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ABSTRACT

The performance of atmospheric optical communication systems
is, in general, strongly dependent on meteorological conditions.
This investigation addresses operation in the middle ultraviodlet
(20008-30008) and the use of scattered energy as a means of reducing
this dependency.

The atmosphere has been characterized for purposes of
ootical communications. The basic constituents are gaseous mole-
cules, aerosols and precipitating matter. All possible inter-
actions of optical radiation with the constituents are considered
as either coherent scattering or absorption and are completely
described by absSOrption and scattering coefficients and single
scatter phase functions. The mid-latitude winter supplement to
the standard U.S. Atmosphere was selected as the baseline atmos-
phere and was augmented by two aerosol models.

A theoretical model to describe the temporal characteristics
of scattered radiation, when csingle scatter conditions prevail,
was proposed and developed. The model is hased on the focal radii
property of a prolate spheroid (the sum of the focal radii is
constant for a given surface). It essentially associates all
scattering events occurring at a given prolate spheroidal surface
with a given instant in time when an impulsive isotropic trans-
mititer is located at one focal point and the receiver at the
other., The model was extended to include isotropic, Rayleigh
and Mie scattering, where the single scatter phase function for
Mie scattering was approximated by the Henyey-Greenstein function.
Various combinations of abscrption and scattering coefficients,
phase function anisotrooy, and transmitter/receiver ranges and
geometries were evaluated.



Absorption and scattering coefficients and phase functions
were computed for the middle ultraviolet based on the selected
atmospheric models. It was shown that scattering predominates
at 30008 and absorption at 20002 and that both scattering and
absorption increase as wavelength is decreased. A short wave-
length limit on horizontal propagation through the lower atmos-
phere is established at 20008 by molecular oxygen absorxption.
Primary and scattered energy (vs. time) were computed for the model
atmospheres when the transmitter and receiver were isotropic and
separated by a distance of 0.25 Km. The magnitude of the scattered
energy was shown to be almost identical at 25008 and 3000A. Primary
and primary plus scattered energy were considered as visual range
decreased from 23 Km to 5 Km. It was shown that =15% change was
experienced in primary energy as compared to =3% for primary plus
scattered if the collection of scattered energy occurred over a one
nanosecond interval.
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In Section 2, the atmospheric constituents will be
identified and associated with appropriate number densities and
size distributions. Two specific atmospheric configurations
will be selected for use through out this investigation.
Section 3 will address the optical properties of the atmosphere
i.e. define and describe the possible interactions of electromag-
netic energy and the atmospheric constituents. The specific
properties for the baseline models will also be determined. The
propagation of optical signals thru the atmosphere will be addressed
in Section 4. Since it is desired to take advantage of scattered
radiation, it becomes imperative to address the temporal response
of the atmosphere. A theoretical model for determining the in-
stantaneous intensity of single scattered radiation and the distri-
bution in time of the total collected scattered energy as a func-
tion of the optical properties of the atmosphere, transmission and
reception geometry and distance between transmitter and receiver
is proposed, developed and applied for the baseline atmospheric
model in the middle ultraviolet region. Section 5 briefly addresses
the operational background and Section 6 contains conclusions and

recommendations.



SECTION 2 - ATMOSPHERIC CONSTITUENTS

1. INTRODUCTION

2. GASEOUS MOLECULES

3. SUSPENDED PARTICLES (AEROSOL)
REFERENCES :

1. INTRODUCTION

The atmosphere may be thought of as molecular gas in which
solids and liquids are suspended (aerosols) and from/through which
liquids and solids may be percipitating. The exact make-up of the
atmosphere at a given point and time is a function of geographical
location, altitude, time of day and time of year, weather (humidity,
wind, temperature, etc.) and the degree and type of human activity
(farming, urban, industrial, etc.) in the general area. This sec-
tion will be mainly concerned with the physical properties of the

atmosphere. Optical properties will be covered in Section 3.

2. GASEOUS MOLECULES

The important molecular species (for purposes of ultra-
violet communications) are: nitrogen, oxygen, carbon dicxide,
nitrous oxide, methane, carbon monoxide, water vapor and ozone.
The number densities of these molecules are relatively stable,
except for water vapor and ozone.

The sea level configuration of the "Mid-Latitude Winter

(1)

Supplement" to the U.S. Standard Atmosphere, 1962, was selected

as the baseline atmospheric model for thi's investigation. The
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molecular species and their number densities are listed in Table 1.

Pertinent physical characteristics are listed in Table 2.

3. SUSPENDED PARTZICLES (AEROSOLS)

The Suspended Particles are a result of natural processes

(3) (4)

and human activity. They include hydroscopic, dust-like and
organic substances as well as water droplets and ice crystals,

and range in size (radius) between 10-3um and lOzum. Variations
in the number density, size distribution and complex index of
refraction of these particles are responsible for the large varia-
tions in the optical properties of the atmosphere. Numerous
groups are presently attempting to establish the origin, produc-
tion and annihilation rates, properties and the functional depend-

encies of these particles on meteorological conditions, human

activity, etc.

For purposes of analytically determining the propagation
characteristics of optical radiation through the atmosphere,
several properties of the asrosol must be available, most impor-
tant of which are particle size distribution, number density,
shape and complex index of refraction. A recent paper by
E. Shettle and R. Fenn(s) summarizes the present understanding
of the subject and proposes three general model (rural, urban
and maritime) which are based on considerable experimental evi-
dence. The size distributions for these models are expressed by
mathematical functions and remain constant for visual ranges
between 2 Kms and 50 Kms. The number densities are proportional

to visual range.

11



Chemical Number (cm-akm)
Molecule Formula Density stp/Km
cm_3 Horizontal
path @S.L.
. 19 4
Nitrogen N2 2.10x10 7.808x10
Oxygen 0, 5.63x10°8 2.095x10°
15
Carbon CO2 8.87x10 33
Dioxide
. 12
Nitrous N20 7.28%10 0.028
Oxide
‘ 13
Methane CH4 4,30x10 0.16
12
Carbon Cco 2.03x10 0.0075
Monoxide
17
Water H20 1.17x10
Vapor
0zone o, 6.7 x10tt(2)
Air S 2.69x10%2 10°

Table 1 - Molecular Density Data for the

Mid-Latitude Winter Supplement to the
U.S, Standard Atmosphere at Sea Level

12



Geometric Altitude: 0.0 m

Temperature: 272.2°K
Pressure: 1.018x103 mb
Density: 1.301 Kg m-'3
Molecular Weight: i 28.97

Particle Speed: ' 458.9 m aec—l
Collision Frequency: 6.92x10° sec t
Mean Free Path: 6.63x10"% m

Table 2 - Pertinent Physical Characteristics for the
Mid-Latitude Winter Supplement to the
J.S. Standard Atmosphere at Sea Level

13



Since a large percentage of the particles are hydroscopic
(60-70%), it is expected that the size distribution will vary as
a function of the amount of water vapor present in the atmosphere.

(6) (7)

Several investigations clain that the shift in size dis-
tribution is negligible below a relative humidity value of 0.7
and that the size of the hydroscopic particles may increase by

as much as a factor of 10 between relative humidity values of

0.7 and 1.0. A rough estimate of visual range based on relative
humidity indicates that visual range will be less than 1-2 Kms
when relative humidity is greater than 0.7. When the visual
rargJe is less than 1-2 Kms, the description of the number densi-
ties and size distributions of both the suspended and precipitat-

ing particles become quite complex and hasn't to the author's

knowledge been analytically described.

For purposes of this investigation, the molecular gas
model defined in Part 1 will be augmented by two aerosol models(z)
which closely correspond to the "rural” model discussed above.
Visual ranges of 5 Kms ("hazy") and 23 Kms ("clear") corresponding

to 1.373x10% and 2.828x103 particles cm™ >

will be utiliced. The
size distribution is the same for both the 5 Km and 23 Km models
and is shown in Figure 1. The density function n(r)/Ar has been

normalized to 1 particle per cm3.

14
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Figure 1. Aerosol Size Distribution Used in Computing
Attenuation Coefficients
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Figure 1 - Aerosol Size Distribution
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SECTION 3 - OPTICAL PROPERTIES

1. INTRODUCTION

2. GASEOUS MOLECULES
(a) Molecular Scattering
(b) Molecular Absorption

(¢) Interaction Coefficients

3. AEROSOLS
(a) Scattering from a homogeneous spherical particle
(b) Scattering from a polydispersed suspension
(c) Representation of the aerosol single scatter
phase function by the Henyey - Greenstein
function.

(d) Interaction coefficients for the AFCRL aerosol

models.
4. COMPOSITE MOLECULAR AND AEROSOL MODEL
REFERENCES :
1. INTRODUCTION

The interaction of optical radiation with the atmospheric
constituents (gaseous molecules and suspended and precipitating
matter) modifies the primary radiation field (that portion of the

transmitted field which has not underwent an interaction with

17



the constituents). The variations in the magnitude of these
interactions due to varying meteorological conditions are dra-

(1)

matic. Rosenberg states that "the scattering coefficient

of air in the visible region of the spectrum changes approximately
from 10-2 km—l for barely noticeable haze to lO4 km_1 for

extreme dense fogs, i.e. by a factor of 106.9 The primary cause
for these changes is variations in the number densities, size

distributions and the complex index of refraction of the suspended

particles.

For purposes of this investigation all interactions are
classified as either coherent scattering or absorption. 1In the
case of coherent scattering, energy lost to the primary field is
gained by a scatter field which is at the same wavelength as the
primary field. Absorption includes all other interactions (true
absorption, incoherent scattering, dissociation, etc.) where the
"absorbed" energy is essentially lost to the useful radiation

field (primary plus coherently scattered radiation).

In this section, expression will be developed for the in-
teraction coefficients (absorption, scattering and extinction)
which describe the magnitude of the interactions and for the
single scatter phase functions which describe the spatial distri-
bution of scattered energy. Specific values for the coefficients
will be generated for the middle ultraviolet spectral region
where the atmosphere will be characterized by the mid-latitude
winter supplement to the U.S. Standard atmosphere augmented by

the two AFCRL aerosol models which were described in Section 2.



The sum of the scattering and absorption coefficients is
called the extinction (volume) or total attenuation coefficient
since it determines the magnitude of the primary field loss.

It may be thought of as the effective blocking area per unit
volume. An appreciation for the above coefficients may be ob-

(2)

tained by considering the Bouger-Lambert Law which states
that the fractional decrease in the intensity of a collimated
beam due to its passage thru matter is proportional to distance.

The constant of proportionality is the extinction coefficient;

i.e.

ar

T = -kdl = - (kA + ks)dl

where: k (cm-l) is the extinction coefficient.

In general the coefficients and single scatter phase functions

are obtained thru combined analytical and experimental techniques.
For gaseous molecules where the radius of the particles (typically
2-5£) is much less than the wavelength of optical radiation the
scattering coefficient and phase function are obtain from Rayleigh's
fourth power scattering law. The absorption cross-sections are
experimentally determined for the various molecules present and

then in conjunction with their respective number densities they

are summed to obtain the absorption coefficient for the gas. For
aerosols where the radius of the particles is on the order of (or

greater than) the wavelenth of the optical radiation, experimental

19



data on the number densities, size distribution and complex index
of refraction are required before the coefficients and tha single
scatter phase function may be calculated via Mie's Theory(3).
The coefficients and phase functions are functions of wavelength,
particle size distribution, number density and complex index of

refraction. The coefficients which characterize a given medium

are the sum of those associated with each type of constituent; e.t.

-1
K=K + K (cm ™)
-1
= KA + KA + KS + Ks cm
m a m a
where: * the subscripts refer to:

A: Absorption
S: Scattering
a: aerosol
m: molecular
® K = extinction coefficient

* Ky = absorption coefficient

° K scattering coefficient

The coefficients and phase functions are now developed for the
middle ultra-violet spectral region based on the atmospheric models

described above.

2. GASEOUS _MOLECULES

(a) Molecular Scattering
Molecular scattering is described by Rayleigh's fourth-

power law of scattering. This law is a limiting case of the more

20



general solution by Mie where r {¢ X i.e. the radius of the
]

particles (typically 2-5A for gaseous molecules) is much less

than the wavelengh of the incident radiation. The scattering

coefficient is defined(4

Kg = g 3 (n-d) 6+ 3p
3N
6 - 7p

where: n = index of refraction

N number density of the molecules

p, = depolarization factor
6 + 3
Pn = depolarization term which expresses
6 - 7Pn the influence of the optically

anisotropic molecules on scattering.

Goody(s)

has calculated the scattering cross-sections and co-
efficients (®0°C and 1013 mb) based upon Penndorf's tables(4).

These values are listed in table 1 for the wavelengths of interest.

As a result of scattering interactions with particle(s)
a scatter radiation field is established about the particle(s).
In general it is not distributed symmetrically in space and is
described by a single scatter (scalar) phase function p(cos es)
where Bs is the scattering angle (determined by the forward
direction of the incident waves, the scattering point and the

direction of observation). The phase function is normalized such

21



Wavelength Scattering Scattering*
o

A (B) Cross-SecEion Coefficients
Oé (em®) KS (em )

2000 3.551 x 1072 9.542 x 107°

2100

2200

2300

2400

2500 1.258 x 10”27 3.382 x 107

2600

2700

2800

2900

3000 5.676 x 10720 1.525 x 1070

* The scattering coefficient is based on 2.69 x 10]"9 molecules/cm3.

TABLE 1: Molecular Scattering Cross—Sections
———cs 9Catterlng (ross—oections

and Coefficients

22



that:

Kg -1
I P(coses)dQ = K (cm

Q
The scalar phase function (Rayleigh phase function) which describes

the spatial distribution of radiation scattered from gaseous

molecules is:

B R S e e s mim e r sy hre g m m ey mem e

p(cose ) = 3 (1 + cos® @
S 4

— s = ee me e e ——

s)

Figure 1 is a plot of this function versus 95.

(b) Molecular Absorption
o o
In the 2000A - 3000A spectral region electromagnetic
fileds interact with the electronic structure (versus vibrational
or rotational structure) of the atmospheric molecules. Of the
eight molecules noted in Section 2 (N2, 02, C02, N20, CH4, co,

H,O and 03) , absorption only need be considered for Ozone (03) and

2
molecular oxygen (02) .

Absorption by a single molecule is characterized by
its absorption cross-section (O’A) . "Total absorption" cross-
section (oT) data (total absorption is identical to extinction)
is obtained experimentally and then adjusted by substracting out
the coherent scatter (Rayleigh scatter) contribution og to ob~
tain UA(°A= UT-US). |

23



Ra\/‘!(gk
\ —— Forward direc-
[ ) tion of inciden
waves.
/es
A
ISO*‘(‘O‘hg
VA \\‘\ Direction of
- ' observation

Rayleigh: p (cos es) = 3/4 (l+cos2 OS)
Isotropic: p(cos 95) =1

where: GS = scattering angle

FIGURE 1: Single Scatter (Scalar) Phase

Functions for Molecular and Isotropic
Scatterin Phase diagram
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The absorption coefficient for a given gas mixture
is obtained by multiplying the appropriate cross-section with
it's respective number density and then summing the contribution

from each specie; i.e.
n
¥, (molecular) = Z K; N; - om
i=1

Ky (molecular) = oA(oz)N02 + (JA‘03)N03 cm

where: N - 5.63 x 1018 molecules/cm3

11

N = 6,70 x 10 molecules/cms.

Absorption by ozone (03) consists of a strong continuum component

[o]
with weak bands (Hartley bands) superimposed(G). In the 2000A -

o o
30002 region greatest absorption occurs at N = 2553 A where

o = 1.16 x 1077 om?. Figure 2 is a plot of total absorption

cross-section (GT) verses wavelength. Due to the relative mag-

nitude of the coherent scatter contribution (cs = 3,551 x 10“'25

o - o

cm2 @ 2000A and 5.676 x 10 26 cm2 @ 3000A) to the total absorp-
ticn cross-section, the scatter contribution may be neglected and
O will be approximately equal to Op- Values for the absorption

cross-section and coefficient are listed in Table 2.

Absorption by molecular oxygen is negligible for

(] o [¢]
2600A < N < 3000A; however, below 2600A the weak Herzberg dis-
(6)

sociation continuum sets in and gradually increases the total

absorption cross-section as wavelength decreases. Although the

25
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WAVELENGTH A -

Fig. 44. Comparison of measured total absorption cross section data for Os between 2000
and 3000 A (from Griggs [1968]); solid line, Griggs [1968]; dashed line, Inn and Tanaka
(1953].

FROM: Critical review of Ultraviolet photoabsorption cross-
sections for Molecules of Astrophysical and Aeronomic
Interest; R.D. Hudson; NSRDS -~ NBS 38; Issued August
1971; Figure 44, P-69.

FIGURE 2: Ozone, Total Absorption Cross-Section
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Wavelengh Absorption Absorption

A(A) Cross-Section Coefficient*
O (cm2) Ky (cm—l)
2000 3.20 x 10712 2.14 x 107/
2100 5.47 x 10" +° 3.67 x 107/
2200 1.80 x 10718 1.21 x 107°
2300 4.54 x 10718 3.04 x 107°
2400 g8.03 x 10718 5.38 x 10°°
2500 1.11 x 10~/ 7.44 x 107°
2553 1.16 x 10~ %7 7.77 x 10°°
2600 1.10 x 107%7 7.37 x 10°°
2700 7.62 x 10718 5.11 x 107°
2800 3.72 x 10718 2.49 x 107°
2900 1.33 x 10718 8.91 x 10~/
3000 3.59 x 1071 2.41 x 1077

* The absorption coefficient is based on 6.70 x 1011 molecules/cm3

TABLE 2: Absorption Cross-Sections and Coeffi-
cients for Ozone

27



total absorption cross-section for O2 is much smaller than that

at O the number density of 02 causes a large absorption co-

37
efficient. Figure 3 is a plot of total absorption cross-section
verses wavelength. For oxygen, the contribution of the coherent
scatter cross-section (GS) to the total absorption cross-section
(GT) may not be neglected and therefore, must be substracted
out to obtain the absorption cross-section (UA). Values for

g 0, and the absorption coefficients K, are listed in Table 3.

T' "A

(c) Interaction Coefficiepts

The interaction coefficients for the molecular gas
defined by the mid-latitude winter supplement to the standard U.S.
Atmosphere are listed in Table 4. The coefficients are related

as follows:

Ky = KA(Oz) + Ki(°3) cm

K =K, + Kg cm

3. AEROSOLS

The aerosols represents a polydispersed suspension or, a
suspension of varying size absorbing/scattering particles. For
purposes of this investigation the particles will be considered
as homogeneous spheres posessing a complex index of refraction
where the particle size distribution is described by an appropriate

function. To characterize their interaction with electromagnetic

28
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Fig. 11. Comparison of measured total absorption cross sections for O. between 2000 and
2500 A ; 4, Ditchburn and Young [19621; X, Blake et al. [1966].

FROM: Critical review of Ultraviolet Photoabsorption Cross-
Sections for Molecules of Astrophysical and Aeronomic
Interest; R.D. Hudson; NSRDS - NBS 38; Issued August
1971; Figure 11, P. 32.

FIGURE 3: Oxygen, Total Absorption Cross-Section
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Wavelength Total Absorption Absorption*
A (A) Absorption Cross-Sgction Coefficiept
Cross-Sgction On (em®) Ky (em ™)
0. (cm®™)
T
2000 1.3 x 10723 1.27 x 10723 7.15 % 107>
2100 1.0 x 10 23
2200 6.0 x 1024
2300 2.5 x 10”24
2400 9.0 x 1072
2500 2.0 x 10°2° 7.42 x 10~26 4.21 x 10”7

* The absorption coefficient is based on 5.63 x 10

TABLE 3:

18 O2 molecules/cm3

Absorption Cross-Sections and Coefficients

for Molecular Oxygen

30



Wavelength Scattering Absorption Extinction
A(g) Coefficient Coefficient Coefficient
KS (cm ) KA(cm ) K (cm 1)
-6 -5 ~5
2000 9.542 x 10 7.17 x 10 8.12 x 10
2100
2200
2300
2400
-6 -6 -5
2500 3.382 x 10 7.86 x 10 1.12 x 10
2600
2700
2800
2900
-6 =7 -6
3000 1.525 x 10 2.41 x 10 1.76 x 10
TABLE 4: Interaction Coefficients for the Molecular

Gas Defined by the Mid-Latitude Winter Sup-

31
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radiation requires that the scattering and absorption coefficients
and the single phase scattering function be known. Due to the
range of the particle sizes being considered (.02um < r < 100um)
and the wavelengths of interest (0.2um <. )\ < 0.3um) the asymp-
totic approaches (i.e. Rayleigh fourth power law when r <<\ or
geometric optics when r>>)\) do not apply and a rigerous solution
of Maxwell's equations is required. Since the particles are

being considered as spherical and homogeneous, the solutions of
Mie(3) maybe utilized to derive the cross-section and the phase
function for a single particle of a given size parameter (x=2nmr/)\ )
and complex index of refraction. Since interference between par~
ticles may be neglected (cgpter-to—center distances of separation
greater than 3 radii)(z) the absorption and scattering coefficients

and the phase function for the polydispersed suspension are the

sums of the individual particle contributions in a unit volume.

The steps and equations involved are discussed in subsequent
paragraphs. The approach is similar to that of Hottel and Sarofim(z),
(3) (7)

Van De Hulst and Deirmendjian . Actual values will not be

calculated.

(a) Scattering From A Homogeneocus Spherical Particle

When electromagnetic radiation impinges on a homogeneous
spherical partical possessing a complex index 6f refraction,
some of that radiation will be absorbed and some will be scattered.
The absorption (QA) and scattering (ds) cross~sections and the
scattering phase function [p(eﬂ characterize these interactions

(2)

with the particle and are derived as follows:
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Let the radiation scattered from the particle be:

p(es)_ti§ I = _1/2 5 [il.(es) + i1l (es)] I watt
4 (27 /2) St
Y . .
—p (es) = — [1l(65) + iy, (es)]
S

where: ° 6, is the scattering angle

®* I is the intensity incident on the particle

iy (eS) and i (es) are dimensionless intensities
corresponding to component perpendicular and parallel
to the scattering plane respectively.

The dimensionless intensities il. (es) and i (es) are functions

11

of the size parameter (x = 2wr1r/)), the complex index of refrac-
]

tion (n ) and the scattering angle (es) . 'They are represented

by infinite series as shown below:

oo
2
. ~ 2 mtl
L (es) - z; m (m+1) (Amrm + bm Tm)
m= -
oo 12
. _ 2 mtl A 7 + b T )
i1 (6 a) = m (mt1) (m m m m
m=1 'J

where: Am and bm are the amplitude functions and L. and "

are the angular functions.
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The extinction, scattering and absorption cross-sections are

defined in terms of the amplitude and angular functions as

follows:
— e g
i 2rr o = -2—2- (2m+1) Re (Am+bm)
z X how
(__"“m___ — . e e
2 E 2 2
2T r o, = X2 (2m+1) (,Am + bm )
Op = 0 =04

The derivation of the amplitude and angular functions is briefly
discussed below to give an appreciation of the magnitude of the
task. Dave(s) has prepared a computer program which generates

the interaction coefficients and phase function via Mie's theory.

(1) Angular functions "m and "m:
These functions are derived from the legendre

polynominals.

w (cos@)) = d Pm (cos#@ )
m S d(cosyp ) S
S
, 2
T (coses) = cosfg 7 (cosos) - sin” ¢ s| "m(coseg)

d coses

Pm' the legendre polynominals, are a finite series

defined by:
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(2) Amplitude functions Am and bm:

S, Sy () S_(y)
s, (v) & (x) -n' g (x) S _(y)

Am = Sm (y) Sﬂl(X) - n

p - P Sy (V) 8 (x) -5 () S (v)

n' s (y} & (x) -¢I;1 (x) s_ (y)

where: ®* y =n' x
¢ x=27rx
A

. _ 1/2 (%)
sm(z) - (sz) m+1/2

© oo @ = (1™ (rz/2) Y2 (2)

-m-1/2

Jml/Z and J-m—l/2 are Bessel functions

of the positive and negative half orders.

' 8 (2)

Sm(Z) + i Cm(Z)

* Sr'n (z) = QQZ Sm (Z)

I
\ P
K
G

g (2)

35



(b) Scattering From a Polydispersed Suspens:ion

The size distribution of the suspended particles is
described by a function n(r) where n(r)dr is the number of particles
per unit volume having a characteristic dimension between r and
r+dr. Since interference between particles may be neglected
(center-to-center distance of separation greater than 3 radii)(z),
the abso;ption and scattering coefficients and the phase function

for the polydispersed suspension are the sums of the individual

particle contribution in a unit volume as shown below:

2
k= n(x) o (r) dr em™t
2
K r=1- n(r) 95 (r) dr em™L
1 )
p (0) = %S n(x) 9 (r) p(6,r)dr

O
where: r, and r, are the upper and lower limits on the
particle size distribution.

qA(r), Us(r) and P (0 ,r) are the cross-sections

and phase function for a single particle of radius r.

In reality o, (r), GS(r) and p (6 ,r) are computed

for a number of valuesof r arnd the integration is accomplished
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Gre nction is
a as follows:

1 - g2
3/2

p (cos 98) =
2
rL+9 - 2gcos BS)

enstein fu
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where: g is
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Atmospheric Transmittance and Radiance
Methods of Calculation: A. LaRocca and
R. Turner; ERIM, June 1975

10 T* . .

r
1

\ P(©0se,) = = 1o
) = -
10! FF (14 g2 - 2 cos 0)°/°
a 2n 1
o Y =J’ J p(cos #)d(cos 7)d¢
N 0 70
-
1\
109 k-
~ —
0 =
1",
0
N
G
10'1
i'“(')‘;-3-——x - 0.7140
gg 05 ———¥ = 01751
P ¥ = 0.8292
g=96 ]
" 07 T - 0.8760
10 TTT———— ¥ - 0.9159

) ' l
g=09 \—-r 0.9493

: \—f: 0.9771
N = 0.9979 ]
o3l L IND T )] |

0 15 30 45 60 75 90 105 120 135 150 165180
SCATTERING ANGLE ¢

I
o

I}
o
©
-3

HENYEY-GREENSTFEIN PHASE FUNCTION FOR
DIFFERENT VALUES OF THE ANISOTROPY PARAMETER ¥

FIGURE 4: Henyey-Greenstein Phase Function Versus
the Scattering Angle 8y

38



theory by Deirmendjian(7) and the Henyey-Greenstein representa-
tion is shown in Figure 5. It is also noted that this function
reduces to the isotropic phase function [P (cos es) = 1] when

g = 0.

Since there is a close connection between the energy
loss due “o scattering and absorption and the amplitude of the
scattered radiation in the forward direction(13), one should be
able to select the proper valve of "g" for the Henyey-Greenstein
function based on knowledge of the extinction coefficient which
characterizes the medium. The basic relation's are contained in

van De Hulst's extinction theorem(3)(7) and the cross-section

theorem of quantum mechanics.

(d) Interaction Coefficients for the AFCRL Aerosol Models

The number density and size distribution of the two
AFCRL Aerosol models (5 ¥m and 23 km visual range) were noted in

(14)

Section 2. The complex index of refraction and the interaction

o o o]
coefficients for ‘K = 20002, 2500A and 3000A are listed in
Table 5.

4. COMPOSITE MOLECULAR AND AEROSOL MODEL

The Mid-Latitude winter supplement to the U.S. standard
atmosphere and the two AFCRL aerosol models have been combined
in order to generate two realistic atmospheric models. The in-

. o] o [o]
teraction coefficients at X = 2000A, 2500A and 3000~ for the
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Rayleigh particles (gaseous molecules) and Mie particles (aerosols)
are tabulated in Table 6. The coefficients for the composite
(Rayleigh plus Mie) Model along with the corresponding value for the
single scatter albedo are tabulated in Table 7. The single

scatter albedo is defined as:

/s = X% - Kg
x K + K,

The above data on aerosols applies for relative humidity values
of less than 0.7. In Section 2 it was noted that the uptake of
water by hydroscopic substances increased their size distribution.
It also causes the complex index of refraction (m = n - in') to
vary between the dry aerosol value (n ~ 1.53) and that of water

(n ~ 1.34). Both changes dramatically effect the interaction

coefficients and the phase function.
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SECTION 4 - PROPAGATION

1, INTRODUCTION
2. EXTINCTION MODEL
3. SINGLE SCATTER MODEL

(a) General Scatter Model
(b) Isotropic Scatter Model
(c) Rayleigh Scatter Model
(d) Comparison Between Isotropic and Rayleigh Scattering
{e) Mie Scatter Model
(f) Rayleigh and Mie Scatter Model
4, PROPAGATION IN THE MIDDLE ULTRAVIOLET
(a) Extinction

(b) Single Scatter
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1. | _]_Z}i’._["RODUCTIO_ﬂ

The propagation of electromagnetic energy from a transmitter
to a receiver through a medium involves interactions of various
types and degrees with the constituents. In the case of propagation
through the atmosphere the constituents are gaseous molecules and
suspended and precipitating matter. Due to variations in the number
densities and size distributions of the constituents (varying
- meteorological conditions), the variations in the magnitude and
temporal characteristics of the received signals are dramatic.

The suspended (aerosol) and precipitating particles are the most
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variable constituents and the principal effect of increasing their
number density and size distribution is to increase the amciuni of
energy in the scatter field. For the spectral region of interest,
scattering from aerosols is predominantly in the forward direction
(i.e., greater than 95% of the scattered energy is scattered into

the forward hemisphere).

If energy received from the scatter field is viewed as
potentially useful signal energy, then the variations in signal
amplitude (AE) may be reduced by increasing signal reception time
(At). Based on the above it seems reasonable to characterize
the atmosphere by some constant product of reception time and sig-
nal amplitude variations; i.e.,

AE A = constant
This implies that the dynamic range of signal amplitude (AE) may
be maintained below a given value if the reception time (At) is
made sufficiently large. (Reception time is inversely proportional
to bandwidth.) The constant is determined by wavelength, distance
between the transmitter and receiver and transmission and reception

geometry.

Signal amplitude (ER) is a function of the intensity of the

primary and scatter fields ard time; i.e.,

At
where: Hp and H, are the intensities of the primary and

[Hp (t) + H (t)] dt

scatter fields respectively.
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The primary field intensity is readily determined from knowledge
of the extinction coefficient which characterizes the medium and
will be discussed in Part 2. The scatter field intensity may be
the result of transmitted photons which have undergone one Or more
scattering interactions enroute to the receiver. When the ratio
of multiple to single scattered photons is small a condition of
single scattering may be declared. In Part 3 a theoretical model
for determining the temporal response of the atmosphere under con-
ditions of signle scattering is proposed, developed and applied
for various types of scattering and transmission and reception
geometries. In Part 4 the extinction and single scatter model
will be used to determine the propagation characteristics in the

middle ultraviolet for the atmospheric models developed in Section 3.

2. EXTINCTION MODEL

It was noted in the introduction that the radiation field
at the receiver would be the sum of the primary and scatter fields.
It is desired to determine the magnitude, and variations in mag-
nitude of the primary field as a result of changing meteorological
conditions. This information will then be utilized to establish
the relative importance of the scatter field once its magnitude

has been ascertained.

The magnitude of the primary field may be determined from
the Bouger - Lambert Extinction Law and geometry. The Extinction

Law for a collimated beam is:
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—i— = = Kdﬂ..
where: k = ks + kA = extinction coefficient
~k2 2
oo I = Ie Watts/cm

For a diverging beam the geometric factors plus the Extinction Law
give the following expression for the primary power density at

the receiver:

-k
H _ Pp© Watts
p = 2 2 (l)
Q 2 cm
e e . —— - - -
where: P = Total power transmitted
Q = Solid angle of radiation cone
L = Distance from transmitter to receiver
k = Extinction coefficient which characterizes
the medium
e—kx = Ratio of that which arrives in the presence
of a medium to that which would arrive in a
vacuum

If a pulse is transmitted, the received pulse will be de-
layed in time and reduced in amplitude but will retain its original
shape. Hence, all the energy will be received during a time estab-

lished by the pulse width of the transmitted pulse.
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In practice, primary plus scattered energy will be received
where the magnitude of the received scattered energy will be a
function of the interaction coefficients and phase functions which
characterize the medium and receiver and transmitter geometry
(distance between receiver and transmitter, radiation and reception

(1)

cones and collection interval). Z2Zuev and his coworkers have
investigated the dependencies of the above parameters for various
media. They express the received intensity (from a collimated beam)
as:

T

— -T -
I = Ioe + Io're -D

primary + scattered

where: 1 = kx = optical depth

y 6
D = 1 £
=3 (p+6)cosypdyds
o ‘o
Yy = aperture angle of receiver

8 = cone angle of point source

f(y+6) normalized phase function

This relation implies that the ratio of scatter to primary radiation

is:

H
0

Therefore, for small optical depths and small radiation and recep-

tion geometries this is a relatively small number. Typical numbers
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for small optical depths (t < 2) are 1073-2074 1) | The effects of

receiver field-of-view have also been investigated by Stewart and

(2) (3)

Curcio , and Gumprecht

Therefore, the magnitude of the primary field may be deter-
mined analytically or experimentally. Analytically, it is defined
by equation (1); experimentally, the measured value must be corrected

for the contribution due to scattered energy.
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3. SINGLE SCATTER MODEL

When the scattered radiation field at the receiver is pri-
marily established by radiation resulting from single scattering
events;i.e., transmitted photons which undergo only one coherent
scattering interaction before arriving at the receiver, a single
scatter model may be utilized to determine the intensity of the
scattered radiation for various atmospheric and system configura-
tions. Such a model is developed in this section and adapted

to various types of scattering.

The criteria for utilizing a single scatter model is
that the "optical scattering depth" between the transmitter and
receiver is less than 0.3(4). The "optical seattering depth"
is defined to be equal to KSX or X/AS where Ks is the total
scattering coefficient (Rayleigh plus Mie scattering coefficients),

X is the physical path length and As is the scattering mean free

path.

The model is based upon a fundamental property of the
prolate spheroid (an ellipse which has been rotated about its
major axis) which states that the distance between the foci and
any point on the surface of a prolate spheroid is a constant, or
in other words, the sum of the focal racdii is constant for a
given surface. This property, plus the fact that the speed of
- light in the medium is a constant, allows one to think of a sur-
face as an "equi-temporal scattering surface" since scattered
radiation from all points on the surface which is the result of

an impulse transmitted isotropically from one focal point (trans-
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mitter focal point) will arrive at the other focal point (receiver

focal point) at the same time.

The object of the model is to develop an expression for
the intensity of the scattered radiation at the receiving focal
point versus time due to an impulse transmitted at t=0, in terms
of transmitter, receiver and atmospheric parameters. The amount
of scattered energy collected by a receiver with a 1 cm2 collect-
ing are will then be the integral of the intensity over the col-
lection interval.

(a) General Scattering Model: The basic geometry for

the following step-by-step development of the model is shown in
Figure 1. The transmitter is positioned at one focal point and
the receiver at the other. The prolate spheroidal coordinate
system is utilized since the "equi-temporal scattering surfaces"
are constants in this system,. and ' the mathematics become more

tractable. The coordinate system is discussed in Appendix 1.

The basic approach involves developing an expression
for the enerqy scattered from a differential volume dV located
at a point PE ,n,¢), dividing by the differential time dt asso-
ciated with scattering from dV to obtain an average intensity,
and finally to take the limit as the radial component (df) of
dV approaches zero to obtain the instantaneous intensity. The
total instantaneous intensity is obtained by integrating over

the surface (over n and ¢).
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Before proceeding,with the development of the model,
expressions must be derived for several variables (rl,r2,61,62 and
es) in terms of the prolate spheroidal coordinates  ,n,¢) and
the interfocal distance %.

e Focal Radii (r1 & r2): The focal radii are the directed

lines between the focal points (Fl & F2) and the point P (§ ,n,¢)
on the surface of a prolate spheroid. Fl: P(E N ,¢) defines the
transmitter focal radius (rl) and Fo: P(¢,n,¢) defines the re-

ceiver focal radius (r2).

r12 = x2 + (z+£/2)2; r22 = x2 + (2/2-2)2
r 2 _ r 2 . (r +r,) (r,-r,) = 2z%
1 2 172 1 =2
but r; + r, = 25 (length of major axis)

€ 3
rp =% -ry=i-r 2z
£
r 1 [ 22
= 3 422)
since z _ %LHE
r, _ 2%
1=356+)
ro, _ L, _
2 = 545 n)

’ - = £ . - =
Note: r + r, L5 ; ry r, n
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® Focal Angles (61 & 62):

The angles defined by the

focal radii, the focal points, and the interfocal axis are called

the focal angles.

and 6, refers to the receiver focal point F

r22 = 22 + rl2 - 29,rl cos 6
2 _ .2 2 _
r," = Le + r, 22r2 cos B
2 2 2
= Ccos 91 - L= (r2 ! ) ;
erl
2 2 _
r,” - r," = (r2+rl)(r2-rl)
P e
o] o l
Gl _ Cos ljﬁn
g+n
6, - cos™1 1-£n
E-n
0 £6,< 7mm; 0L 6, <

® Scattering Angle (es):

61 refers to the transmitter focal point Fl’

2 2 2
+ (r2 -r1 )

28r

2

2

(%) (-2n) = -2%n

The scattering angle (es) is

defined by the forward direction of the incident radiation (exten-

sion of rl), the scattering point PE¢ , ,¢) and the direction of

observation (r2) as shown in Figure 2.

GS + (ﬂ-el—ﬂz) =T

COs

eS = Ccos (el+62)
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1/2 1/2
sin el = [l - cos? 91] = £;2+n2-1-C2n2)
&+n
1/2 1/2
sin 0, =[} - cos? 62] - j§2+n2-l-§?n2)
£ -n
1/2
= sin 6; sin 6, _ € 2+n2-1-£202)
(E+n) (E-n)
2 2
cos 6, cos 6, _ _(1-£°n7)
E+n) € -n)
cos es='2 _£2 -r-]2
2
£°-n
o
o o
6 _ cos—l 2 - 52 - nz
s =
2 2
£7-n

Figure 2 is a plot of 6, versus n with £ as the parameter. The
following conclusions may be drawn from this figure:
(i) 0% <6 < 180°
(ii) The function is symmetric with fespect to n=0.
(iii) esmin for a given £ is at n=0.
(iv) eS approaches 180° as £ approaches infinity (pro-
late spheroidal approaches a sphere).
(v) es approaches 0° as { approaches 1 (prolate spheroid
approaches a straight line).

(vi) 6, is always 180° for n=+l.
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The step-by-step development of the general model proceeds

as follows: (See Figure 1).
(1) At t=0 an impulse of energy of magnitude ET leaves
the transmitter focal point;
ET Joules
(2) The energy transmitted per unit solid angle is
obtained by dividing the total transmitted enerqgy (ET) by the
solid angle of the transmitted beam (Q):

E

T Joules
Q sr

(3) At point P( ,n,¢), @ distance ry from the transmitter,

the following density is experienced at time t - il ;
c

-kr
EZ e 1 Joules
Q r12 cm?

where: e k is the extinction coefficient associated with the
mediu.n through which the energy has propagated.

-kr

e e is the ratio of the energy which arrives to
that which would arrive if the intervening medium
were a vacuum.

Note: The above density may also be thought of as being propor-
tional to the number of photons crossing a 1 cm? area

located at P(f,n,¢) at time £ ry

c
(4) Due to scattering from vhe differential volume

located at P(§ ,n,¢) a secondary source is established;

-kr
E 1
T e ks p(coses)dv Joules/sr
2

4
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The step-by-step development of the general model proceeds
as follows: (See Figure 1).

(1) At t=0 an impulse of energy of magnitude ET leaves
the transmitter focal point;

ET Joules

(2) The energy transmitted per unit solid angle is
obtained by dividing the total transmitted enerqgy (ET) by the
solid angle of the transmitted beam (Q):

E

T Joules
Q sr

(3) At point P(£,n,¢), @ distance Iy from the transmitter,

the following density is experienced at time ¢t - il ;
-kr
Eg e ! Joules
Q 2 2
ry cm

where: e k is the extinction coefficient associated with the
mediwa through which the energy has propagated.

-kr
® e is the ratio of the energy which arrives to
that which would arrive if the intervening medium
were a vacuum.

Note: The above density may also be thought of as being propor-
tional to the number of photons crossing a 1 cm? area

located at P(£,n,¢) at time £ rl

T ¢
(4) Due to scattering from rhe differential volume

located at P( ,n,¢) a secondary source is established;

-kr
ET o 1 Eﬁ
41

Q

p(coses)dv Joules/sr

b
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where: ® kg is the scattering coefficient per cm associated with
the medium.

e pl(cosbg) is the single scatter phase function as

defined in Sectiocn 3.

Note: This secondary source is a result of an impulse interact-
ing with a medium while transiting through it. The inter-
action or transit time for the scattering volume 4V is
drl/c.

(5) Some of the energy from the secondary source (scat-

tering in dv) will propagate in the direction of the receiver

focal point;

kx -kr

Eg e llks p(cos8 )dv | e _i_ Joules/cm2
Q ) i L 2
1 2
-k(r,+r,)
- Br e 12 p(cosH_)dv J‘oules/cm2
= s
472 r 2r 2
l 72

(6) Rewriting the above expression in terms of the pro-
late spheroidal coordinates £, and ¢ and the interfocal distance

L;

av 2 3 (2P andg
2
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-k 8
EThs e p(coses) dt dnd ¢ Joules/cm”
2

e (1/2) € 2-n?)

where: p(coses) is still an unspecified function

(7) Due to the radial component (&) of dv a differential

(dt) 1is associated with the secondary source

transmission time
(i.e., the secondary source is not impulsive). Dividing the

above expression by dt results in an average intensity at the

receiver focal point;

-k ¥

A e m. o) Bgkg © plcoel,) g ande Watts
e (5/2) (€207 at cm?
= cdt/%) and

(8) Expressing df in terms of dt (&

taking the limit as dt approaches zero leads to the instantan-

eous intensity;

!
-k 2
H ! CE
s (€m0 @) - ™*s e p(cos® ) d¢dn Watts
2n922 (Ez—nz) cm2

(9) Integration over $ andn provides the scattered inten-

sity at the receiver focal point due to the entire surface;
N 27

-k
H_© C sle}:
s( Mo d) _FTkse ?ihosos) d4dn Watts
2 2 2 2
“=n") cm

2108
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(10) Since the integrand is not a function of the azimuth

coordinate (¢) the above expression reduces to;

n
2

% -
Hg & /n)  CEpk ~k2 P(cOSB) 4 watts
2 22 >

QL E"n") cm

n
2
(11) Limits of integratioa for n: When the transmitter

and receiver are isotropic (transmitter bheam solid angle = 47Sr
and receiver field-of-view = 47Sr), integration takes place over
the entire prolate spheriodal surface £ = constant (i.e., n, = -1
and N, = +l). However, for all other radialion and reception
geometries integration will be required over a partial surface
(see Figure 3 ). Since the problem is symmetrical with respect
to the major axis (azimutal symmetry), only the limits for the
angular component (n) will be effected. Again, referring to
Figure 3, it may be concluded that both limits are a function of
£ and that ny is a function of 61 and n, is a function of 82.

It is therefore necessary to derive general expressions for Ny

and Ny in terms of Ql’ 62 and £ .

let elmax = 1/2 cone angle of the transmitter beam.
let 62 = 1/2 angle of the receiver field-of-view.
max
: L+5n
cos elmax - 1
£ +ny
=3~ £ cos O max T N1 €OS Oy .. =1+ €60,



ooo T]l _ E CcCoSs elmax -1

E - cos ¢©

1 -¢€n
cos eZmax _ ( 2)

5 —ny,

(< -
= £ cos Ozmax n, cos 0

CI 1 -&£ cos 6
9 = 2max

£t - cos 6

2max

Since Ny is dependent on transmitter radiation geometry and Ny is
dependent on reception geometry, it is probably appropriate to let

ny =N and n, =n

xmtr revr’
E cos © -1
nxmtr(g';’ elmax) = lmax :
£ - cos elmax i
l -¢£ ces 6
rlrcvr(g’ Zmax) = Zmax
5 - cos e2max |
|
(12) Finally, the expression for the scattered intensity
at the receiving focal point;
”r vr
H g) _ CBrkg oK% p(cosB.) 3  watts (2)
S - 2 22 2 .
QL . E"n") cm \
—_—— N ymtr e e —
where: Q = solid angle of the transmitted beam

2n (1 - cos O

It}

)

2max
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(13) For closed radiation and reception geometries (Olmax +

eZmax < 1) there exists a finite maximum value for the radial com-

ponent and a finite scattering volume.

a) Maximum Value of Radial Component G;max): Since

¢ is the ratio of the scattered path length to the direct path

[y

length (interfocal distance), Emax will establish a finite time
interval during which scatcered energy may be received. At Emax'

=n (see Figure 4);

n rcvr

xmtr

gmax coS elmax -1 = - - Emax cos e2max
T - cos B
max 2max

fa - cos 6
max lmax

@;max - cos e2max)(5max cos elmax)

= (1 - gmax cos 62max)(Emax - cos elmax)

2 1l + cos elmax cos 6

nax 2max Ema +1=20

X

cos B + cos 6.,
L

Ilmax max

1l + cos 6 cos 6 1 + cos © cos 6
lmax 2max Imax 2max

cos © + cos © co 6 + cos B
© Imax 2max S lmax 2max

max =

b) Finite Scattering Volume (Vol)s: The scattering

volume to be considered is the sum of two circular cones (see Figure 4);

(Vol)S = Vol. % + Vol. 2
2/ 2 J ]
vel. 1 _ 1 <%> <g max—l) <_g_>(1 ¥ ne&:max)
A J
2/ 2 _
vol. 2 _ T_:;_ <%> (E max_l>L<%->(l ne- max>




Figure 3 - Geometry for Determining Limits for n _

@ q"'\l; Q#H\v' 'lm.,.. - ’Zc_

Ag, 5=

l > L

Figure 4 - Geometry for Determining ¢

max and (Vol)B
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oo (Vol) , _ 21 (%)3<€2max - l)
3

(14) Temporal Transformations: The sum of the focal radii

is constant for any point on the surface of a prolate spheroid. 1In
a medium characterized hy a constant propagation velocity, this
implies that the transit time for photons traveling from one focal
point to the other via scattering events on the surface is constant
for any given surface. Therefore, £ may be thought of as the ratio
of the scattered-to-direct path lengths or scattered-to-direct

transit times; i.e.,

*
£ r, +r, _
B L t
o
where: I, + r, = scattered path length
= direct path length
*
t _ ry * I _ transit time for scattered
photons
to = 2 o transit time for photons which
c proceed directly to the receiver

It may be observed that since £ is defined for values greater than

*
or equal to one (1 <& < =) that t can only take on values greater

*

than or equal to to(tO <t < . Now H{() may be transformed into

the following time dependent expressionz:
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*
H(t )

EEZEE p(coses) dn Watts
Qe [(c *)2 2] cm?
—t -n
s
xmtr
<o t = R/C

Since it is desired to characterize the temporal characteristics of

*
the scattered radiation, and since Hs(t ) is

than or equal to to

All data and graphs will be in terms of ts.

, a new variable (ts) is defined as

2/c

zero for all time less

follows:

Expressions will be

developed in subsequent paragraphs for the intensity when the

single scatter phase functions are specified.

To keep

the expres-

sions as simple as possible, they will be wricten in terms of £

instead of ts'

b)

Isotropic Scattering Model:
n

rcvr
H () _ CETks e—k2£ p(coses) dn
S = p) 2 D
QL E"=")
r'xmtr
where: p(coses) =1
Q = 2t (1 - coselmax)
l -¢§ cos 0
nrcvr i ; 2max
? S 2max

68
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£ cos 6 -1

nxmtr = lmax
5 - c0s Oynax
Nrcvr Nreovr
p(coses) an _ 1 dn
2 2 - 2 2
€ “-n") E"-n")

H () CEpkg ok% gn[(g * nrcvr)(tﬁ " Nxmtr ] Watts
2027 £ E = Necur/ &t Nxmer cm?

Since N_.,r and Nt are expressible in terms of the variable

and the parameters cos elmax and cos eZmax’ a more physical expres-

sion for H( ) is obtained by substitution;

—

2
€ ~-25 cosb

2
x+l) € "-% coselmax+l)

o°° Hs(g) = CETkS e"kﬂ'; &n
2qe? & 4

2ma

€2;l)2

Watts cm—2

Special Radiation and Reception Geometries

(i) 4m Sr Transmitter and Receiver (Isotropic Transmitter
and Receiver)

= max ® o max
Q = 4m Sr

% H_E) _ CEpks o kK&  [e + 1] Watts i
cm
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(1i1) 41 Sr Transmitter and 2m Sr Receiver

gr2’ & € +1)° chn?
(iii) 2 Sr Transmitter and Receiver
elmax - e2max = /2
{¢. = 2m Sr
o | HE) _ CEpkg oK% anl € 2+l) Watts
° ol ome? - € 2_1) cm?

The intensity Hs(ts) and collected energy Es(ts), (the integral
of Hs(ts)) have been computed as a function of tS for several atmos-
pheric and system configuration.

(a) Effects of Absorption by the Atmosphere: The

intensity and collected energy were first calculated for a conserva-

tive atmosphere (o = 1.0 #>kA = 0), and then for the case where the

absorption and scattering coefficients were equal (W = 0.5).

ks for both cases was 1.5 x 10—6 cm_l. The two cases are shown in
Figure 5. It may be concluded that the effect of absorption is a
reduction in intensity and collected energy where the magnitude of
the reduction is exponential with time (i.e., kA increases the

value of the argument in exponential terms in equation (2)).
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(b) Effects of Transmission and Recepticn Geometry:

The intensities and collected enerqgy were evaluated
for three configurations of transmission and recepcion geometry
(i.e., solid angle of the transmitted heam and F.0.V. of the
receiver). The energy transmitted was the same for each case. It
may be concluded from Figure 6 that the effect of reducing the
geometry is to decrease the interval required to collect a given
amount of scattered energy. Also note that if a "large" collection
interval (inversely proportional to bandwidth) may be tolerated,
then the 471 Sr case is superior for isotropic scattering.

(c) Effects of Range: The 41 Sr configuration was

evaluated at three different ranges (0.25 Km, 0.50 Km and 1.00 Km).
It may be concluded from Figure 7 that the effect of increasing

range is to reduce the magnitude and rate of change of Hs(ts).

c) Rayleigh Scattering Model:

"revr
-
H_E) _ CEpky o7k¥% p(cos 6,) o) Watts (2)
ST o7 72 2
QL . (E°=n") cm
- nxmtr
where: p(coses) _ 3 (1 + coszeﬁ)
4 D
Q@ = 2m(l - cos elmax)
1 -
Nrevr = - oo 92max
£ - cos e2max
n _E cos & -1
xmtr = lmax
F, -~ cos ©
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cos 6 _ 2 -E" -n
s_.
2 2
E° - n
Nrevr Nrevr
2
p(coses) an _ 3 (l+cos BS) dn
2 2 T4 2 2
€"-n") E7 = n
.nxmtr N xmtr

cos?e_ _nt + (2%-)n® + (a5 %44y

_ +
2 2
)

nrcvr - nrcvr
p(cosb) 4, 3 1 dan g
== 2 2 - X 2 2
£E7 - n £ =-n
qutr i nxmtr
Nyrcvr
+ (% 2-4) 2 an, €f-a%+a)
2 2\3
(%)
N xmtr

Nrovr h
1 dn

&)

xmtr )

Note: See Appendix 2 for evaluation of the above integrals.
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£ - 1 (£2—17) 16¢ E-q
- £°q v (28°%-4n - (2 £2-4)q
4(£2-1%)2 4(¢%2-n2)2 8 £2(¢%-n?)

- 2 254 /n <§+ n> +o(g%ear®ia)n

16t f- a £2 (82022
- 3 (&4 - 4L2+4_)'n 1 3 (24—4524-4) In (g 4 n
g 4 (202 16£°
4 2 4
- 3 (3t - 28% + 3) /n <____115 )
4E2 4 3 £E- 1

- LE4+ 2E2-3)n + jﬁ4 2 2 1)T1J

-2 £+
252 ({2_712) (Ez_nz)z 1
—-»HS(E) = 3¢ E’I"ks e—kis 3 £4 -2 £+ 3) /n <£ M
a0f° £2 483
i JrRcvR
- @ty 28% 3 g FooLet 262 g
2% (%) (8% - n*)*
N~ XMTR
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g H () = 3¢ PFp X Rk (3¢%- 28203
aqg? £2 4¢3
ﬁn [( E + nRCVR) (£ _nxmtk)]
(£ = Mpevr) G Nypney)
- (54 + 252—3) [ RCVR - N xmtr }
2 2 2 2 2
2 4 (g7 = RCVR) (¢ - n xmtr)
+ (54-2£2+l) [ RCVR — Nymtr }
1 2 2 2 2 2
(E —nRCVR ) (E =T thr)

watts cm_2
Special Radiation and Reception Geometries
(1) 4m sr Transmitter and Receiver (Isotropic
transmitter and receiver)
Oimax = e2max -
Q = 41w sr
~k [t
H ()) = 3cE, k e 4 .2
S T s 3ET=2£(°43 + 1
s 2, (387-2¢%43) /o (§_1>
le6m/ 4 2 ¢ £ -
- a%2eto3) 4 24280 watts
2 2 2 2 cm2
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2 2 3

2

hoE) _ 3CERk K| 4 | x2 g 2n(€—+ 1)
5

léme £ p)a -1
-
-k 2+_Z_3_)_ + 2 Watts
2 2
cm

(ii) 41 Sr Transmitter and 2w Sr Receiver

= e1rnax = Wi 62max = /2
Q = 4m Sr

€243) €24 +1)

x? g%

€ Y 34 x 242) Watts

2 2
(5 z'fl) cm

+

(iii) 2m Sr Transmitter and Receiver

8L £ 28 £ -1
2 3
_e7+3) L _ % Watts

s Ho€) _ 3CEpkg o7k (3 %-2¢%:3) In [ 21
16me? g2 4 12 (841) .

-




Irradiance and collected energy were calculated for the same cases

as for Isotropic Scattering:? the results are similar.

(d) Comparison Between Isotropic and Rayleigh Scattering:

Due to the nature of the Rayleigh and Isotropic
phase functions (Section 3, Figure 1), one expects that the magni-
tude of Rayleigh scattering will predominate in the forward and
backward directions and that Isotropic scattering will predominate
for scattering angles (es) between 60°-120°, Figure 2 shows the-
dependency of es on £ and n. It may be concluded that when the
average scattering angle is ~60°, that £ ~ 1.1 and when it is
~120°, £ ~ 1.6. For an interfocal distance of 1 Km, this implies
that isotropic scattering should predominate for 200 ns < ts < 2000

ns seconds. This is indeed the fact as may be observed on Figure 8.

(e) Mie Scattering Model:

Note: This is basically Mie Scattering where the single
scatter phase function is approximated by the

Henyey-Greenstein function.

"M revr
H_(£) _ CPrks 7R P(eosb) gy watts  (2)
5'29.2 (a 2—n2) cm2
nxmtr
2
where: p(coses) _ 4&_— g

(l + g2 - 2g cos 85)3/2
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cos 6. _ 2 -EFE" - n'
S = 2 )
£ -
Q = 2r(l - cos eZmax)
N vr o l - ¢ cos e2max
£ - cos eZmax
£ cos 0 -1
nxmtr = = coimzx
¥ Ylmax
Mreovr "rovr
p(cos 6) dn _ (1—92) v dr
’ 2 2 - 3/2
€“-n°) (52_ nz)(l+gz-2gcoses)
\
" xmtr Nreovr xmtr
(l—gz) 1 dn
3/2
2 2
2 2 2 2 -~ -
€?nH|1+ g -Zg( - 2“)
r]xrntr & -
Nrevr
- 1/2
_ _(-d% ; _(g2%99 . dn
3/2 3/2
(g2—2g+1) (g%+24+1) % - 49 _n?
(g>+2g+1)
" xmtr
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U SO U U USRS
o | H &) _ CPrfs e (1-¢%)
©o Q12 2 3/2
(g —Zg+l)
n
rcvr
2 2,1/2
X _.____...__g N ) ' dn Watts
[ 2 P2 21372 cm?
(g742g+l)E ™ - 49 _n
2 .
(g -2g+1)
r]xmtr
Notes: (1) g=vcos 6; 0 < g < 1
(2 When g = 0, HS(E) reduces to the isotropic case.

(3)

For Mie Scattering,

The integral is evaluated numerically by

Gauss-Legendre 24 point integration.

the magnitude of the scatter field at the

receiver is strongly dependent on the anisotropy of the pLase func-

tion.

scattering is predominantly forward,

This fact is illustrated in Figures 9 and 10.

Since the

it is expected that radiation

and reception geometry will play a significant role in determining

the amount of scattered energy collected.

observed in Figures 11 and 12.

This dependency may be
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(f) Rayleigh and Mie Scatter Model: In reality, the

scatter radiation field at the receiver is the sum of interactions

with Rayleigh particles (gaseous molecules) and Mie particles

(aerosols and precipatiting matter). This model determines the

total irradiance and collected energy based on contributions from

both Rayleigh and Mie Scattering. Figures 13 and 14 show the

individual contributor and the totals for two different "g" values
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4. PROPAGATION IN THE MIDDLE ULTRAVIOLET

In the middle ultraviolet, the atmosphere represents
a highly absorbing and scattering medium. Absorption is primary
due to ozone and oxygen and it is ultimately absorption by
oxygen that renders the atmosphere opaque below ZOOOX. Pro-
pagation thru the model atmospheres defined in Sections 2 and
3 is now considered. The interaction cocefficients are listed
in Section 3, Table 7. The distance from the transmitter to

the receiver will be 0.25 km.

a) Extinction:

The amount of primary energy reaching the receiver

from an isotropic transmitter is:

e—k (0.25 km) Joules

2

E
E - T
p 41r

(0.25 km)2 cm

Values for Ep based on the extinction coefficients for the model
atmospheres are listed in Table 1 for the wavelength and visual

ranges of interest.

The attenuation (extinction) coefficients for the
atmosphere in the middle ultraviolet were experimentally determined
by Baum and Dunkelman(S)for a variety of conditions. Figure 15
represents a cross-section of the results obtained. The extinction

coefficients developed in Section 3 from consideration of the
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FIGURE 15: Measured Values for Atmospheric
Attenuation Coefficients in the
Middle Ultraviolet
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basic properties of the atmospheric constituents agree as well

as can be expected with those of Baum and Dunkelman.

b) Single Scatter:

The interaction coefficients defined in Section 3
(table 7) were utilized in conjuncticn with the composite scatter
model to determine irradiance and collected energy vs ts for

several cases. The results are plotted in Figures 16 &and 17.

Comparison of the collected energy characteristics (see
figures 16 and 17 at ) -~ 2500 R and 3000 K for 5 Km and 23 Km
visual ranges shows that they are almost identical even though
both the absorption and scattering coefficients increase as
decrezases and the single scatter albedo goes from greater than

0.9 to approximately 0.5.

If the changes in primary energy as a function of
visual range are compared with the corresponding changes in
primary plus scattered energy, one observes a dramatic reduction.

The comparative values are presented in table 2.
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SECTION 5 - OPERATIONAL BACKGROUND

The ability of a receiver to detect small signals is
generally determined by the noise environment in which the weak
signal must be received. The noise environment is usually the
result of several contributing sources both from within and
external to the receiver. The predominance of one over the
other is a function of many variables among which are: wavelength,
receiver field-of-view, detection scheme and operational environ-
ment (i.e. space, terrestial, etc). It is the contributicn from

sources external to the receiver that this section addresses.

From 3000£ to 30000£, the major source of backgraund noise
(during daytime) is solar radiation which is scattered by the
atmospheric constituents on reflected from the earth’'s surface.
Figure 1 shows the intensity of skylight as a function of wave-
length with air mass as the parameter. At 3000£ the intensity is

approximately 1-13mw — u_l.

For wavelengths between 0.2y and 0.3W, solar radiation

is virtually totally absorbed in the upper atmosphere by ozone

(1)

[
and molecular oxygen. Goody estimates that at 2553A (peak of

ozone absorption) the transmission for solar radiation is about

1079,
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Since solar radiation is insignificant in the middle
ultraviolet, what determines the radiation background and what
are it's spectral characteristics? Energetic electrons pro-
duced in the terrestial atmosphere by solar uv radiation
(and cosmic rays) are thought to be the basic cause of many
spectral emissions(z). It is also expected that chemical re-
actions which are undoubtedly strongly influenced by the amounts
of industrial and urban activity, will also be a source of back-

ground radiation.

If one assumes a background limited system where spectral
filtering has effectively reduced all solar contributions, then
it will be important to identify the contributors and their
spectral characteristics in order to select an optimum operating
wavelength and system geometry (Transmitter cone angle and

receiver field-of-view).
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FIGURE 1: Intensity of Skylight vs Wavelength
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SECTION 6 - CONCLUSIONS AND RECQMMENDATTONS

1. OPTICAL PROPERTIES OF THE ATMOSPHERE IN THE MIDDLE
ULTRAVIOLET.

2. SINGLE SCATTER MODELS

3. PROPAGATION IN THE MIDDLE ULTRAVIOLET

1. OPTICAL PROPERTIES OF THE ATMOSPHERE IN THE
MIDDLE ULTRAVIOLET

The interaction coefficients (absorption, scattering
and extinction) and the single scatter phase function describe
the interaction of radiation and the atmospheric constituents.
In the middle ultraviolet, the coefficients and the asymmetry of
the phase function are larger than those for the visible region
and are highly dependent on wavelength. At 3000£ the extinction
coefficient is predominally determined by scattering and single
scatter albedos greater than 0.9 are experienced. As wavelength
decreases, both the scattering and absorption coefficients in-
crease; however, the predominance of scattering is reduced until
the absorption and scattering coefficients are approximately equal
at 2500£. Below 2500£ Absorption dominates and at 2000£ single

scatter albedos of approximately 0.2 are experienced.

2. ‘ SINGLE SCATTER MODELS

The models developed for isotropic, Rayleigh and Mie type
scattering and combinations of these, allow one to determine the

instantaneous intensity at the receiver due to a transmitted

TNN



impulse. It may be thought of as the impulse response of the
atmosphere for a particular atmospheric and system configuration.
If the transmitted signal is a pulse, the received signal will be

the convolution of the signal with the impulse response.

3. PROPAGATION IN THE MIDDLE ULTRAVIOLET

Propagation in the middle ultraviolet when compared to
that in the visible, is not as sensitive to changes in meteoro-
logical conditions due to absorption and higher asymmetry of
the phase function. This means that signal amplitude variations
and time spreading will be reduced from that which would be
experienced in the visible. Hence higher operating bandwidth
should be possible in the middle ultraviolet. From the data con-
tained on figures 19 and 20, one may conclude that high MHZ rates
are possible with very small (< 5%) amplitude variations for the
range of atmospheric conditions considered. The lower wavelength
boundary for useful propagation in the middle ultraviolet is
established at h:=2000£ due to strong absorption by molecular

oxXygen.
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APPENDIX 1

Prolate Spheroidal Coordinate System

The prolate spheroidal coordinate system is formed by
rotating the two dimensional elliptic coordinate system, consisting
of confocal ellipses, about the major axis of the ellipses. It
is a right handed orthogonal curvilinear coordinate system. De-
tails of this coordinate system are shown in Figures Al and A2.

Any point in space is determined by the values of the three co~
ordinates ¢ , n and ¢ where ¢ 1is the radial coordinate, n the
angular coordinate (n = cos { where { is the angle between the
major axis and the asymptote of a generating hyperbola) and ¢
the azimut@al coordinate. Basic characteristics of this system

are listed below:

1) Transformation - Prolate spheroidal to rectangular

coordinates.

X = i [(l— n?) (Ez-l)]l/2 cos ¢
= T2

Y = -;L [(l-nz) (i:'2-1)Jl/2 sin ¢

/
z2 = 5 né
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2) Range of Variables

1< ¢ < co
-1 <1< 1
0<d< T

3) Scale Factors

/4 £2 _ 72 /2
by -2 (2 _ 4
1/2
h, - L {22—n2>
2 \1-12
n, - 4 [11 - 22)(E2—l)] 1/2

4) Surface Area

2 1/2

@ = hp d7 h, d¢ = (11_) f(sz_nz)(zz_l)] dn d¢

) |

2
A = ; AN [(&2—1)1/2 + & °sin™t (—%{,
5) Volume
3
av = h, df h dn by do =(1%) (£2-n)ax ay av
2
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Axes

major axis = [t

minor axil

Il

7 (£2-1) Y2

Interfocal Distance

interfocal distance = /

Eccentricity

e =

1
£
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Cc. Flammer, Spheroidal
wave Functions, Stan-
ford University Press,
1957, P. 7, Fig. 1.
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FIGURE A2: Unit Vectors for Prolate Spheroidal

Coordinate System
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APPENDIX 2

Evaluation of Inteqrals for Ra igh Scatterin

(1) 1 dq = _1 1n (E+n)
72 oY P
£ - _
(2) 1 an = __1 + 1 _dn__
27 )2 2t2209) 252 (22
= 1 + 1 fn (_E__TH )
2¢ 2(8°n%) 4k’ A
(3) 1 an = _1 N+ _3 an
(Ez_nz js N E (£ 2n2) 2
= 1 n + _3 [IL + 1  fn ( + n)]
2:2 (222 i 2 |2¢ 2208wl P
= et 37 + _3 I (£+
sE ) 8¢ (t%n") 168 £
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4) _le___ dn = __n_ - 1 dn
(£2-2) 2 2 (£2n2) 2 Ez_nz
= _.n___ - 1 Jn ( +
2 (£%-72) 4t (&N
5) 112 dn = 10 - 1 dn
(E?—n2)3 4 (£202) 2 1 (£2n2) 2
-n.____ 1 -n_ i1 [n ({____n__
a(:%0%)? 2t 2 (6292 ag> £~
= N - n - 1 /n <§+'_r]>
4(152—712)2 8¢ 2(52—712) 16¢ 3 £-1
4 2 2 2
6) ~n____d = - _n_____2 dn + ¢ .11___2 dn
(£2-n%)3 (£°-n?) R (£2-n2)
= - 7 + 1 [n (£+n) v %
2(£2-0?) 4¢ 's -7 a(t2-n2)2
- ._IL_.___2 - 1 In ( +
8 (£%-1% 164 *'”)
- 50 4+ _3  {fn éz_l_n) T
8t 2_1]2) 16t £ -1 4 (£212)
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