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FILE: error21989.tex

FROM: RW (Feb 19,1989)

TO: Everybody

CONCERNING: An error in the Memo on “Optical Properties of the LIGO beam tubes

An error was made in the equation for the intensity scattering coefficient for the almost
smooth surface. The third equation from the bottom of page 6 should read for the case
g<<1

22 _(vg34e,3)73
<pp*>=e”’(p02+”g::F¢ — )r> g<<l1
Which now includes g in the diffuse scattered part.
The error propagated in to EQ 1 on page 7 which should read
2ra\? (xT? . : 2
Gla,B,9) = - BYE (1 + sin{a)sin(3) — cos(a)cos(B)cos(4))” x

c—(‘ﬁ-‘)2 (ssn(a)+ain(8))3 e—-(‘x:)z (coc’ (a)+cos® (B)—2coc(a)coa(ﬁ)coa(¢)) EQ 1

I never noticed the error since the almost smooth case was not used in any of the calcula-
tions associated with the memo, the calculations in the memo should be OK. The almost
smooth case has become important now in specifying the smoothness of the baffles to avoid
backscattering. These calculations uncovered the mistake.
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MEMO: Optical Properties of the LIGO Beam Tubes

TO: Althouse

FROM: RW (January 17, 1989)

OPTICAL PROPERTIES OF THE LIGO BEAM TUBES

The memo deals with the propagation of stray light along the LIGO beam tubes. The
number, height, and shape of the baflles depends on the propagation of light by the tubes
themselves. Kip has considered many different mechanisms of diffraction and reflection by
baffles in the tubes, the most serious mechanism he has uncovered are rays that leave baffles
after a small angle diffraction and then continue to propagate at small glancing angles along
the tube almost unattenuated. The purpose of the memo is to look a little harder at the
exact nature of the problem and to determine a good number for the maximum glancing
angle rays that must be converted into larger glancing angle rays by the baffle system.
This sets one of the constraints on the baffling.

The memo is in several parts.
1) A calculation of the tube reflectivity for both parallel and perpendicular polarizations.

2) The attenuation of the tube in db per 100 meters of tube length due to reflection losses
alone as a function of the angle of incidence (complement of the grazing angle).

3) The attenuation of the coherent propagation due to tube roughness modelled as a surface
with a Gaussian distribution of hills /a.nd valleys having a variance o and an exponential
isotropic autocorrelation function characterized by the correlation length T'.

4) The redistribution of light by this model surface through diffuse scattering and the
calculation of an effective reflectivity at grazing incidence due to diffuse scattering.

5) The “attenuation” of glancing rays in db per 100 meters of tube length due to diffuse
scattering into larger grazing angles, the scattered light is subsequently attenuated by the
imperfect reflectivity of the walls.

References:
1. The Scattering of Electromagnetic Waves from Rough Surfaces
Beckmann,P and Spizzichino,A. Pergamon Press 1963

2.Scattering from Optical Surfaces Elson,J, Bennett,H.E., Bennett,J.M. in Applied Optics
and Optical Engineering Vol VII, p 191 1979, Academic Press

3. Diffuse Reflection from a Plane Surface Look,D.C. JOSA, 55,1628, 1965.

4. Roughness characterization of smooth machined surfaces by light scattering Stover,J.C.
Applied Optics 14,1796,1975.

5. A Note on Scattering from a Slightly Rough Surface Swift, C.T. IEEE Transactions on
Antennas and Propagation (V?) 561, 1970.

6. Principles of Optics Born,M.,Wolf,E. Pergamon Press 1975.
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Reflection by metals

The reflection by metals is characterized by both polarization and conduction currents so
that the dielectric constant and therefore the index of refraction are complex. The optical
constants of iron, an unspecified steel and chromium are given in the AIP Handbook. I
have not been able to find the optical properties of 304 Stainless steel but I don’t expect
it to be very different than the steel listed.

The complex index of refraction is defined as

N=n-—1k
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and the reflectivities as a function of angle of incidence are given as

R = a? + b2 — 2acos(4) + cos?(¢)
L7 \ a2 + b2 + 2acos(8) + cos?(¢)

_ a? + b% —2asin(¢ )ta.n( ) + sin?(p)tan?(4)
By=£. ( 2402+ 2asm(¢)tan( ) + sin?(¢ )tan2(¢)>
2a* = ((n? — k? — sin?(4))? + (2nk) 2)1/2 + (n? — k% — sin®(¢))
2b% = ((n? — k? — sin?(9))* + (2nk)?) 1/2 — (n? — k* — sin?(¢))

Typical values are given in the table below

metal A() n k a b R(¢ =0)
chromium 0.58 2.97 4.85 2.925 4.925 .69
iron 0.5 3.022 3.845 2.96 3.926 .61
iron 1.0 3.81 4.44 3.755 4.505 644
steel 0.5 2.09 3.14 2.019 3.251 57

Figure 1,2,3 show the reflectivity for iron,chromium and steel, an interesting thing is the
imperfect Brewster angle condition at large angles of incidence due to the imaginary part
of the index, k, in the parallel component.

A useful approximation near grazing incidence expressed in terms of the grazing angle is

Ri(a) =1~ (;%) =1-9.6 X 107 3a(degrees) for steel




Attenuation along the tube due to reflection loss

The tubes act like light pipes. The distance between specular (no scattering) hits for a ray

at grazing angle, o, is
2a

tan(a)

l{a) =
where a is the tube radius. The transmission along the tube in a length L is given by
T(a) ~ Ry (a)Eton(@)/20
or the attenuation in db is
ATT(db) = 10 (Ltan(a)/2a) logio(RL)

Figures 4,5 show the attenuation of a 4 km long 48 inch diameter tube as a function of
the grazing angle, the smallest grazing angle that still makes an encounter with the wall is
.0175 degrees. Figures 6,7 show the same attenuation in db per 100 meters of steel tube as
a function of grazing angle. Be careful with these curves since the minimum grazing angle
that makes one encounter with the wall in 100 meters is .7 degrees, nevertheless this is a
useful curve in calculating the attenuation of longer systems and when compared with the
effect of diffuse scattering to be considered later in the memo.

The important property the curves show is that once grazing rays at small angles have
been converted to rays with angles of 5 degrees and larger the attenuation in the tubes
and therefore the net absorption of the stray light becomes enormous. This is the basis for
" the baflling strategy to reduce stray light. It is the “blackening” mechanism of the tubes

and the means for isotropizing the /stra.y light at the exit pupil of the system. '

Scattering by the tube walls

The reflection calculations of the previous section assume that the tube surface does not
scatter, in other words, a light beam encountering the tube wall hits and leaves the wall at
equal grazing angles and is attenuated only by the loss on reflection. If the tube wall is not
perfectly smooth (smoothness will be defined below), the light will also scatter into other
angles. The scattering is analysed by dividing it into a coherent process and a diffuse or
random process. In order to understand this, imagine a light beam hitting the tube wall
at grazing angle o and ask how much of the light will be collected by a collimating system
directed along the exit glancing angle 8 around a small solid angle df2. The coherent
contribution will be that part of the light collected which still retains the phase relations
of the original incident wavefront across the collected wavefront. If the original source of
the light was a point source, say a single bad patch on one of the mirrors, the coherent
scattered wave will still be able to be brought to a diffraction limited point focus. The
coherent part of the scattered wave includes the specular reflection at &« = # and has an
angular distribution peaked in this direction. The area of the wall that participates in the
coherent part of the scattering is determined by the first Fresnel zone along the tube wall.
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The coherent scattering is the most harmful component since fluctuations in phase of the
coherent part when driven by wall motions will make phase noise in the interferogram after
recombination with the main beams. What is in our favor is the rapid attenuation of the
coherent component with increasing surface roughness, these issues will be discussed more
adequately below.

The diffuse component does not retain the phase correlations across the wavefront of
the incident beam. The diffuse component has a different, generally broader, angular
distribution than the coherent component but also tends to peak around the specular
direction. The relevant parameters in diffuse scattering are both the surface roughness
as well as the correlation length of the roughness which together establish a typical slope
distribution for the surface. You see this when looking out of an airplane window at the
“reflection” of the sun from the ground, there is usually a bright spot at the specular
point even when flying over fields. The specular point is easily visible over water but this
scattering may still be dominated by the coherent component depending on the water wave
amplitude and wavelength. One way to imagine the diffuse scattering is as the incoherent
superposition of many wavelets heading into the direction around 8 but from different
facets of the surface which are separated by more than A/2 along rays directed toward
B. The angular redistribution of the light by diffuse scattering will be discussed in detail
below.

Characterization of the surface and the scattering

Much of this section comes from reference 1 but with extensive corrections since the book
has many errors.

The surface, extending locally in the x and y direction, will be characterized by a Gaussian
distribution of surface irregularities in the z direction. If the mean surface is at z = 0 the
distribution of the surface, assumed isotropic in x and y, is given by

P(z) = —}-—e“’z/z"2

RoveH svrFAacCH

P(z) is the probability that the surface has an excursion z at some point x,y; the rms
excursion is 0. By assuming that the surface is isotropic, the joint probability distribution
of finding a surface excursion difference between two points on the surface becomes only a
function of the separation of the points and not a function of the direction in the xy plane
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- this may not be a good assumption for surfaces that have been treated by rolling or other
forming processes that are anisotropic. The autocorrelation function of the surface is

3(r) = (1/4) / / 2(0)2(r)dgrdr = o%e~ /T

A is the averaging area defined by the largest separation R. The specific form of the au-
tocorrelation function (right term in equation) is another assumption about the surface.
T is the typical correlation length of an excursion, 2z, on the surface. The two dimen-
sional probability distribution of finding a surface irregularity 2z, at one place and another
irregularity, 22, at another place a distance 7 away is given by

1 . _(x 2 2Cxy30+sx 2)
P(z,2) = 30%1=0%) where C = &(r)/o?

270241 - C? ¢

The slope of the surface, 9, also has a Gaussian distribution,

T =T2tanl(y)
PO = (5r7meem) ¢ T

The scattering from the surface is calculated from Kirchoff theory, much as in Kip’s paper,
under the assumption that the second derivative of the surface shape is small enough
so that the radius of the best fit sphere to a local region of the surface is still much
larger than A. The scattering amplitude, p is defined as the ratio of the actual field in
the receiving direction divided by the field that would occur in the same direction if the
surface were perfectly smooth and reoriented so that the receiving direction intercepts the
specular beam. This definition finesses the diffraction due to finite area of illumination.
The scattering amplitude becomes proportional to the two dimensional Fourier transform
of the surface irregularities modulated by angular functions that depend on both the
incident and exit directions.
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The scattering amplitude, p, is

o= (F(p.8)/4) [ [ 7 rdzay
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where

1 + sin(a)sin(B) — cos(a)cos(B)cos(¢)
sin(a)(sin(a) + sin(B))

F(a,8,¢) =

and
V = Kin — Kout = k ((cos(a) — cos(B)cos(¢)) X — cos(8)sin(¢)Y — (sin(a) + sin(B))Z)

V-V=v,,:2+vy2+v,,2 and k=—:\—
To determine the scattering angular distribution, the surface is analysed as a set of random
two dimensional diffraction gratings, by taking the Fourier transform of the surface with
modulating functions determined by the incident and exit directions. Reference 1 (p 80 -
89, and appendix C) shows how this is done.

The result of the calculation for the intensity scattering coefficient is

TT2F2 O g™ —(ea+ey 12
< ppxk >=¢e 9 2 e am
pp (Po + A r;l m!m

g is the Rayleigh roughness parameter given by

VI=v0= EZ;—U-(sin(oz) + sin())

The first term in the brackets is the coherent scattering and the second the diffuse scat-
tering. An almost smooth surface is characterized by ¢ << 1 while a rough surface by
g >> 1. A is the area of the surface illuminated. po? is the coherent intensity scattering
coefficient which for a rectangular illuminated area of dimensions /; and [, is given by

2 sin(vzlz)sin(vyly)\?
po- =
Ly

The intensity scattering coefficient for the limiting cases are

7I'T2F2 —(vz2+0,2)T32
< ppx >=¢e 9 (po + —_— 1 S L‘“) g<<l1
_ aF2T2 —(-:’tv%’)r’
< ppx >= (W) A g>>1
F1

A useful quantity for the scattering calculation in the tube is the mean power reflection
coefficient for the surface A, this is given by
A?sin?(a)

R =< pp*x > 32,2



r is the distance between the receiver and the surface patch of area A.

For the diffuse scattering the most useful quantity is the power scattered per solid angle

divided by the incident power.

// =

T
N

Ky

Paren A
(dPaca.t (.B, ¢) /dn) 2
Gla,B,9) = = Rr‘/A
(e, 8,9) P (<) r*/

The specific formulations used in the rest of the memo to estimate the diffuse scattering
are: for g <<'1

o= () (Bt

¢~ (252)* (sin(@) +ain(8))? o= (5F)? (cos? (o) +c0s? () ~2c0a(a)cos(B)eon($))  Ey 1

and for rough surfaces ¢ >> 1

_ 1/4n(T/0)*(1 + sin(a)sin(B) — cos(a)cos(8)cos(9))?
Ge.5.9) = (sin(a) + sin(ﬁ))4 x

co.z(a) +o0a3 (B)—3cos(a)cos(B)cos(P)
-(T/20)?
e (sin{a) Fein(A))3 EQ 2

Attenuation of coherent propagation in the tubes

The coherent part of the scattering is the most serious in producing phase noise at the
interferometer output. The area along the tube walls that could contribute to the coherent
scattering are the Fresnel zones on the tube walls. The Fresnel zone here is the area along
the tube wall for which reflections of a plane wave originating at one end of the tube would
arrive at the other end with a net phase difference across the wavefront of less than . The
Fresnel zone is an ellipse on the tube wall with the major axis running along the tube and
the minor axis along the azimuthal direction. Straight forward geometry but miserable
algebra is needed to determine the major and minor axes of the ellipse as a function of
distance, z, along the tube of length L, and radius a. Define

A= (22 + a2)1/2 and B= (zz + u2)1/2
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u=L—-z

G- '~ A’B%(uA - zB)
~ \(A2B3 —22B3 — 4243 + A3B?

e (A233 —22B% —u2A% + AaBz)

A3B3

then the semimajor axis of the ellipse becomes

3\ M2
21 =G+ <G2+—H->

Near the middle of the tube the semimajor axis becomes

a(r/ = EN

The minor axis of the ellipse changes little over the tube length and is given by
y1 = (AL)Y?/2

Figures 8,9 show the major axis of the Fresnel zone ellipse as a function of fractional
distance down the tube. The curve is symmetric about the middle of the tube. The
Fresnel zone at the middle of the 4km tube is 73 meters long and becomes smaller as one
gets closer to the tube ends. The importance of the zone is that the phase of the beams
hitting the Fresnel zones and collected at the exit pupil will vary with the motion of the
walls and could cause phase noise in the interferometer output when recombined with the
main beam.

The equivalent power reflection coefficient for coherent scattering from EQ 1 is
Axcein(a
Rooy = e=(=2522)?

It is worth noting that the total power removed from the coherent part does not depend on
the correlation length, T, but only on the Rayleigh roughness in the limit g << 1. (This
is also true for mirrors at normal incidence. The relations for normal incidence on slightly
rough surfaces are important for our mirrors. The formulation for Gaussian surfaces given
in the previous section will be applied to the scattering angular distribution measurements
that have been made on mirrors in another memo.)

The transmission of the coherently scattered component by multiple reflections from the

tube walls is given by
Ltan(a)
T(a) = R, ;>

expressed as an attenuation in db for a length L
ATT(db) = —343(0/2A)*(L/a)sin?(a)tan(a)
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Figures 10,11 show the attenuation of coherent propagation in db per 100 meters of tube
vs the incident grazing angle for a set of 0/)A. The power removed from the coherent part
goes into diffuse scattering which will be considered next.

The redistribution of light by diffuse scattering

The case that has been analysed here is for a rough surface, ¢ >> 1. If we intend to
roughen tube walls or misalign individual sections of the tube to gain the benefit of the
attenuation of the scattering propagation, it only makes sense to look at the rough case.
The diffuse scattering is described by EQ 2. The set of figures 12 - 36 show the angular
distribution, G(e, 8, ¢). Each figure is a plot of the diffuse scattering distribution toward
B and fixed ¢ for a single value of a. The curves show the distribution for a set of T'/o. (I
realize in this age of computer graphics this is a clumsy way to present the 3 dimensional
function but so be it.)

The curves show some simple properties.

1) For surfaces with T /o between 1 and 3 the scattering is almost isotropic for all input
angles even grazing angles. One can see the approach to a Lambertian surface. This is no
miracle since average surface slopes are large ranging from 45 to 18 degrees. The scattering
distribution is most likely underestimated because it does not include shadowing of one
part of the surface by another. This should become increasingly important at small brazing
angles.

2) For surfaces with long correlation lengths/rms roughness, smaller average slopes, the
diffuse scattering peaks in the specular direction with an angular width at the 1/2 power
point of =~ 4000 /T (degrees). Just what might be expected if light were reflected from a
surface with slopes +o/T.

To determine the attenuation of the diffuse scattering, the integral of EQ 2 was performed
numerically over a full 27 solid angle. The integrals for various values of T'/o as a function
of a are shown in figure 37. The integrals are miserable requiring double precision and
many mesh points (107) to stabilize numerically. The salient features of the integral curves
are the following.

1) The total power diffusely scattered near grazing incidence varies as ¢/T in the rough
surface model.

2) The conversion of small grazing angle rays to isotropic ones grows rapidly with increasing
grazing angle.

Figures 38 and 39 show the attenuation of rays incident at grazing angle o due both to
reflection loss and diffuse scattering loss in db per 100 meters of tube. The approximation
being made in these curves is that the power diffusely scattered is indeed lost from the
beam so that the equivalent reflectivity is 1 — Pscqt/Pine. The approximation neglects the
diffusely scattered beam that goes back into the original specular direction. The figures
to compare are 6,7 with 38,39 which show the large gain in attenuation at small grazing
angles that can be made over just reflection loss by roughening the tube walls.
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A table of some cases, summarized from figures and equations
A=0.5u

/A o (cm) o (degrees) g dbeon(4km) T/o T (cm) dbgsxrs (4km)

100 .005 0175 147 .64 1 .005 3.78
1000 .05 .0175 14.7 6.41 1 .05 3.78
1000 .05 .0175 14.7 6.41 3 15 1.07
10000 .5 0175 1.47 x10® 6.4 x 103 1 .5 3.78

100 .005 1 4.81 120 1 .005 21.6
1000 .05 1 481 1.2 x 10% 1 .05 21.6
1000 .05 1 481 1.2 x 104 3 15 6
10000 .5 1 4.81 x 10* 1.2 x 108 1 .5 21.6

100 .005 3 43.3 3.2x 103 1 .005 65
1000 .05 3 43x10% 3.2x10° 1 .05 65
1000 .05 3 43 x10® 3.2x10° 3 15 18

100 .005 5 120 1.5 x 104 1 .005 108

100 .005 1 480 1.2 x 108 1 .005 216

Recommendations and Summary

Roughening the tube walls helps to bring the critical angle to less than 1 degree and
possibly as little as .5 degrees. I need further discussions with Kip concerning the relative
importance of the coherent and diffuse attenuation, before a recommendation to the project
can be made. Another matter that needs immediate attention is the actual roughness of
manufactured tubing. I intend to settle these issues on my visit this coming week (Jan 23,
1989).




Fievat

TiGunn 2

i) 68 708 80 99

2 10 20 30 40
® Y T T T T TR FTPTTETE el BN TR TS R EEIE e e T -
= [\
. I
o | @
o AL F =
B | i
W T e W
wol o TT— m;
= L o
S —_— 4
o I <
= 5
= | -
e o3
- b o
hs Ag
W™ | L
“!— ......... _Q
s n
1 m=z 3.8 g i
1 K= = r
© Q
< r----....,.‘;.,...,,.........,r..yy.r.'['v---:...,.-.......,-::....v-,.r--.,-..lv.....x.r ©
a 19 20 4a Se 70 80 99
ANGLE OF INCIDENCE (DEGREES)
REFLECTIVITY OF IRON AT 1 MICRON
2] 19 20 38 490 Se 60 7!
2 .........L‘.....Lul...L“.Ul.........[.........l.........1....U..Lle.........ene.........%“
] ®
- |
< Lo
] @™
a: . o
L o
o -op
e ] T mﬂ
5 e
; B L <
Z ] g
W
P OA
™ - 3
e ] >3
o 5
o Lo
| n
m=2.27 L
1 K= 4.85 A
Q o
TrTrttrrrrrrystyrryrrrrrerrrrrrrr L2 NS L A B R N e TTtyrrerrrT Trrerrrry Trrrrrorr LI B B A A i A AN TrTrrrerrr .
© T T T T T U ®

2

10 29 60 70 80 99

40 59
ANGLE OF INCIDENCE (DEGREES!
REFLECTIVITY OF CHROMIUM AT .58 MICRONS



%] 10 20 39 49 59 60 79 80 99

s TP T PR TS MR P TR ST FEN TR EUWE PEEREEE RS S -
] o
@] -
© b
£, [ o7
o
Ew g
g m
a oo L o
- hnd B :
£ IS
z 1 -
a N -
G ] o3
2o a3
- m@ ] =
|
] o
o T
® -
1T m= Z.°|8‘g
E K= 3272507 ©
< TrvTrryrry Trv VT evr¢er b
: r-rvrr.v-|u-.rvvvvrlyy:x--’-n|rrr|---..lvvnvv;u.-‘x-.rrrr:v[uyv--.,-v| T ©
QG 19 2Q 49 50 60 70 80 99
ANGLE OF INCIDENCE (DEGREES}
REFLECTIVITY OF STEEL AT 8.5 MICRONS
Ficoas 3
2] 1 2 3 4 5 6 7 8
RSN ST FETETEEETS RIS P PP YN TS TR PN FrE T
o
!
s, |-
Q¥
: a
: 3]
> 1
=]
] 2
=
[+
2 4
4 . .
Hol
. [l
= .
I IR o e o 00 0 o e A

° ! 2 6 7 8

3 4 5
GRAZING ANGLE (DEGREES}

”
ArTRuwvaTion My oMl 4P Oia~tra. TVvEA

FiGont 4




~40

)
-
o]
=]
pu]
z
o
-
o
«
=]
z
0]
=
=
@

-60

2] 2 4 6 2] 10 12 14 16 18 29
GRAZING ANGLE (DEGREES) - -
”
ATTAvuaTioN Hiue LowG “HE Ssmarra TvEeR
FiGuak §
8.9 9.2 9.4 8.6 9.8 1.0 1.2 1.4 1. 1. 2.9
NS PRSI DU R AR SR R N M i 1

3 N
o] s
s :
1 1 -

o ] .

[+ 4 g -

W] L

B 1 N
L [
o™ 7 Lo
=97 o
Z -
a ] [
a g }

=z T L
=hich Lo
3 o
= [

2 ] L
im 4 I
E 1 [
< ] L
i L&
© b
[ :&

AN S S W e e By SR AL RN BRL S S Sy I S R T T T T
9.0 8.2 9.4 9.6 1.4 1. 1. 2.0

8.8 1.0 1.2
GRAZING ANGLE (DEGREES)
ATTENUATION DUE TO REFLECTION

STEx v

Frevnd &




9 19 20 39 49 Se 60 70 8o 98

RN TENERE ST TN IR SN TN SN ST T I NI T AT I T IS E Tl F USRS AN N e
© F
-] -
L - ®
[, B N
& 3 X
© F
Haud o
] re
Q@ ] L
® ] "
- E
z 3 C
= _ 4 N
© 4 - 1
am- C W
a4 [®
z ] C
[ N
= [
[ 3 b
< ] C
© A F
ke -3
= o
= 1 L
« ] [
® ] F
1N oy
[ - @
] E
3 [
L o e o e o e S e R e B B LR L N

) 19 2o 30 49 se -] 70 0] 99
GRAZING ANGLE (DEGREES)

ATTENUATION DUE TO REFLECTION
8TER

Feonr 1 ’ R>R,

0
[

9.50 0.55 9.60 9.65 .70 0.73 ©.80 0.85 Q.

T T TS TS T ST T ST T I TS ST N TR NS DS W

7000
eess

TRV TRER SN RRRURANE SRURURRARY PRV TS CTUTRI FCTETTNAVI CURITNUVEA TUNERUUNTY

6080
0089

Soeeo
eees

4000

200eE

LENGTH OF FRESNEL ZONE (CM)
3000

2000
eee2

1000
eeel

T T T T T T R T T T T T T T O O T T
ey

LB a2 ¢

r.-rv-;.-'-v.v-.|1y|.<-.v—rrrnlv..;:-r-ylvvv-r-..-lvv..-vvvv[vvv--r||v|vrv

9.50 9.55 9.60 9.65 0.72 8.75 e.8e 9.85 9.99
FRACTIONAL ODISTANCE FROM END OF TUBE (4 KM TUBE)

SIZE OF FRESNEL ZONE ALONG 48 INCH DIMATER TUBE

Fiouail @ P :O..)'/u



8.75 0.90 8.85 8.9 8.95 1.00
[TV ST W N ST ST SN TS AT ST WY ST SN WO ST WY S VUM SUIY SR ST ST YOI ST L VA SO PR ORI U TS T S S T i PR SO T T Y
2 -3
] L
© L
i s
. L
~0 1 [ =
537 K
w 7 ™ b
zS [
SEN CS
| - L
Yo Ls
8227 -8
£ | L
591 [ o
£ ] X
g g L
POy
Hg‘_ C®
® ] 2
2 -3
8.75 e .85 8.99 8.95 1.00
FRACTIONAL DISTANCE FROM END OF TUBE (4 KM TUBE)
SIZE OF FRESNEL ZONE RLONG 48 INCH DIMATER TUBE
Azoap
FiGuai
9.9 1.6 1.8 2.9
L ot PR | PR S
] -~ A
| %]
|
b - b
v 7 L
o
W
5 I
LS -
- L
SR d
il i
EY
E ) L
pe]
Q T 3
zZ
& [,
ot -3
S L
4
T
= 5
jd
c -
@ |
i - &b
. — —— ———
8.9 8.8 1. 1.6 1.8 2.9

a 1.2
GRRZING ANGLE (DEGREES)
ATTENURTION OF SPECULAR (COHERENT! POKHER

rtburi 10



. 2 9.14 8.16 @.18 0.29
e.08 i lB |aa| L .Blla. 1 -B|l I L i ] L i | " Jod. 1 i s "
] 0-/7‘ 230 F
] o
= L
l ] -
e ] C

] [ 2-] B
Ho | !
b= ] -
= . -
o 1 C
= -9
P -
" ] -
a 1 -
z ] 300 -

] Pt
33 L4
=hihy :
e
s - -
2 ] L
G 1 -

] -
t ] -
c ] =

: L L

e— L @
' ] =
] =
] T T T LS T l T T T l' T T L] l T T T l T T T l T T T
a.08 0.19 8.12 9.14 0.16 0.18 9.20

5.0 GRAZING ANGLE (DEGREES)

ATTENUATION OF SPECULAR (COHERENT} POHER

FibunZ 1b

[*] 10 29 39 40 59 69 79 89 90

TR N T IS E T FOW T P TTRTETY ST TN N Twewl T rere
- -
4 L
-4 3
o -ro
1 \1oo [
-
S [
T L
o ] -
z
c 1 X
g 1 L
a 1 E
c ] r
3
& L
(=R "
o ] [
a o C
N 3 L
5 L
w b -
z L
EQ—: :—0
P o [
R [
e ] i
=
5 L
a A L
3 1 E
- 3
-] C o
| -
3 [
R B o o o L IS o o s B AR S e i U

2 10 2e 79 89 90

38 40 50
POLAR SCATTERING ANGLE (DEGREES)
DIFFUSE SCATTERING ALPHA=.091_ PHI=0.8 DEGREES

Fibuad 11




-] 10 29 38 49 S50 60 70 8e 98

TS TN TEEE RN ERE NI TN I RN CR R T TS AN ST TR AN E N RN RS N R W T W

] o
T L
v 4 -
Z -
g | s
a [
< ] [
£~ -~
. = A -
. [ L
z C
N B b
< ] L
9 -
g ] ;
. %s-: _—s
N -
N
2 ] N
o ] L
o N L
a L
aJ [
-] [t
(B =~
] F
R B B o N e B S RS AR AL SRR R U AR A UL
e i@ 20 39 40 S50 70 80 99
POLAR SCATTERING ANGLE (DEGREES)
DIFFUSE SCATTERING ALPHA=.81, PHI=45.0 DEGREES
Fivvar 13
Q 10 20 30 40 50 68 79 a8 99
WESTRTE FENTT TR TS PR T TR TT Rl FTTTETTET MR Tl ITTTe TR TEl FTTTTRTTTS TR YT
4 u
wd [
1 -y
T C
1] - b
= -
T ] "
g 1 L
& ] L
- - =
: v N
T ] N
N P L.
€ ] L
o =3
g A
o r
I 4 o
&
5 :
s ] F
g ] T4z r
j L
T ]
] 3 L
U L o L I A 0 i B o i e e o s SR e e R R R SR e a e e L s R e L R

Q 10 29 39 79 =0} 99

40 50
POLAR SCATTERING ANGLE (DEGREES)
BIFFUSE SCATTERING ALPHA=.81 PHI=99.@ DEGREES

Figunk o




10 20 30 40 590 60 7@ e 9e

...4-..-.]..--.....I....-L1|nl.....-.--l.....'.-.|-n----Ac-Innnnn-LLLL-n---..--l-...'....

- -
ol r
] p k
u -

] N
< h o
IS L
=] P L
<
< C
x ] -
- 4 -
n 4 L
2 9 .
[ L
~N - -
< 4
g [
v L
1 C
_U@—' boe
~N 1 r
N £
he) - -
o ] T C
s ] /e C
a L
Q - L
- 8
=1 »
: "
] "

L2020 B S R o e B L BRI AL L R

79 e 99

L I B e e BB B R ELUIR L ALEUILE SLRLALSLALAMSLELEME SMSMSMAMIMEMMLIMS LM

19 290

30 49 50
POLAR SCATTERING ANGLE (DEGREES)
DIFFUSE SCATTERING ALPHA=.@1 PHI=135.0 DEGREES

Ftounke &

[} 10 20 30 40 se 60 79 80 99

TS T T T NS TR R T E SNV SRR T R AR SN ST AN TS NSNS N RN

1 X
4 L
Nj —
=] N
14 L
2 1 -
T A L
fhond 1 b
=] 1 -
[ P
= L
== [
=R L
v ] L
P N
[ L
N - -
T
S [
w 1 -
Z ] 5
9] N
3 L
o, 1 3
T A [
o ] F
- -
a1 5
S X
2] t
-] Fa
E —

TTTTTTTY

LLELELELE B0 B A S LA e S N BRI BLELE L BLALELELELE AL AL BULILL UL S AU SURLAUAUELIMALELAME SUBMMELALILALIMEME SLELIMAM MMM IS

2] 19 29 3Je 49 50 69 79 ee %9
POLAR SCATTERING ANGLE (DEGREES)

DIFFUSE SCATTERING ALPHA=.91.PHI=180.9 DEGREES

Fiuark 16




(STERADIANS-1}

L0G18 (dP/dOMEGR/P)

Fti-ual

(STERADIANS-1}

LDG18 (dP/dOMEGAR/P)

9

19 20 30 40 50 60 79 89 99

lI|lllllll!!Il|1kl]lllllIllihlllllllllllllle‘..lllIlllllll‘lIIIILLIllllllllllllllllll]L

PRSETETUN TSN BT SrUE SR ATUT TN SPST TN AT S ST S AU T S S S SR S BN S R U O 't

LI I 2 1L 2 N B B e I B B B L B L 0 2 N B LALLM

2]

7

9

»“x‘|||‘-n]-vy;.v:r-l-'v-'-r--'--.rv-v-.|vrv-u|':.lxn---r--x|:..--.|y-

70 89

T T T T Y

10 20 30 40 59
POLAR SCATTERING ANGLE (DEGREES)

DIFFUSE SCATTERING RLPHA=1.@, PH1=0.0 DEGREES

99

10 290 39 49 Se 69 70 1] 99

T T PR T I TP TR TR I TTTOE R Ry IR T T TR T PTG E Rl FIT SIS e TR T w

PREURTUR AT ATV ATUV ST IS AT UV IURT ST AT AT Ur O ST ST ST AV ATV VA ST AT VU S SN N O S A U U0 U W0 AL

LU M S S LA I O B L et LA AL LN B LN L B

2]

L o o S AR e L AL B ML S L SU LR AL ILSALIAA I I
18 29 30 49 50 70 =t}
POLAR SCATTERING ANGLE (DEGREES)

DIFFUSE SCATTERING ALPHA=1.@,PHI=45.0 DEGREES

Ftiual g

9e



(STERADIANS~-11}

L0618 (dP/dDMEGR/P)

2

-] 18 28 30 49 50 60 79 8

II||II1\LIL|ll|||L[lllllIlIl|llltllll!I|lllll1|||||llllllLllllllIIILLIIIIIAIIllll]lllll[]

99

.
1
o -4
b too
= ]
& ]
]
F
- 4
a |
<
x4
B
- ] 30
o
N -
c ]
S
a 3
£
99
N
& ] 10
o
-
a 1
2 ] 3
-4
_“1
T
3

1L

2

2 1

T-

LI I 0 B e 2 R e B B L L L B BB LN B N RLALEL AL LU RLRL AL A

---;.ur--l--;vr-..-|Tw.vvr|--,rvv:-v-rvl.-vrvv-vrluvuvuuvv-rrTvr..u--[v---vvvvulxvy--r.-.

2] 1@ 29 30 49 5@ 69 70 8@
POLAR SCATTERING ANGLE (DEGREES)

DIFFUSE SCATTERING ALPHA=10.8 PHI=0.0 DEGREES

1vnal 1§

Q 19 28 38 49 S 68 79 80

llll‘lllll'll]lIllL,llllll!llllllllllilllllllllllllllllIllllllll[lIIIllIlllIlIlllllllll

99

B
(-]

Lao o s s

2

!

i

LI L 0 0 L LB AR LU LR RLAL BRI AL

NP ATATETIE U0 (Y S STV AT AT AT I U BN UT RIS STV AT I U LW IS ST ST Ao

T T

y T Lo
l|llvvl|:||1|1lrlll|lvlllrlll[lwtllviv.|Yl|lllr"‘llvrrrnuy]:ry,llll TTTTr T T T T T T

Q 1@ =] 39 49 59
POLAR SCATTERING ANGLE (DEGREES)

DIFFUSE SCATTERING ALPHA=10.8.PHI=98.0 DEGREES

Fliuskd 1@

69 79 -] 99



. a ) 28 30 40 Se 60 79 80 998

l|11||IIIllL'llll!I[ll!bll|l|llllIII!ll|AIA|L||||l|illlLlllllllllllllIllllllllll\lkllllll

] L
p F
4 F
- -
u o
ol L
[ [
[ L
z
& L
- L
a | L
< 1 F
[ -
= L
- L
o 4 L
~ - b
< - -
o]
o] L
z L
Emi e
g ] :
= = L
s Tzr ' -
Q h L
o L
a L
e L1
[ e

REEA e s e s s s B E A BRI S LSS UL IUMLMUIUAAS UL LS ML
-] 10 20 30 49 Se 69 70 80 99
POLAR SCATTERING ANGLE (DEGREES!

DIFFUSE SCATTERING ALPHA=10.0, PHI=180.0 DEGREES

Ttiuad 2!

a 10 28 30 40 -] 69 79 1] 98

....,....1.........1‘........l.........1.........1.‘....x..l.........|.........|........L
] lo* 3
] F
- -
o] :
) ] -
(2] Jd g
z
c 1 -
a 1 L
g _] 3. .
&~ -
[=S. 3
2 r
by ] =
a4 -
~ - C
& ] e
& lo
w ] -
£o] o
397 -
~
1 ] =
iR -
® ] -
o .
]
e 3 b
3
] x
iy -
" :
] o= = -
.......1.‘.......,‘..,,....,,........,......-r;,rrr,.”..,.........,..,......l.r.......g

10 20

30 40
POLAR SCATTERING HNGLE (DEGREES)
DIFFUSE SCATTERING ALPHA=38.0.PH!=8.0 DEGREES

Ftiund 2L




-] 10 20 30 49 Se 68 7e =} 90

INETOTTETE S TSN N T RER T ST ERNE TS IS TTRTTTE FTNT TS TETl FRTTSTEETl FET TSN Trl ST rre T

by o
- L
ol I
o ] r
F L
S ] s
(=D b
2 ] :
1~ [
=R C
L7 [
o [
N 4
< ] -
2 r
z 4 o
Qo
%] e
e ] C
5 A -
2 i
2 :
3] 3 C
= C )

1 r

- h"‘
] T =t r
]

LS S S B S R L LA L B B S e e o e S e R B R e e R E e s e o
a 19 29 30 49 S0 70 80 %9
POLAR SCATTERING ANGLE (DEGREES)

DIFFUSE SCATTERING ALPHA=30.0,PHI=9@.0 DEGREES

FGunl 23

e 1@ ce 39 42 Se 60 70 80 9

TRTTEEEE P ET T IRl CTT N RWY TR TN ST TS IR AU NI I AT I U TR U N U F NN R WY

] b
] L
o L
P - ro
= ] L
)] [
o ] [
g -
- N
o L
€ ] L
®.d [
= 4 F
"n p f
z 4 -
~ E b
< ] E
a -
w3 L
[=] - -0
5% P
Y ] L
Z ] E
o ] L
bend -
Q ] -
g 13
3 ] [
T -

LS S B o o e B B ML L B B LIS B S UL B SRR AURLIL
o) 19 28 30 40 59 60 70 80 %9
POLAR SCATTERING ANGLE (DEGREES)

DIFFUSE SCATTERING ALPHA=30.9,PHI=180.0 DEGREES

Fitvni 4



Q 10 22 3e 48 Se 60 70 89 %

T T PR IR IS TR IV SN ST NN S SN TN Tl FU TR ARV N AN RN

i
{
i
{

1 2
MW PTE E Eare

LJBLJNLER B S B B Rt L L A LB B N B A B

L.OG1@{dP/dDMEGA/P} (STERADIANS-1)

[ [ ©
- i
) =3
] /e r
] L
- L
4 =
RS B Ee e L e AAAAAS MR LA RS IR s UL AR AR LRI

-] 19 20 39 49 So 69 79 8e %
POLAR SCATTERING ANGLE (DEGREES)

DIFFUSE SCATTERING ALPHA=45.0,PHI=0.8 DEGREES

Feun e

Y]
®

Q 12 20 3e 40 S 69 79 8@

P
-..nL-...lL..ux...ln.“.....l.......nl..L-n.-.\l...,..1.;!....:n..-l.;......Llun..

. -
- -
= 4 -
1 r
2L B
F =
< ] =
- .
a 4 5
<
[ s
5~ -
- o [
w - -
= ] -
S ] -
N B -
T
Q 3
¥ 3 :
%s~ :a
s ] - .
a 4 -
e ] X
- -
Q 7 3 N
8 |
- ] =
E -,
Nk —
' -
] 10 -
: T ? ! E
”.”.“.”.”.”.”r”.n,u.n.”.“.”,”.w,n.n.”,”.”.”.V.”.“rqr”.”.”

78 1] 98

Fuuaz 16

10 20 38 40 sSe 68
POLAR SCATTERING ANGLE (DEGREES)

DIFFUSE SCATTERING ALPHA=45.8,PH1=45.0 OEGREES




<0
o

-] 19 29 30 49 59 50 79 89

ll\IIlllllll![lllIAllllllllll‘llllllllIlllllllllll'lLllllI

Ly ssaaglera e el s

LOG1@ (dP/dOMEGR/PY (STERARDIANS-1)

[ A et

PN NI S Ul ST I WA I S oI o A I S W AT er

[T T e Ty

e

(/7S 1o

‘/”‘—_’__

LI 0 I B 2 L B LB S B AL RLELELEL AL B

Fiounr

(STERRDOTANS-1)

L0G109 (dP/dOMEGR/P)

-—r—rv-x.”,.,..n....,.”..x..lv..-.r-.:,...|....r,.....-...,'.rv.'..-lrr.......lu.....--
2 19 29 30 49 Se 59 79 89 99
POLAR SCATTERING ANGLE (DEGREES)

DIFFUSE SCATTERING ALPHA=45.@,PH1=90.0 DEGREES

7

19 29 39 49 59 €08 79 89

lllllllllllllllllllllllltllllllIlllllllllll!ll!ll'llllllll[lllilllIlllllllllllllll[!llil

99

10

-] -

-] C
] :
] -

o -
] .

-]

! -3

Ty T T

S i o LA I JL N 20 20 2 B B 2 RIS LBLELALAL SR AL ILAUA LRI AL AL FLALRLILALELIL AL T T
J I

10 = €8 70 89

30 49 59
POLAR SCATTERING ANGLE {(DEGREES)
DIFFUSE SCATTERING ALPHA=45.9, PHI=135.0 DEGREES

F((,umz ¥

 BLLLE S AL R AL AL

99

2



(STERADIANS-1)

L0G1@ (dP/dOMEGA/P)

-] 18 20 Je 40 Se 60 70 [Z[2]

0
©

-..1.:l-nl...nxln.-lLL.....;Ll.-n---n.-l.,.;.L...l-.Ln--L--Ix--x..-“I.........l....l-n

NS IS WA I A A A IS S BUTUT I AT AT U AT TN DVIN OF OF AP ET ST AT AT BV W 0 AP A ST AT

S e e 0 B LS B BLR R BLEL N S ML L RSN RL R UL AL B AL

°) 1@ 2a

lr'(l!l,’ﬁrvlllvlllvllvllllllvvlvllIl|llqlrvtl"]’t'llllllllTrlrleIlllvllrllll

78 80 98

TTYYTTTT 7T

38 40 se 68
POLAR SCATTERING ANGLE (DEGREES)
DIFFUSE SCATTERING ALPHA=45.0.PHI=168.8 DEGREES

Fioua® 2§

(STERADIANS-1)

L0G1@ (dP/dOMEGA/P)

]

1@ 20 30 48 58 60 70 80 990

ILIllllIlllA_Llllllll[L||||1|ll|llllllll!llL|||llIlllllllllllllll!lll_Llllllnlllllll[llllLL

PP SV WA I TIPSl ST AT ST W A W W N U O BT AT A AT I I T W0

3o

P I O

LI L e B e L RL B B RO O A S0 LRI LI BLEL R LA LB B SR L AL R

rrrrr..-.;y-;----vr[vv-vrrrrr,rrwrrvn:,,r.--v...-(-----:-v-lvr---v--#rrr:.rnvvulrrv---.-r

1@ 20 30 40 S 70 se 98
POLAR SCATTERING ANGLE (DEGREES)

DIFFUSE SCATTERING ALPHA=60.9,PHI=8.0 DEGREES

Figva ik 3o

2



a 10 ce 3e 40 Se 60 70 e 9e

TSN TN TR T AT R PN TN T T U T AT E NN Il AT TR G TR N SN NN T EE SN Ul SN EE TN TN

- o
-~ 1 -
=] A
T ] H
v -y
z -
] ] -
S ] .
2 ] 3
2 :
[, -
= A -
o ] -
hed P
T r
S ]
< ] i
[ -
W r
Z [
5° ]
~ 3
g r
I ° C
o ] ! L
- -
Q i =
3 4 3 L
3 ] L

- N b

[ Lt

LLEE B 20 S L B O M A A M B L B R L B A RSN B AL LB AL ELEL AAAS S LEL B AL LR AL UL AL AL S0 S R 20 00 S8 L 0 I

2] 10 29 30 40 Se e 70 e 9e
POLAR SCATTERING ANGLE (DEGREES)

DIFFUSE SCATTERING ALPHA=60.@,PHI=90.8 DEGREES

Fteoma 3¢

8 10 28 30 48 Se £0 7e ae 99

LIIIIIIll‘llll‘lllllll||]|l|]llllIlllll'lllll|[llleIlllIlllllllllllllIllllllIllIlLlAllll

] N
] v
LYES :-ru
-~ 1 L
2]
i E L
[, L
< -
< ] 3
T ]
[=] - I
c ] L
[+3 b b
- -
[T
" 4 -
-~ 1 C
o b L
N P
< ] [
o be
w 1 3
r -
3 -
a 1 I
3 ] F
2 ] r
e -
g 3 C
- <4 :
7 -
] L

TTTTTITT
rrrn-v..-|r||lr-rru|:---v-.qr"..-xl:.-lrvv-vvurulnlyln..;-Ivvu--:-tvlvn-rrrvvvl

e 1e 2e 3e 48 Se 6@ 70 ae 90
POLAR SCATTERING ANGLE (DEGREES)

DIFFUSE SCATTERING ALPHA=60.8, PHI=108@8.0 DEGREES

Ft(.JA“ 3L



Q 10 20 30 40 Se 60 70 2o 99

--.n:-...IAL...I..lI..,‘|'|xn_l.x.n...n.|.\1......[l-.;---L‘LL.A..l-..|l-...-‘.1;I....LL...

] to© F
a3 o
4 :'N
=] L
1 p r
o ] L
z 5
& L
=
a F
c ] -
[ L
= 30 -
1] E r
a A
N B r
< ] N
S N
% 1 L
S o 10 L
k) -
: ] -
$ 1 C
o ] o
=4 [
8 3 r
a ] C
'-‘- 3
1] -
B -
b L

v-.-;n..|...u....;..,:....r,..-,...-,,---.-,..xl..n...-.[...-....-|n-..xu.,....rr..r
Q 19 20 39 49 Sa 60 70 8e 99
POLAR SCATTERING ANGLE (DEGREES]

DIFFUSE SCATTERING ALPHA=75.Q.PHI=8.8 DEGREES

Fiboar 33

Y]
[

Q 10 20 38 40 Se 60 78 80

l|..||--.4_l......-..I.-.n.....|......x

30
T e

;......L.I..-.L....\;.....--.I.x.-....;l.;.l‘..xn

N—- el L]
] C
= ] L
1 p -
[ - L
-4
[+ . -
T ] [
=] p -
< L
& ] .
[ 3
2 - -
T i
N - -
& s
5e 10 " o
EQ—- -
a A L
3 r
C C
Q -1 -
o 4 3 -
-t - -
-] [
1 Ned

] C

q r

IRARAASARES UL

70 8@ 98

rvvrvvy]n:vnu.nn-lnuv-r-rrrlvuv;..---l--r-;v-zulnr-:xruﬁrl.-.uuvr--

10 29

39 40 S0 60
POLAR SCATTERING ANGLE (DEGREES)
DIFFUSE SCATTERING RLPHA=7S.8,PHI=99.9 DEGREES

Ficuar 34




{STERADIANS-1)

LOG19 (dP/dOMEGR/P)

2

1

1

TEE I IS S I I A W AT I ST AT AT U AT ET IV N R SPET AT T ST I N IO ST

2] 10 20 30 40 Se 60 70 88 29

sattagata ba o sy v os el s g epeeelona e aelesn e loesa s sa s saalagaasaaxesleg ey

72; 3 30

RALAL L S L B LI LA DL LB B S B A S A B et o

LELEE NS AL LA U N B A0S I N 0 S8 AN B LU O B L B R BB N A A BL BN B B S S B I B

) 10 20 3@ 48 Se 6 79 8@ 99
POLAR SCATTERING ANGLE (DEGREES}

DIFFUSE SCATTERING ALPHA=75.8,PHI=188.9 DEGREES

Fitvag 347

{STERADIANS-1)

LOG10 (dP/dOMEGA/P)

[ 10 29 30 40 1) 69 70 80 L]
TP TR TS NI FT T TT TR U TETTe T FETTEr RO Us R RS R

2

M W A WA I TT A A IS I A I AT ST A AT STV VTS A TS A AT A U U

1

-]

1

30

-

LI I L B B O LB B L L LB L L L R

Th-=1

T

TTTT

2

¥

)

1

2

1

)

T-

TTrTT T T T T
lv'llllll|vvrlrIllv'vIlllllllllllvll'qv'vllll!vallllrl!llvllvllvvlll[vl T

] 1@ 29 30 490 S0 60 79 80 %8
POLAR SCATTERING ANGLE (DEGREES)

DIFFUSE SCATTERING ALPHA=99.8, PHI=0.@ DEGREES

Ftlunk $G



-2.8 -1.5 -1.0 -9.5 0.9 8.5 1.9 1.5 2.9
TS TN NS I A S Syl (I ST ST A ST T ST AT UT VY S0 S N UL N S A0 U SO U S S U0 OF S AU WU IC NS U0 S S VR O A A A W S A O AR
"
] .
- -
4 i L
i ] F &
7 [ o
2 ] 3 C
@ - -
T ] L
9 A [
So ] -l
& ] o
3 ] 10 N
g ]
. [
] 5
2] L
73 L
:‘:': : 30 L
g 1
2 [
(L] 3 L
Q -4 L
“o] [
[ n
¥ =
: . o a L4 ‘-° ?' . :

] 0,1 o 1 3% lo [
L AL I o B e o B B I e R e
-2.0 -1.5 -1.9 -0.5 9.0 a.5 1.9 1.5 2.0
LOG1@ INCIDENT GRAZING ANGLE (DEGREES)

INTEGRAL OF DIFFUSE SCATTERED POWER/INCIDENT POMER

loved SvuAafdch AlPAD giutayiod
Fleunil 37
8.9 8.2 0.4 2.6 2.9 1.9 1.2 1.4 1.6 2.9
NS S SN IR S N SN SR TR SNUC A B FEET SV NS S SR S R N SN ST T SN S S | S T L
p - v 100
N30 B
] 0 s
ol L
¢ 1
n
[ 3 N
o
= 7 b
Ge_
P =} L1
-] - o~
e L
zZ 1 L
- 4
o A
o' L
z o
- 1 b
P T, =
8 % -
= 1 -3
S .
] L
2— -l
' f
. o
L DAL R LA A L S St RO B S I B S e B e e s m e e s T
2.9 8.2 2.4 2.6 0.8 1.9 1.2 1.4 1.6 2.9

GRAZING ANGLE (DEGREES)
ATTENUATION DUE TO DIFFUSE SCATTERING AND REFLECTIoN
Mlovtd Svariseg ALAAG Y= 40 )

Fi-vak 32




5 18 ' 15 2e 25 30

|llll['I|llllll!llllilllLllllllllllll_l_llllllll'lllllIIAL

.
o

eI~

~20
a2~

-39
-1

)
v~

NERTETUTE FENENUN T FETCRURNTS SN R U E TR T rE il Py Ty ey |

ATTENUATION Db IN 188 METERS

25—

LR NS AR RN AR A S R RS SRR RS SRR LN R AL

T T

:v-u:--rrlrv;--r-v-,rv.r.-.v-‘;-rvvvr--lnfr...-zr‘

S 19 15 29 25 3e
GRAZING ANGLE (DEGREES}

ATTENUATION DUE TO DIFFUSE SCATTERING AND REFLECTIoM

Botn SoAaFac AfPrRsarma 0N

Frevalk 39




	Attenuation Along the Tube Due to Reflection Loss
	Scattering by the Tube Walls
	Characterization of the Surface and the Scattering
	The Redustribution of Light by Diffuse Scattering



