facter Q is constant with wavelength, and therefore a linear

interpolation is valid. Thur acvrosol scattering is decreaned by 13% at

30
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Table 11
Beamspreading zs a Function of Attenuation and Type of Weather
Beam Total-beam | Effective Attenuation
Weather | Precip. Divergence Attenuation | at the Beam Center
Rate (milliradians)] dB/Kn Caused by Broadening
Rain clear «209 + .005 0 ———
2.5 37 1 295 + . 005 3.5 1.1 dB/Knm
6.5 4 | .48 .02 5.4 2.8 dB/Kn
(extrapolated)
, very v
snow | J5ohe 180 + .005 0
moderate| +300 + .005 5.0 1.7 di Knm
very 4 . .
heavy «408 i «005 13465 2.7 dB. m
Fog clear «182 + .005 - 0 ———-
haze «236 + 005 3.1 0.85 dB/Km
fog «291 + .0C5 8¢5 1.6 dB/Knm
(From Ref 11:753-4)
«5—~
i »6328 microns
2,6 Kn path
- 5.0 cm diam, receiver
#% ~ rain
e snow 1

3 - fog ;’/;”’f,,/;

5

w
1

S
*"\""

Beam Divergence in Milliradians
=3
1

Attenuation Coefficient in dB/km ‘ ’

Fig 9+ Beamspreadity, as a . unction oi Weathor Attenuction
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1.065 p in rain.

Chu & Hogg (Ref 11:753-4) measured beam broadening of a gaussian
beam over a 2.6 Km path at 0.6328 p in rain, fog, and snow for different
attenuation rates. The unattenuated beam had a whole—-angle divergence
of 0.2 milliradians. The tesults are in Table II and Figure 9. In
general, the larger the beam divergence, the larger the effective
forward scattering. This effect could be used effectively when

illuminating large surface areas through rainstorms.

Particle Size Distributions

To solve Eqs (30) & (31) it is necessary to know the particle size
distribution n(rp), and its maximum and minimum T and Toin®
Unfortunately our knowledge in this field is very primitive. The
particle size distribution has been traditionally dctermined by means
that inherently disrupt the distribution itself or the gathering
efficiency chaﬁges relative to particle size in an unknown manner.

The first method was to mount a flat, cold, dry plate and a flat,
cold, oily or sticky plate (or box) outside an aircraft, facing the
airflow, and fly through the haze or cloud. The collected aerosols were
viewed under an optical or an electron microscope. Unfortunately the
very small particles, under one ndcron radius and thcrcfore exactly in
the realm of interest, would follow the airflow around the platc or box,
resulting in a smooth size distribution favoring the heavy particles.
Secondly, the particles would evaporite in the electron microscope
chamber vacuun or under the high intensity light or electron beam.

The second method was to view the aerosol particles directly
through a microrcope mounted at the neck of the venturi tube ou the side

of an aircraft. Unfortunately th~ conciderable change in tenperature,
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pressure, and spac:ng of the aerosol particles czused rapid evaporation
of the smaller liquid particles and coagulation of the lavger particles.
The third mettod, determination of size distributions by measure-~
nents of attenuation of scveral laser beams through the same path,
requires a prior assumption of the gencral form of the distribution
: function. A variation of this involves measuring the scattered light
from the beam at different angles to determine a total scattering
function for all the particles. Both yield generally acceptable
approximations, but require prior assumptions about the unknown size
distribution being tested. A method needs to be developed to directly

, study the aerosols at a distance from the aircraft that will yield a

Ly

A direct measurement of undisturbed aerosols.
Particles under 0.1 p are inefficient scatterers. Particles over a

20 p radius gradually precipitate, with settling rates proportional to

TSI

: mass (proportional to rs) (Ref 24:111). Fog Croplets range between 1 and
” 100 u, while raindrops average 1000 p. For the haze particles between

0.1 and 100 p, the expression (Ref 29:10):

4

Y
N -br
n(rp) = %% =k rge p (32)
g p

where:

-

N = number of particles with radius rp,

v Sk i e e o

ks0y8,y are experimentally determined constants,

is generally agreed upon as representating a final, steady-state size
distribution and a first approximation to most real, atmospheric aerosols.

Unfortunatcly the local condensation nuclei input and the dynamic

Bimodal

atmosphere prevent a steady state condition from exicting.
(double-peaked) distributions ave relatively commen (Ref 24:140) (Ref 17:

18). Tt may take several days for particles under 1 to veach single-
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mode equilibrium (Ref 24:130). Chu & Hogg modified Eq (32) by defining
a = rp/rm s where T, is the radius of the particle size with the highest

number density. Eq (32) then is (Ref 11:730)

ha¥
n(a) = k a6 e M (33)

This representation is more flexible and in agreement with measurements
from a wide range of meteorological conditions (Ref 29:12).
Below 997 relative humidity, the T is less than 0.1 g, and the

decrease in number density with increase in radius can be approximated

by (Ref 24:116,124):

dN _IpdN . _~g dN _ _~d
3(log rp)= drp = or; or drp cr (34)

where c, d, and g are empirical constants.

Above 99% relative humidity, the condensation process overwhelms
the evaporation process for small particles, and the coagulation process
dominates for the larger particles, so the T increases rapidly from
below 0.1 g to any value between 0.1 and 1000 e Rain and fog readily
form. For heavy drizzle and rain, a gaussian distribution is frequently
used (Ref 29:15), When a large majority of spherical particles is over
5 - 10 times the laser wavelength, a total scattering efficiency Q of
about 2 can be assumed in the Mie scattering equations for wide
distribution patterns, thus greatly simplifying numerical calculations.
Measured and calculated particle size distributions are given in
References 17, 23, 29, and others.

It must be emphasized that the real-world atmospheres are very
complex, and the study of weather and particle size distributions is
still in its infancy. Attenuation predictions through acrusols from

meteorological measurables can be only crudely approximated,

.
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Atmospheric Models (Vertical Structure)

The particle size distribution does not remain constant as altitude
increases. The uprer 1limit of suspended aerosol size decreases from
about 20 p at sea level to 10 g at 3 Km altitude (Ref 24:118), with a
corresponding decrease in the particle distribution between 2 p and the
upper limit for thav altitude. Below 2 p the distribution remains about
the same. This settling=~out is particularly noticeable for an atmosphere
with no thermal mixing and no thermal inversions for several days. The
heavier aerosols will settle down to an altitude where the increased
density (more Brownian motion) will keep them aloft. The aerosol
profile will eventually conform to the CRL expeonential standard
atmosphere.

If the bottom wegion of the troposphere up to the first strong
thermal inversion has considerable convective or thermal mixing, the
sedimentation érocess of large particles will be negated, and the result
is a homogencous atmosphere. Indeed, several cases were measured by US
aircraft making whole-volumec scattering measurements over Germany (Ref
18), showing a constant scattering coefficient up to the strong
inversion layer, between 1 and 3 Km altitude on different days, and then

a sudden decrease over the range of 200 meters in the inversion to
values an order of magﬁitudc‘lower than below the inversion. The
measurcments above the inversion showed either an exponential decreas.
characteristic of a steady-state, no-mixing atmosphere, or a nearly
constant and low value above that inversion layer.
Frequently in the early or mid-afternoon, the first strong
inversion layer disappears due to thermal heating from below, and the

formerly trapped aerosols dissipe”e rapidly upwards to the next
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. inversion layer. Xquilibrium is then established within a few hours.

(2 BIGI A F LI OO A A A

A This process may be progressively repeated through successively higher
h inversions. The aumosphere during the transition is somewhere between
g the above mentioned two extreme atmospheric states.

For calculations in this thesis, it will be assumed that:
1. The atmosphere is the same regardless of azimuth from the target,
for 10 Km radius.
) 2. The atmosphere may be horizontally stratified, exponential and
: unstratified, or homogeneous. The first case will be modeled after
flight testxdata given by Dr. Robert W. Fenn (Ref 18), from his analysis
E of data of Flight C139, Haven View, on 3 June 1970, near Memmingen,
; Germany. The second case will be modeled after AFCRL field mecasurements
(Ref 37:7-1). The third case will be modeled after the results of the
first case.
3. The atmospﬁere everywhere within the 10 Km radius of the target has
a relative humidity below 99%Z: no fog or stratus layers exist with a .
different particle size distribution.

The first condition is very restrictive. The atmosphere in any one

layer is inhomogeneous. The calculations will give an average, best,

bt § (A

or worst case depending on the corresponding attenuation coefficient

‘ used. Multi-transmissomecter studies at airfields at Atlantic City, New
: York City, Chicago, Denver, and Los Angeles (Ref 31) show that when
visibilities are reduced to 2 Km or less, that 25% variations often

occur in atmospheric transmissivities between successive rveadings 15

seconds apart at the same point, even vwhen the transmissometer averages

over 15 seconds observation time. Furthermore, the three transmissom~

eters along a 3 Km runvay path <how incoherent fluctuations, as the
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inhomogeneties form, dissipate, and drift about. When the visibility is
below 0.5 Km, 600% fluctuations often occure. Above 3 K visibility,
the local variatioas average out because the observer can sece over a
longer path and the attenuation coefficients are much lowers These
tests were made with light in the visual range, but the results are
equally applicable to the very nearby 1.065 p interest of this thesis.
The last condition is also very restrictive. As the aerosols rise
above the inversion layer, the temperature drops rapidly and the
relative humidity increases suddenly. Thus stratus layers frequently

form at the top of the inversion layer, with resulting severe

attenuation for those few hundred meters in the stratus layers.

Even with these three restrictions, useful and mecaningful
information can be obtained from the evaluation of the three cases of
atmospheric models listed above. With these models of the vertical
profile of thé atmosphere and the models of the particle size
distribution, it is now possible to combine them and determine the
attenuation of a laser beam in a real atmosphere, if all the previously
mentioned empirical numbers are known as a function of measurable
metecorological parameters.

Attenuation Cocfficients and Weather Phenomenae

At 1.065 s

g (From Eq (29)

total attenuation =8= sHZO

+ Baerosol. (From Eq (30)
absorption
4 Bacrosol. (From Eq (31) (35)

scattering
Since raindrops average 1000 p in radius, much larger thazn 1.065 i, the

scattering attenuation (corrected for forward scattering) is (Ref 22:6-10)

_ 0.683 )
Baerosol scattering = 9+88 1 dB/Km (36)
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where h = mm of rain per hour. Since rain is almost totally pure water,

is much less than B

Baerosol absorptior. aerosol scattering’

The attenuation propertics of snow (almost completely scattering)
are complex, but ia general the attenuation for dry powder snow is much
less than that of an equivalent amount of water in the form of rain. Wet
snow, however, has a thin liquid water surface over an irregular surface
much larger than the laser wavelength, attenuates much more than an
equivalent amount of rain, and falls more slowly (Ref 22:6-14).

The total atmospheric attenuation is the integral of Eq (3%) alcng
the entire optical path. A correlation of n(r_) with something readily
measurable by weather observers is not yect known; but within certain
limits of weather and wavelength some approximations can be made.

For haze with relative humidity less than 99%, the particle size
distribution can be crudely classified as continental or maritime or a
combination of the two, as defined by Junge and modified by Chu & Hogge
Figure 10 plots the ccmputed total aerosol attenuation coefficients from
the CRC Handbook of Lasers (Ref 40:43), CRL Optical Properties of the
Acmosphere (Ref 26:15,16,19,21) and CRL Vertical Attcnuation Model (Ref
33:28~47). All are representative of typical aerosols.

If aerosol scattering is the primary attenuating mechanism, perhaps
a way around the lack of knowledge of precise particle size distribu-
tions is to measure the attenuation at two wavelenglhs relatively close
(compared to the breadth of the distribution) to the 1.065 p laser

wavelengthe Since both the continental and maritime hazes (and therefore
a mixture of the two) cover the range from 0.02 - 10 n (and fogs up to
100 p) a reasonable choice for the othen wavelengths would be at 0.42 y
and 0.695 |1 in the visible spec' i Measurements of attenuation at
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these wavelengths can be measured by measuring tae meteorological range
through narrowband filters at these wavelengths. If the particle size
distribution is bre¢ad compared to the spacing between 0.42 and 1.065 p,
does not have sharp peaks near or betiween these wavelengths, and is not
milti-modal (or if so, it has all modes above one micron), then there
’;Aould be some simple relationship between the attenuation at the three
wavelengths above. This criteria are met by almost all hazes, fogs,
and clouds,

Meteorological range (visibility, or mecteorological visibility) in
white light is the distance ac¢ which the observer can barely detect a
very large, black object against a white background (apparent contras
is reduced from unity to 2%). Due to a lack of information about the
contrast threshold of the photopic eye as a function of wavelength, it
will be assumed that the eye can detect this 2% contrast in narrowband
red light and narrowband blue light as well as in white light. This
yiclds a relation between the attenuation coefficient 2 and the
meteorological visibility Vtrue (from Appendix D):

B = \1,—7‘-9 in dB/Kn

true

The reported visibility from weather observers is generally about
75% of the true meteorological range (Ref 18) because:
1. Perfectly black objects on a perfectly white background are ideal
cases, nonexistant in fieid conditions.
2. There are a limited number of objects around the observer, statisti-
cally reducing the chances of one being exactly at the netcorological
range. The next obiect inside the meteorological range will be
reportaed if its inherent contrast is close cnough to unity.

3., The observer reports thc objects he can identify. The contrast
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‘threshold for recogrition is higher (about 5%) than for detection

(defined at 2%). Therefore Eq (37) becomes:

12.8
B=7 (38)
visually neasured
R = Ceihi1dre = S sibilitv.
where ‘visually measured reported visibility apparent visibility

'“ﬂfhe reported (rather than true) visibility will be used in this thesis.

If the true visibility were to be used, the spectral characteristics and
inherent contrast of all visible objects around the observer for all
weather conditions gnd sun anrgles must be tabulatied, so when the
observer reports that he can sce object X, the true meteorolcgical range
could be determined from the previously tabulated data. This is never
done, and it is the intent of this thesis to arrive at a methodology by
which an observer without considerable equipment can provide information
which will allow the determination of the attenuation coefficient of
1.065 p laser beams in real atmospheres.

The irradiance from the sun is not uniform with wavelength, but
decreases by 30% at 0.42 p and by 20% at 04695 p, compared to peak yellow
irradiance (Ref 37:16-2). The sensitivity of che eye at 0442 1 and 0.695
1 is less than 1% of the peak yellow-green value (Ref 20:841)., This
severe decrease in perceived light will make meteorological range
determinations more difficult and may change the contrast threshold of
the eye.

Rayleigh scattering must be subtracted from the attenuation observed
at blue wavelengths and water vapor absorption added to the attenuation
at 1.065 pu to make the attenuation coefficient comparison meaningful.

At 0.42 p, Rayleigh scattering is 0.16 dB/Km at sea level (Ref 16:7-5).

Hater vapor absorption will range from near zero to 0.9 dB/Km.
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Attenuation ccefficients computed by Carrier (Ref 8:1212) as a
function of wavelength fors clouds show a series of smooth, flat curves

from 0.488 to 1.065 y, plotted in Figure 11l. The size distribution

functiors of lines L, 2, and 3 have small but ncciceable tails of large
droplets over 6 pj; the functions for lines 4, 5, 6, and 7 have smaller
-~

and less significant tails; and line 8 has practically no tail. Note the

difference that the tail of large droplets makes in the total attenuation
coefficient for all wavelengths. Almost all the particles are between

1 and 15 g in radius. Rayleigh scattering and water vapor absorption

are negligible.

Attenuation coefficients were computed by Rensch (Ref 29:39,40) for
a continental model aerosol with relative humidities below 90% or at 954,
The computations were made for several slopes of the distribution curve
from 0.1 = 1 p; the results are plotted in Figure 12. For relative
humidities below 90% the attenuation at 1.065 p can be determined by a
linear graphical extension of the attenuation coefficients at 0.42 y and
0.695 p when the 0.42 p readings are corrected for Rayleigh scattering
and water vapor absorption is added for the 1.065 p attenuation
coefficient, At 957 relative humidity, a linear extrapolation of the
attenuation coefficients results in an overestimation of the attenuation
cocfficient at 1.065 p by approximately 0.35 dB/Kn.

Similar computations by Blattner (Ref 4:29) using the Elterman haze

model for metcorological ranges from 3 Km -~ 50 Km show that a linear

extrapolation from 0.45 p through 0465 1 to 1.065 p is reliable. Other
calculations by Deirmendjian (Ref 14) and Cato (Ref 9) concur for
relative humidities below 90. or above saturation (cloud:s and fops). It

is in the transition range between 90 = 100, that th. 2erotol particles
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begin to grow repidly from below Qe¢l g into the 0.1 ~ 1 y range.

There is no one-to—-one relationship between relative humidity and
meteorological range, but an approximate upper limit on aerosol
attenuation can he deduced from measurements by Rosenburg (Ref 30:5).
From his measurements of horizontal transparency and relative humidity
(Figure 13) the approximate limit on minimum true visibility due to

water aecrosols can be determined, as in Table 111,

. T
2 .
gf? 2.0 :
B ;
‘9‘ 5 1!5 ] :
(%] 4,
< ) ] 'g .'
S 1o
11
8 ¥
ol 0.5 2.l
B8] )
g "
ord 0 i .
32 0 50 100
= Relative Humidity

Fig. 13. Extinction Coefficient
vss Relative Humidity (Ref 30:5)

Table 111

Approximate Limit on Visibility vs. Relative Humidity
%4 Relative * .midity | 30 40 50 60 70 80 90 100
Maximum ¢ (Kmnl) 05 | «15 | «3 .8 8 1.2 { 1.8 | =~
Minimum C (Km—l) «05 + 05 « 05 + 05 «05 «05 + 05 + 03
Approx. mininmum
true visibility 80 26 13 5 5 3.2 {2.11%0
due to scattering
(Kn)

It is in the region of 80 ~ 100 7 relative humidity that visibilities
can go below 3 Km and the particle size distribution start to shift its
peak from below 0.1 i to above 2y for clouds and fogs. This transition

depends on the ratio of soluble to insoluble condensation nuclei and the

recent history of the aerosol.  For ~ac~t+ .re not within the state of
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the art at this time or in the forsceable futurc.

Therefore a liiear extrapolation of the attenuation coefficients at
0e42 p and 0.69 p, vhen corrected for Rayleigh scattering and water
vapor absorption, will yield:

1. a good approximaticn of the attenuation coefficient at 1.065 p, for
visibilities in haze above 3 Km, with relative humidities below 90%;

2. a good approximation in fogs or clouds or haze with a visibility
under 1 Km and humidities of 100%3

3. a fair approximation in the transition range between haze and fog,
hetween relative humidities of 90-100%, and between visibilities of

1-3 Kms In this region the extrapolation will slightly overestimate the
atten:ation coefficient at 1.065 p. Duc to the errvors inherent in
measuring meteorological range, this effect is probably negligible.

This linear extrapolation method yields the attenuation coefficient
at one ground éosition. This can be inserted into the bottom of the
homogeneous, exponential, or stratified model atmosphere to get an
attenuation coefficient as a function of altitude. From the illumina.or-
target range and target-receiver range this can.be used to yield a fotal

atmospheric attenuations This will be accomplished in Chapter 4.
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IV. Lock-on Range in a Real Atmosphere

Nominal Lock—-on Ranies

In a real (attenuating) atmosphere the transmission Ti through the

illuminator-target cptical path R is given by:

R

and the transmission Td through the target-detector path Rd is given by:

fd

(40)
d

The clear-air lock-on range Rdc given in Eqs (20) and (23) are r=zlated

to the true lock-on range Rdt bys

Rav = RacVTiTy (41)

The system parameter Rdc is independent of weather. The weather

parameter Td is independent of receiver system design beczuse the

recelver area is small. Ti is very slightly dependent on target area

due to beamspreading, significant only for narrow beams illuminating

large targets.

If the receiver and illuminator are together in the same aircraft,

R = Rd’ Ti = Td = T, sg:

Rae = RacT (42)
For a homogeneous atmosphere, often encountered below a strong
thermal inversion, 8 = constant and Eq (42) becomes:
- “-]BP\_
Ry = Bgel9 de (43)

for all dive angles. The solution to this cquation is plotted in Figure

14 for B from O to 40 dB/Ka, which covers the entire range of flying

47
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] weather conditions normally encounterede. At short ranges there will be

a significant but not prohibitive differences between Rdt and Rdc for

‘ most laser-guided .ystems for most weather conditions. At ranges beyond

3 Km, weather conditions can casily be encountexed that do not prohibit

flying by visual references but do prohibit a reasonably priced laser-
e

e €k R T

guided system from locking on to the target prior to launch.

Faan

The problem can be worked in reverse, going from a statistical

climatological analysis through attenuation coefficients and their

R S AR

statistical variation, through this chart to a desired clear—air lock=-on

range from which a system can be designed. It was stated once before in

the development of the zero-attenuation case, that increasing the receiver

Lo e i

sensitivity would increase the zero-attenuation lock—-on range by the

e

square root of the increase. This is true for the "clear air" case, but

for the atteruating atmosphere case the actual increase will be somewhat

5 B S

less. A knowledge of the climatological statistics is necessary to

predict the exact amount.

PR AR ST

If, for example, from Figure 14 the expected

3 atmospheric attenuation is 5 dB/Km (about 2 mile visibility) and a
system is designed for a zero—-attenuation lock-~on range of 2 Km, then it

will have an actual lock=-on range of 0.8 Kme Jf the recciver

X sensitivity were increased by 100 times (very ecasy to do for present

F operating systems) then the zero-attenuation lock-on range would be

increased to 20 Km. Following the same 5 dB/Km attenuation line up to a

new zero—attenuation lock-on range of 20 Km, however, yields an actual
lock-on range of 2 Km, or what the system was designed for in the

absence of an atmosphere. If the visibility were to double, the actual

lock-on range would increare by 65% for this combination of atmospheric

attenuation, system lock-on range, and homogeneous atmosphere.
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For an exponential, unstratified atmosphere, § = B<h=0)exp(-h/1.2)
(Ref 37:7-1), where the height scale factor 1.2 is an average of a large
number of field mecsurements. Therefore if 6 is the aircraft dive angle
and the height h = R sin 8, then:
Ry Rat sin g

KW
07 1) BRYR | o=l B(n=0) e dR
c 0 de

0

= 4
Rye = Ry (44)

Eq (44) was solved and plotted in Figure 15 for a 60° dive angle and for
B(y=gy E¥OM O to 40 dB/Km. Plots for 10°15°,30°, and 45° dive angles
are in Appendix C. AFCRL data (Ref 37:7-3) shéws that this model can be
used up to a 10 Km altitude.

The graph for the 10° dive angle is nearly the same as the graph
for the homogeneous atmosphere case, as would normally be expected; the
differences that occur are significant only at the longer ranges and
middle attenuation coefficients. The graphs shift slowly as dive angle
is increased to 600, showing steadily improving performance as the dive
angle increases. It is not necessary to include curvature of the earth,
as some have suggested, as the aircraft is not physically at a 100 Km
range. If the system is designed so that it could acquire and track the
target at a 100 Km range in a zero-attenuation situation, then in a real
atmosphere with the aircraft at ranges less than 10 Km the system would
lock onto the target at a range of "x" Km.

The improvement of lock-on range with increased dive angle is
dependent on the target reflective cross section not increasing as dive
angle increases. The importance of this fact cannot be overemphasized.

It would be very misleading to imply that an increased dive angle
improves lock-on range, cven if all atmospheric conditions ave constant.

The reflective cross section of wne real target as a function of dive

-

o v arag
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angle must be known to work the total problem. This is closely related
to the recommendation on page 19 for follow-on studies of real-target
reflective cross s»ction analysis. If the target reflective cross
section were doublcd, then the problem could be considered as if the
receiver sensitivity were doubled, which was discussed on page 49. It
is recommended that the results of the follow-on study suggested above
be inserted into this sub-problem and that charts be made of the total
problem for different dive angles as was done hare, but including the
effects of the changing real-target reflective’ cross section as dive
angle is increased.,

For a real, stratified atmosphere, the vertical profile of a test
flight over Memmingen, Germany on 3 June 1970 (Ref 18) was closely

modeled by:

+01 dB/Km above 5 Km altitude

+09 -dB/Km between 1,7 =~ 5 Kin altitude (45)
61 = varied in steps for each computation but constant in

each computation from ground level up to 1.7 Km.

w0
w
non

which were approximated from the measured total=-scattering functions
for red (.68 p) and blue (.48 p) filters on the test aircraft. On this

day the thermal inversion was very strong and located at an altitude of

1.7 Km« The flight was in the afternoon so there was considerable

thermal convective mixing, as evidenced by the constant scattering

functions below the inversion. For these computations the bottom layer

attenuation coefficient was set at various values to create a family of

curves for this type of atmosphere. If the aireraft is below 1.7 Km

altitude, a homogeneous atmosphere results, and the attenuation is = SR,

for h = R sin § < 1.7 Kme If the aircraft is between 1.7 - 5 Km altitude,

a two-layer stratified atmosphere results, and:
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» 107
sin 8 Rdt ]
A =.[élcuz+ B, dR= ——5(1.78, + +09R, sin 6 = .153) (46)
0 1.7
sin 7
i If the aircraft is above 5 Km altitude, a three-layer stratified
: atmosphere results, and:
3 1.7 5 .
: sin & <sin 6 dt
3 1
2 t = o] = ee—m——— . [] L] i 7
? A jBldR+ r,2<1R+_[s3da ST g(1e78) + 2247 + OLR;sin 8)  (47)
S 1-7 5

sin 6 sin 8
This stratified atmosphere problem was solved and plotted for a 60° dive
3 angle in Figure 16. The charts for 100, 150, 300, 45° dive angles are
in Appendix C. The second inversion at 5 Km altitude has little effect
on the lock-on range, but the inversion at 1.7 Km is very cor.spicuous.
Above the main inversion, an increase in system-desigred (zero-
attenuation) lock-on range has an almost equal increase in the actual
lock=~on range.

This form of computation is valid for any number of inversions at

any altitude. The three cases can be combined: an exponential atmosphere
above an inversion and a homogeneous atmosphere below. Further, if it is
known that a little mixing is occuring below an inversion of unknown
strength, the homogeneous atmosphere chart can be used for a worst case
and the exponential atmosphere charts can be used for a best case.

Variation in Lock-on Ranges

The nominal lock-on range will vary considerably ‘rTon secoud to
second in the tactical combat situation. The reflective cross section
of a TSAC jeep model with an olive drab paint has & standavrd deviation

of + 287, so the lock-on range will have a standard deviation of 14% for
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that factor alone, even neglecting the bright sp2cular reflections. In
their experimental validation of their model, TSAC (Ref 2:49,53)
encountered a 10% fluctuation in the power outpui of their military
1,065 p laser illuwinator. This author using a shoulder-fired laser

illuminator encountered fluctuations of 257 many times in every 5-second
P

" firing test. A standard deviation of these laser power readings is not

available, but will be approximated at +8%. This will cause a standard
deviation in lock-on range of +47% for tluls effect alone.

Variations in detector threshold are extremely temperature-
dependent, and unless temperature-compensated electronics are employed,
will cause considerable variation in lock-on range for seeker-limited
systems. Background-limited systems arc not similarly affected; but
they have other limitations which depend on the design of their circuit
and imaging systems. The variation in cos Gd is assumed to be smali,
hopefully due éo proper system design. If the angle ed wvere off by an
arbitrary 20°%, then cos 6d = +94, resulting in a maximum of 3% reducti;n
in zero~attenuation lock—-on range.

Atmospheric fluctuations fairly well average out when the atmos-
pheric visibility is over 3 Km, but may fluctuate locally up to a factor
of six when the atmospheric visibility is under 0.5 Kme This is an
unpredictable but very significant factor when attacking a ground target
surrounded by a shallow but dense ground fng or a thin stratus layer.
The biggest variations in determining the attenuation coefficients are:
1. Estimating the metcorological range through optical filters. This can
easily cause an under- or overestimation in the attenuation coefficient

by a factor of two at the observer's position.

2, Identifying the vertical structure of the aervsol concentration of

:
1o 4225
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_the atmosphere, from the observer up to at least above the first strong
inversion layer or stratus layer.

This uncertai..ty in the weather element car be greatly reduced by
bouncing a lidar r.dar at 1.065 p off a large t:thered weather balloon
as it is raised through the bottom layer of the atmosphere, and measuring
the real attenuation in that atmosphere as a function of altitude. The
reflectivigy of the balloon could be increased to nearly 80% by spraying
with aluminum paint. As the balloon is spherical, stabilization is
unnecescary. Since the balloon is tethered, it can be rezovered. This
method shouid be very successful when the first strong inversion is
below 1000 feet (0.3 Km), as it often is in central Europe. It was
intended to experimentally test this concept but equipment and weather

problems prevented actual tests. The experiments actually conducted

are described in the next chapter.

e e e e e e e e e h
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V. Experimental Test of Real Atmosphere Problem

Experimental Concepts to be Tested

Goal i1 was tc measure the ground-level, horizental atmospheric
attenuation at 1.053 u, 0.695 4, and 0.42 3 simultaneously in different
_haze and fog conditions, to determine if attenuation at 1.065 p could

be determined from measurements of meteorological range through narrow-

band filters in the visual portion of the spectrum. Attenuation at the
3 first wavelength was to be measured directly by firing a shoulder-
3 mounted laser illuminator at a receiver {rom three known distances.
“? Goal #2 was to measure the slant-range atmospheric attenuation at
1.065 @t by bouncing the illuminator beam off an aluminized weather
4 balloon and analyzing the returnad signal with a telephotometer and
. oscilloscope. Dve to the lack of funds and time, suitable receiver
'y equipment could not be cbtained during the short thesis perioed, so goal
#2 could not be achieved.

Experirsntal Organization cnd Procedure

: '45 The shoulder~fired, Nd:YAG, repetitively q-switched laser
illuminator had a diffuso~ cap which spread the lascr beam over a 600
v cone. This illuminator was fired at the receiver {rom distances of 70,
% 200, and 300 fect. The power was received by an EG&C spectroradiomrter
with a 100 f monachromator centered on the laser line at 1.065 + 0.002p.
The receiver had a 14° field of view (0.18 steradian solid angle) and
was electrocryogenically cooled, with an S-1 spectral responses leccived
signal strergth wac read or the large internal mecer; it was not possible
to modify the borrowed equipment for any other output.
Measurements were made on the roof of the AFIT School of Eupineeriyn:

Building 640, Wright-Patterson AFB, elevation 1004 feet above rean sea

s M AR T Sgp e P BN L ey e L2
e et Wk DT WOz N R Sl
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level. Only three days between 1 Oct 1971 and 7 March 1972 had suitable
weather for attenuation measurements in hazes 26 Oct 1971, 10 Jan 1972,
and 20 Jan 1972. LlLorrowed equipment was not available on the first two
days and from 24 Jan = 7 March 1972. Therefore enly one day was

available for measurements, although equipment ard procedures were

-
tested on scveral cther days. On 20 January the white light visibility

varied from 800 feet in dense, warm, postfrontal fog, to 7 miles in
light haze below a thick overcast stratus layer. The temperature varied
from 51°-54°F and the relative humidity varied from 937%-100%.

A spectral scan of the backgreound from 1.0-1.1 y was made at 1200
hours on a heading of 085° (magnetic) and at an uplook angle of 5° to
clear the horizon, into a moderate fog fusing into a very dark, thick,
low overcast.

Five complete sects of measurements were made. In each set:

1. The meteoroiogical ranges in white light, through narrowtand red,
narrowband blue, and wideband red filters were measured directly by the
author. 7The distance to the farthest visible objects was determined
from base engineering maps and local aeronautical charts. Several
distant buildings, telephone poles, tree lines, or other black/white
objects were used to determine observed (not the true) meteorological
range. If time and budget had permitted, a set of large black and <hite
panels would have been sct up in a line and photographed curing the
experiment through the red and blue {ilters for a later microdensitom:ter
analysis of contrast degradation. The intent of the experiment was,
however, to determine whether estimates of the visibility through ved
and blue filters could give an approximete attenuation cocfficient, by

quick and simple ficld reteorvological mcasurement:.

58
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2. The laser illuminator with the diffusor cap on was fired at the
receiver from distances of 70, 200, and 300 feet; the received ¢ignal
strength was recor-2d. Background strength was recorded before and
after each lzser firing. Unfortunately there was a 257 ranrdom
fluctuation in the laser signal (This had not occurred during prior

Pt

trial tests.), and the meter needle would fluctuzte randomly within a
25% range many times per second. It was necessary to '"eyeball average"
over a 5-second interval. Either the laser was not firing every time,
or the pulses were not uniform in power and total energy. The meter
maximum, minimum, average, and uncertainty of the average were recorded.
3, A detailed description of the weather, temperature, and relative
humidity were recorded. These were compared with the Wright-Patterson
official weather observations taken 5 Km northeast, and with the
vertical temperature profiles taken 17 Km Northwest at Dayton Municipal
Airport. ‘

The receiver was scznned i5° across the transmitter with no change
in readings. The transmitter was scanned jﬁo acrnss the receiver with
no change in readings. Therefore aiming of the transmitter or receiver
was not a problem.

Analysis of Data

The spectral scan of the background sky is presented in Figure 17,
which appears to be a combination of the severcly attenuated solar
influx wvhich decreases with wavelength in this region, and the black-
body radiation of the overcast cloud layers which increases with

wavelength in this region.
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5 i 1200 EST, 20 Jan 1972, Wright-Patterson AFB; 14 field
: of view = ,18 gteradian; azimuth = 085 (magnetic);
% elevation = +5 .,
2 Fig. 17. Spectral Scan of the Background Sky
5 The experimental data is tabulated in Table IV. The attenuztion
3 coefficients are determined from Eq (38), for the wavelengths in the
b
B optical region. The laser beam attenuation coefficients can be
§ determined by (from Appendix D):
; 1.7 (R 2
g 1 . . -
i B = 10 __ 108, {:— [Tl in dB/units of R (48)
(Rl“Rz) .'.O.L R
b 2 :
% where:
; I1 = intensity (irradiance) at range R1
I,=

5 intensity (irradiance) at range R2

7

If the errors in Rl’ RZ’ Il’ 12 are small, then the error in 5 is (from

VT

Appendix D):

AL AL

38 38 343 1 2
AB =""‘AI """‘AI et | — e — 49
3T, 717 3L5 2 Ry=R) | I, I, (49)

For large errors in any of the variables or in §, it is best to compute

a new B. The results of these computations are presented in Table IV

and Figure 18.

The problem of nonuniform {iring within the lager illuninator was

most unfortunate., The experiment was not repeated hecause the laser
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was not available and the weather was not sufficiently hazy. Since only
the relative intensities for the three distances is used in calculations,
and if it can be assumed that the problem with the laser illuminator was
constant for all th: firings (as it seemed to be) then the average of

the meter fluctuations is meaningful.

The vertical temperature profile of the atmosphere,taken at 0700
and 1900 EST, 20 Jan 1972, and 0700 EST, 21 Jan 1972, from Dayton
Municipal Airport, appears in Figure 19. A warm front passed Dayton
about 1000 EST on 20 Jan 1972.

The spe;tral response of the three filters used in this expariment
was measured on a spectral transmissometer, pointwise corrected for the
zero and 100% lines, and reconstructed in Figure 20. The narrowband
blue filter greatly reduced the apparent brightness of the surrounding
landscape and made visibility judgement difficulte The spectral response
of the blue ana violet landscape also made visibility judgement difficult.
The narrowband red filter likewise had the same problem as the blue anﬁ
was too far towards the infrared. The wideband red filter had excellent
characteristics; determination of meteorological range was far more
precise and much easier. Measurement of visibility through wideband red
(0:.60-0.70 p) and wideband blue (0.40-0.50 p) filters will probably yieid
much more accurate results than the narrowband filters selected for this
experiment. Adverse effects of the spectral characteristics of the
surrounding visual references should also be reduced with the wideband

filters.

Results of Test

Due to weather and cquipment problems the results of this test are

inconclusive. The meteorological range through the blue filter was too
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o ) Vertical profile from Dayton Municipal
Airport, 17 Km northwest, US Weather Bu.

o . Frontal passage approx. 1000 EST, 20 Jan,

Elevation of test site 1004 MSL.

_“k: I, Elevation of Dayton Munis 1003 MSL.
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Fige 19. Atmospheric Vertical Profile
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low to match the theorye The spectral response and inherent conira.
through red and blue filters of the visual references around the tew:
site werc not measured due to a lack of time. Additiorally, it was
desired to develop a system applicable to general field use by uncrai:
personnel and with an absolute minumum of equipment.

This test needs to be repeated with a stable, single-mode, 1.0:7

laser illuminztor, and wideband red and blue optical filters. A Ciw 1

is recommended.
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VI. Conclusions and Recemmendations

1. The most serious reduction of the lock-on range at 1.065 p is caused
by the aerosol atteuuation of haze, fopgs, and clouds. The most
important clements »f acvrosol attenuation are the aerosol composition
and size distribution, which vary extremely with time, location, and
altitude. Determination of aerosol attenuation coefficients from
routine nonvisual meteorological measurements is beyond the state of the
arte Relative humidity is not a useful indicator of aerosol composition
or attenuation. It should be possible to determine attenuation
cocefficients from an extrapolation of the coefficients at nearby
wavelengths in the visual range, which could be determined from measuring
the visibility through wideband red and blue filters. This concept was
tested against calculations and measurements of other researchers with
successful results for most cases. Experimental tests of this concept
were inconclusive due to equipment problems and a lack of suitable
weather, It is recommended that the experiment be repeated with wideband
filters and a stable, CW, laser illuminator.

2. Lock-on ranges are strongly affected by changes in the target
reflective cross section, which may change by a factor of 2 ~ 3 times
for different illumiration and observation angles. The reflective cross
sections of dirty or v . surfaces are unpredictable at present. It is
recommended that the veflective cross sections be computed for several
enemy threat vehicles for all viewing angles, for clean, wet, and dirty
surfaces. It is recommended that the reflective cross section as a
function of dive angle be determined, and this function be iaserted in
the total atmosphere leck~on range problem of Chapter IV,

3+ The vertical structure of a .4l atmosphere can be bracketed betwcen
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an exponential, unstratified atmosphere (for no thermal mixing or

convective activity for several days) and a homogeneous atmosphere

(considerable convec:tive activity below a strong thermal inversion).

T YT

Computer solutions {or botl. ({a2ses, and for a measured atmosphere from
flight test data, were computed for five dive angles between 10%- 60°

and for surface-measured attenuation coc¢fficients between 0 = 40 dB/Km.

O SR U 0. ol SR S R AN ol

Inhomogeneities in the atmosphere average out when the visibility is

TR

over 3 Km, but can cause fluctuations of 254 below 2 Km visibility and

o

fluctuations of 600% below 0.5 Km visibility.
4. The lock-on range can be increased several orders of magnitude
using cryogenically cooled optical arrays and electronic circuits that

discriminate against extended area returns and false targets from the

i s A | PEAIES LN AEON Ao 2D

highly reflective background or foreground objects also illuminated by

3 the laser beam.
; S« The contrast threshold characteristics of the photopic eye as a
X function of wavelength are not known. It is recommended that a black/

white (black velvet/white magnesium oxide) target be viewed through many

e S

: narrowband and wideband filters to determine the contrast threshold

Pt ataiadon)

characteristics of the photopic eye as a function of wavelength and

filter bandwidth.
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Appendix A

Comparison of Beam Divergence Definitions

A computer program was developed to integrate the energy of a
gaussian beam thec was contained wilthin a cone of increasing angular
dimension centercd in that beam. If K is the portion of the heam's

energy within the cone, then (from Eq (2)):

Pz 2 r' 12
r I
e &) [ e et &)
K:j‘]:c—ze (" 7:drdG=J —%}-QC( )dr=l v (50)
MW W
00 0 .

At the 90%Z enclosed-energy points, K = +9000, so when % =1y, ¢ =1n 10

= 2.3026. The integrating program was developed at this point to tecst

the program against exact integral Tesults just performed. The progran

integrated Eq (50) by a gauss 15~point integration subroutine GLDI from
the AFIT computer center, with an interval size 1/5 of the integrotion

limits, thus creating an effective gauss 75-point integration. The

values if K were computed irom 0 < < 2.5 in steps of 0.05 by

x?
repetitive iteration. These values agreed wvith the exact solution of
Eq (50) to the third decimal place. The program was used soon after-
wards for difficult integrals that could not be checked against the
exact solutions: a gaussian beam illuninating a rectangular target.
Now to compare the relative widths of the gaussian curves. For &
beam defined by Eq (2), with v as the only variable, leusing at the
gaussian exponential and thorefore ncglecting the integrating height-

norralizing constunt when corparing beam widthos

A 2
D =243026(% [ .
i_g_;.;. =T ROG e ¥ Va2 1{-{15 (51)

T

Eq (51) gives the relationship between column 2 and coluint 5 in Table
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2
I. For example, row 5: by this definition I(r)/I(o) = 1/e” = 0.1353.

Therefore:

¥ = 2.3026/Vin ©®  =1.075
which is the multiplicative factor for converting this defined laser
beam width to the standard definition of beam width for this tlesis.

By setting r = w and letting I(r)/I(o) be as defined for each row,

(52)

Eq (52) gives the relation between column 2 and column 2 of Table I.
For examplé, Tow 5. By this definition: I(x)/I(0) = l/ez. Therefore
¢ = 2.0000. Finally, for each row, setting r = w, and having computed
c from Eq (52), Eq (50) can be used to detcrmine the total energy

enclosed by the cone, in column 4 of Table I.
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Appendix B

Integration of Beams Across Targets of Varicus Shapes

For a constant-irradiance cone of light falling on the center of a
circular target, cthe ratio of power intercepted by the target (Pt) to

transmitted power (P) (neglecting any atmospheric effects) is given by:

KE"“=(§) for h< d
(53)
K =

. for h> d
where h = the vertical dimension (height) of the zound target, and d =
the beam diameter at the target position. '

For a constant-irradiance beam of diameter d illuminating a

rectangular target of height h and length nhk. There are four possible

cases, diagramed in Figure 21.

Target

Beam

ol

\____\‘(___)

P

—— -
nh
2

ey

[=5

Fig. 21. Guoretry of Constant Beam on RecLangular Target
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; Case a. When h > d, all the beam energy is on the target, and K =
Case b. When %'<-%-< 1, then for each quadrant, all the beam encrtgy
— ¢
between 0 < 8 < §, is intercepted plus the energy in the triangle

between 92 < 8 < 20° If the total beam energy is normalized to unity,

R

then the irradiance is H = 4/fxd”. Since 62 = arcsin(%),

92'-:8.'?{'51?1('3) v=d /2 'TT[?_ I‘=h/2 sin 6
4
K=fu dS=Zj f-‘—‘;rdrdeuj f-—iirdrde

, S md™ h aid
A 0 0 62=arcsin(-) 0
3 d
:
. 2 .
A 2 h 2h _¢h ,
ﬁ = r051n( ) + = - 1 (d) (54)
4

—t
Vi + n?

quadrant is that in the triangle from 0 < 6 < 61, plus the circular

Case c¢. When < %»<

S

s then the energy intercepted in cach

* T AT

sector from 61 <6< 82, plus the triangle from 62 < 8 < 90°% Since

i nh
61 = arccos(d )

—nne nh =nh /2 ~ec = 2 =/9
61 u1ccos(d ) r=nh/2 cos 6 62—arcsLn(d) r=d/2

3 a4r {
; K=l¢f L drde + 4 ~E5 dr 48
5 d” nh 7d
! 0 0 el—alccos( ) 0
/2 r=h/sin 6
7['—’“ dr de

emmnﬁ)

= 2[resine® - arccos @y + 2\ 2, 20\ [ b2

= ﬂ[}r051n(d) m,ccos(d ﬂ o 1= ( ) ﬂd 1 (d) (55)

Case d. When all the target is in the Leam, the ratio of target arca
2
(nhz) to the beam area (md™/4) is the fraction of encrgy interccpted,

2
. = 4nch
K = 25 (56)

For a gaussian beam on targets of differcnt shapes, the total power

intercepted by the target can b solved by one case, since the gau::3.n
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beam has no discontinuities and is very much larger than the target

so can be consideved filling the transmitted hemisphere. For the round

target, the probi:m is the same as in Appendix A:

. B h.2

K =1 - e 20 026(p (57)
% For the rectgngular targets, no exact solution exists, so a numerical

é integration ({rom Appeadix A) was uscd at each of 100 points frem n =

? 0 ton =

2.5, as for the constant~irradiance problem above. Using the

iy

same nomenclature as above, with 61 = 62 at the corner of the

304

rectangle, So 61 = arccot n,

TR

: 91=arccot(n) r=hn/cos(8) /2  r=h/sin(8)

! T

= M 14 = e

r K =4 9:2104x (=9:2104(q) 41 gg+ 4 Same dr d@
3 e integrand

: 0 0 61=arccot(n) 0

y =arccotl 22

: 6, =arccot(n) [_?_2_1_11 n} /2 [9'2104 ho

E =1 - Z%ﬁggﬁ e a? cos?o 46 - 2.302% o La= sin‘@Jde (58)
3 T

: 0 81=a¥ccot(n)
: A computer program was created to solve and plot Eqs (54) - (58) for

bRy Rt e

values of n (where appropriate) from O to 2.5 in steps of 0,025, for

a circle, square, and rectangles.
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Appendix C

Lock=on Range Charts

These eight chart+s are discussed on pages 51-53.
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Appendix D

Computation of Attcnuation Cocfficients

1f I1 = intensity received at near distance Rl’ 12 = intensity
received at far distance R,, and B = attenuation coefficient in dB/unic

length of R1 & Rz in the experiment in Chapter V, then:

[ ?
IO - .B_I.{.l.] 2 +[.B..1.i]
11 = —3-10 L 10J , or IO = IlRl 10 L 10 (59
R
1
IO —F_SE.%] 2 +[.B._I.{£]
I, == 10 L 104 4 or Io = IZRZ 10 - 10 (60)
R
2
Therefores FRl] FRZ] ! 2
(.- o] ——— - .‘A\‘
1.8% 10070) = Lr%10°70° , or 108(Ry ~ R/10 UL (61)
11 272 1 P2
272
And: T 2
10 1 1
B =m—5 log,g 1T 1T~ (48)
(R2 Rl) 10 12 LZ
For small A8, AI., AI: A8 = éﬁ'AI - §§-AI (65)
1 2° 511 1 8ij~2 -
The negative sign of the second term is necessary because &Il and A12
have opposite effectssy an increase in I1 alone will increase 8, but an
increase in I, alone will decrease B
The relationship between £ and visibility is as follows. The true

meteorological range (true visibility) is the range at which concrast
is roduced to 2% (note some countries use 5%), or:

0.02 = 10-8Y¥/10 » or 8V = 10 log, 50 = 17.0 - or g = 1.0 a7y
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