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AbstractI
Bistatic scattering cross section measurements of CO2 laser radiation from

U slightly roughened metallic surfaces were made and compared to the predictions of

3 the Rice theory. Co-pol and cross pol measurements were performed both in and

out of the plane of incidence. The incident radiation was linearly polarized in either

the H or V configuration, perpendicular and parallel to the plane of incidence,

respectively. For each state of incident polarization the scattered polarization was

analyzed along two directions, perpendicular, (HH) and (HV), and parallel. (HV)

and (VV), to the scattering plane. The Rice theory predicts the polarization

dependent scattering cross section from a roughened surface with small scale

roughness. Small scale roughness is defined in terms of h, where h is the rms

value of the randomly distributed surface depths and X the wavelength of the

incident radiation. A roughened surface with kh< - is considered to be small

scale. The aluminum surfaces that were prepared for targets all satisfied the criteria

I for small scale roughness. The rms depth was obtained from specular reflection

data which was fitted to the Davies formula, and the average slopes were obtained

I from profilometric traces.

II
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U I INTRODUCTION

I In the branch of macroscopic electromagnetic physics dealing with scattering from rough

surfaces, scattering from surfaces with small scale roughness commands special attention. The

primary reason for this is that the problem can be treated analytically provided that certain criteria

3 pertaining to the rms depth and correlation length are satisfied.

3 Historically, the acoustic version of this problem, the scattering of sound waves from surfaces

with small scale roughness, was solved by Rayleighll. More than a half of a century later, Rice[2][31

I adopted Rayleigh's computational technique to the electromagnetic case. The electromagnetic case

differs significantly from the acoustic problem in that the electromagnetic waves are vector waves.

Nevertheless, in a first order perturbation treatment of the problem, the polarization state scattering

i matrix elements are independent of the exact nature of the rough surface.

As an examiple, for a perfectly conducting surface the scattering matrix elements are given by:

3 = -cos( s) (1)

am = - sin(0s) / cos(As) (2)

alHV = sin(os) / cos(0s) (3)

I = sin(0i) sin(Os) - cos(os) (4)3 cos(oi) cos(OS)

where H stands for horizontal linear polarization state and V designates vertical polarization.

I
I -3-
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From left to right the first label stands for the polarization of the scattered amplitude and the

second label corresponds to the incident state polarization. 0 denotes the azimuthal angle, and 0 the

polar angle. Subscripts i and s attached to 40 and 0 are abbreviations for incident and scattered,

I respectively. Horizontal polarization state refers to the electric field vector being perpendicular to either

the incident or scattered plane, and by vertical polarization state we mean that the electric field vector is

either in the incident or scattering plane. If the rough surface satisfies some fairly general conditions,

which will be elaborated on in our subsequent discussion, the polarization state dependent cross

section ratios depend solely on the ratios of the squares of the respective matrix element given in

equations (1.) - (4.). Thus, to first order in perturbation theory

5 m(0ss) Cos 2 (0s)COS 2 (0i)CoS2 (0s) (5)

Gvv(ss4) (sin(0i)sin(0s)-cCOS2%)) 2

I
where G stands for the scattering cross-section.I

Similar relationships hold for any one of the four different matrix elements. Our agenda

included an empirical verification of these ratios. To this end polished aluminum plates of square

I shape with an edge length of 4 cm and a thickness of 0.5 cm were sandblasted with a mixture of glass

beads of varying radii, ranging from 25 to 250 g.tm. The aluminum plates were bombarded with the

glass beads at 10 psi. The sandblasted aluminum plates had to satisfy two criteria to qualify as targets

with small scale roughness characteristics, as described in the following paragraph.

A surface with small scale roughness has its specular reflection coefficient modified according

to the Davies formulas:

RHH = RHH(Oi)e2(I _ hc (6)

RV = Rvv(0i)e-2 ( 1hcs2(i) (7)

I -4-
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I
where the superscript r stands for "rough surface". R is the reflection coefficient that would be

3 measured from a similar smooth surface. X is the wavelength of the incident radiation and h2 is the

rms depth of the random surface. ei denotes the incident angle. Sandblasted samples were irradiated

I at several incident angles and the measured specular reflection coefficients were plotted as a function of

SCOS20i. Samples that didn't satisfy the conditions imposed by the Davies formula, i.e. that 271h < 1,

were discarded. Samples that fit equations (6) and (7) were profiled by a mechanical profilometer.

The profilometer output are traces of the surface profile along a straight line. These traces were

visually inspected to check whether the rms depth, h2 , conformed with the co:Tesponding numbers

I obtained from fitting the specular reflection coefficients to the Davies formula. The profilometer traces

also provide information on the correlation length 1. The Rice theory requires that the slopes be small

I and this too was established by the profilometeric measurement.

Section II which follows is devoted to a brief description of the experimental set-up. Section

III contains graphical data for a variety of measurements. Section IV is devoted to a discussion of the

data and its implications with respect to Rice theory.I

I5



II. EXPERIMENTAL SETUP AND DISCUSSION OF LABORATORY ANGLES

LN2

HgCdTe detecto

I 0

ZnSe Ions

n ZnSe Brewster plat,

C02 laser 

analyser

K-rotatoi L J ( AII
choppe electric field vecto

rough surfaci

Figure 1 Component Diagram of Scatterometer System

I The source of radiation is a CO2 laser (Ultra Lasertech Model 5122) providing 10 watts of

linearly polarized radiation with a choice of 48 lines between 9.2 to 10.8 microns. The ability to rotate

the linearly polarized radiation to any desired angle is provided by a K-rotator. The rough surface is

allowed to rotate through two degrees of freedom which, in conjunction with the position of the

detector, simulates the environment of a bistatic radar in the field (the relationship between field and lab

coordinates is provided in the following paragraphs). At the receive end, discrimination between

polarization states is accomplished by rotating a Brewster plate analyzer and wire grid polarizer

analyzer. The combination of the two yields an extinction ratio of better than 1000 : 1. The radiation

is collected by a two inch diameter ZnSe lens with a focal length of 20 inches. A liquid nitrogen

cooled HgCdTe detector (detectivity = 1010 cm Hzl/ 2/Watt), mounted on a rotatable detector arm in the
focal plane of the lens, scans the resultant intensity pattern. Scanning over a finite angular spread and

averaging the data is necessitated by the scintillation pattern that results from the narrow-band laser
radiation scattering from the rough surface. The detector output is fed to a lock-in amplifier and the

time-averaged signal displayed on a Mac II computer.

The rough surface is mounted on a goniometer which can rotate through a range of 900. This

rotation is about an axis that is parallel to a horizontal surface. The goniometer is mounted on a turn-

"-6-



table which rotates through a vertical axis. By means of these two components, the target surface can

be rotated around two axes.

The detector has a range of 2700 and is rotated independently of the target surface.

The setup can simulate the three independent field angles, i.e., the incident and scattering polar

angles from 0 to 90 0 and the scattering azimuthal angle from 0 to 1800. The rest of the azimuthal

range, 180-360*, can be obtained by rotating the target surface around its mean normal.

The transformation of the field angles into the corresponding laboratory angles will now be

derived.

In the field frame, the target surface orientation is fixed and the transmit and receive directions

(vectors) can vary independently over a hemisphere (see Figure 2). In this frame, we designate the

following angles Oi, Os, and Os. Oi stands for the incident angle, the angle between the incident

propagation direction and target normal.

ri. n = -Cos(6i) (8)

where r. is a unit vector along the direction of propagation, and n is a unit vector along the

surface normal. Similarly,

rs. n = Cos(Os) (9)

where rs is a unit vector along the detector direction and

[ri - n(ri- n)] [rs - n(rs. n)] COS(OS) (10)
Sin(Oi) Sin(Os)



II

Figure 2. Definition of field angles

In

i3
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In the lafP-atory frame (Figure 3), the propagation direction is fixed, which is taken along the

negative z-a,.-:.. Thus,

ri(L) = -43 (11)

where L designates the laboratory frame and i3 is a unit vector along the z-axis (Figure 3). The
detector arm is in the x-z plane and can be rotated through 2700 (Figure 4).

Hence

rD(L) = Cos(1i) il + Sin(71) i3  (12)

rD (L) i

i 3

ri (L) =A-i3

Figure 4. Laboratory system for 4t 0 and =0 showing the detector position rD(L)

The target surface normal can be rotated around tw,. pcipendicular axes. One rotation is
around the y-axis (Figure 4), the axis perpendicular to the x-z plane containing the transmitter and
receiver. The angle describing this rotation is designated by 4. The range of 4 is 0' to 90'. The
detector arm requires a 180' range for any fixed {.Hence, the full range of the detector has to be 270'.

-I



A second rotation can be performed around the line which is the intersection of the target plane

and the x-z plane (Figure 3).

The first rotation fixes t and the second rotation fixes W. When the target surface is rotated

through t and Ni in succession, the normal to the target surface, expressed in the unit vectors of the

laboratory coordinate system is:

n"= -iI Sin(ý) Cos(O) + i2 Sin(Wl) + i3 Cos (4) Cos(Ot) (13)

I
I 

i 2

II i (depression angle)

i3

ri (L) =-13

Figure 5. Laboratory system for { • 0 and Ni =0

We note that the scalar products (1)-(3) defining the various field angles retain the same form

when n" is substituted for n. The following expressions relate laboratory angles (4,Nf,7,) to field

angles (Oi, es ,0s).

-10-



Cos(Oi) = -ri. n" = Cos (4) Cos(AV) (14)

Cos(O0) = rD n" = Sin(TI-4) Cos(V) (15)

and

coshhj =ri-rD - (ri- n")(rD-n")

(ri. n") 2 _V/ - (rD" n")2 (16)

substituting Eqns. (1 1),(12),(14) and (15) into Eqn. (16) yields:

-Sin(1i) + Cos2(4j) Sin(4-ij) Cos(ý)I 1-Cos2(4) Cos2(V) 1-Cos2(v) Sin2 (•-i)

We proceed to show that for a fixed 0i and 0 both larger than 00 (00 is a point of degeneracy)

Cos(Os) can assume all values between -1 and +1. Denoting Cos(Oi) = x and

Cos(0s) = y, equation (17) can be written as:

I
-Sin(rI) + yxq-1- 2 1" y (1 8)

For a fixed V and 4 and a fixed y, 11 is not an independent variable. We therefore express

Sin(rI) in terms of x, y, and V.

Sin(T1) = Sin(ij-4+4) = Sin(Tq-4) Cos(4) + Cos(T1-4) Sin(4) (19)

or

Sin(ij) = xy ± [Cos2 (V) - y2] [Cos2(V) - x 2]
Cosk(I) (20)

l* -11-



I
The minus sign in front of the square root has to be inserted when (Tl-ý) > 900. Combining

I (17)-(20) one writes:

-xyTan2i+ 1-y2

COOS() Cos21 Cos 2 V (21)

We first show that Cos(os) can assume the extreme values of ±1. This can be seen by setting
V = 0. The + sign in front of the square root yields +1, and the - sign yields -1. It is useful to rewrite
the expression (14) as two equations each valid in a given range of Cos(os). Assuming that y > x:

-xyTan2 + 1 y2  1

Cos(4s) Cos2V Cos2W (22)
1-y2 fU--x2

Eqn. (22) is valid for:

Sx Vl-y2

- - 2 < Cos(Os) <_ IY 1- x2 -

I and 2,V y2

-xyTan2 -41- 1- y2 1-I Cos(O5) C= iiCos 2NI(3

V •'- x2 12 -3X

I Eqn. (23) is valid for:

-I _< CosOOS) <5 - X- I x 2I -yl

For x > y, - - y2 must be replaced with - y l'2 Since both functions areFoiy- I -y 2

continuous functions of q, for 0• <f •_ Cos' (y), Cos(Os) assumes all values in between.

I -12-
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I
The algorithm for determining 4, 1i, V for a given Oi, Os' OS is as follows. Compute Cos(OS)

and select the larger of Cos(0s) or Cos(0i), thereby setting the appropriate range for equations (22) and

(23). The value of Cos(os) determines whether Eqn. (28) or (29) is to be used. Having selected the

correct equation, one solves for Cos(4I) and determines N. Given Cos(4I), one then can determine

Cos(ý) or t. 71 remains to be determined and is obtained from: y = Cos(0s) = Sin(13-4) Cos(AY).

I Since Sin(TI-4) is symmetric around 90*, a unique determination of Ti depends on whether

Eqn. (22) or (23) was used. For Eqn. (28), l-t ?- 900 and for Eqn. (28) TI--- <900.

To complete this section, we write down the direction of linear polarization that corresponds to

an H transmit state. It is given by:

ri x n" = -il Sin(Nf) + i2 Sin(t) Cos(Nf) (24)

An H receive state is given by:

I ro x n" = -[il Sin(1i) Cos(4) + i2 Cos(1-U)] Cos(V) + i3 Cos(01) Sin(4) (25)

The V receive state is obtained from:

rD x (rD x n") = rD(rD• n") - n" (26)

or

rD x (rD x n') = il [Cos(Ti) Sin(1T-t) + Sin(4)] Cos(N) + i2[Sin(TI) Sin(I .-t)... (27)

I ... Cos(W) - Sin(W)] - i3 Cos(A) Cos(V) (28)

I

I -13-
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III SCATTERING DATA

The data collected from targets with small scale roughness are represented graphically in this

I Section. Three different targets were used with rms facet depths of 0.44 gim, 0.51 gim, and 0.65 g.m,

respectively. The measurements include ratios of Ovv / YHH for 0, = 00 and 1800. For these

azimuthal angles, the scattering plane coincides with the plane of incidence. Incident angles ranged

from 100 to 500 degrees. Ratios of OHV / OVH at an azimuthal angle of 900 and incident polar angles

ranging from 100 to 500 are also presented.I
Figures 6 - 10, 19 - 23, and 32 - 36 represent in-plane scattering data.I
The data are in reasonably good agreement with Rice theory in the forward direction, especially

I for the target with the smallest rms facet depth.

N In the backward direction, i.e., with the azimuthal angle at 1800, the discrepancy between the

I theoretical prediction increases both with the scattering polar angle and with an increase of the rms

facet depth. As an example, at an incident angle of 10° and scattering angles 0 = 1800, 0 s = 700, the

predicted ratio of GVV / aYHH divided by the corresponding measured ratio ranges from 2.1 to 2.6.

The larger discrepancy corresponds to a rms facet depth of 0.65 gam. These discrepancies get worse

with incident polar angle. At an incident polar angle of 50', similar discrepancies range from 4.5 to

5.2 with increasing rms facet depth. It is worth noting that these facet depths are still within the range

of small scale roughness. The criteria for small scale roughness is that 2A!r < 1. Even for h = 0.65

I pgm, 2"h < 0.385.

Figures 11-15, 24-28, and 37-41 display data on a log scale for OHV / GVH ratios for the set

of three small scale roughness surfaces and incident polar angles 100 to 500. Although the data set

I follows the same trend as the calculated ratio, it can differ by as much of a factor of 3-4 from the

I -14-
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I
theoretical formula.I

These discrepancies are quite surprising since the predicted ratios are independent of the exact

nature of the correlation coefficients of the random rough surface. All that is required for agreement

with the theory is that the first order perturbation calculations be valid. These requirements are that

27th < 1, and that the slopes be small, i.e., az(x,y) < I and az(x,y) < 1. z(x,y) is the height of the

random surface at the point (x,y). Both the determination of the rms height through optical means, and

profilometric traces of the rough surface, indicate that the small scale roughness criteria are satisfied.I
The fabrication of surfaces that also possess Gaussian or exponential correlation coefficients is

I technically more demanding and was not attempted.

The theoretical prediction for the average incoherent scattering cross section per unit area is

I given by

I •l= ( k• h2 COS20icos28s C OS 1
2 ) I (29)

I where I is given by one of the following forms.

i ~ ~~~I =-7E 12 exp[-lQ 12 (42 + •2y)/4(3a

I 4y/4 (30a)

I = 2 7t 12  1 (30b)I 1+ 1 4 12 ( 4 + ) ]312

I Equation (30a) derives from integrating over a Gaussian correlation function for the random

surface. Equation (30b) results from integrating over an exponential correlation function. It is

interesting to note that for both Gaussian and exponential surface height correlation coefficients, the

angular dependence of the scattering is identical, aside from the dependencies contained in I.

1- -15-



I

For both the Gaussian and exponential correlation functions, I depends on (4,2 + 4y2

where

4y = sin 0, sin 4s (30c)

4. = sin Oi - sin 0, cos OS (30d)

I and
4 2 + 4y2 = sin2oi + sin 205 - 2 sin0i sin 0, coso5  (30e)

I
Figures 16-18, 29-31, and 42-44, present data for various angular conditions, each obeying

2 2I the constraint 4X + •x = 0.25.

I Thus for a fixed value of (ýx2 + 4A the two factors of I are identical within a numerical

factor. This motivated us to investigate a range of incident and scattering angles for which (4x2 + 4y2

is constant.I
The results displayed in figures 16-18, 29-31, and 42-44 indicate that the surfaces failed to

U satisfy either Gaussian or exponential correlation functions.

I
1

I
I

* -16-
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100,

I ,t0

W VV/Hh del

3 VV/AHH data

-.0 0-740 40o 400-0 .- 2 -1o0 O 1 20 30o 4 SS so 70 0 so
Scattering polar angle

(negative angles denote # = 180)

Figure 6
Scattering cross section ratio VV/HH : RMS facet Depth 0.44 gm,

Incident polar angle = 10 degrees, Azimuthal angle 0 180 degrees

100,
10I a.* '

I
-- V/]H model*VVIHH data

-.00 .0 .-70 - 0 . 30 - 20 - 10 0 1 27,060 70 so 90
Scattering polar angle

(negative angles denote # = 180)

Figure 7
Scattering cross section ratio VV/HH : RMS facet Depth 0.44 gm,
Incident polar angle = 20 degrees, Azimuthal angle 0 - 180 degrees

I
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Polarization Ratio : VV1lHH
Incident Depression = 30 : Phi = 0,180
h = 0.44 una

0

n VV/HH modelI WV/H data

-00 -0 -70 -60 -50 -4 4 -20 -10 0 10 2; 30 0 50 4• 0 70 6•0
Scattering oplar anglel

(negatitte a1ngle e .t 180)

Figure 8
Scattering cross section ratio VV/HH : RMS facet Depth 0.44 gm,

Incident polar angle = 30 degrees, Azimuthal angle 0 - 180 degrees

10

SVV/H-H modd

•VV/MH data

-I o~- - o- o- - o- - o-- o-" 1o- - • -40-8 -704-0 -50 -404-0 -20 40 0 10 20 04 520 7 og

Scattering polar angle

(negative angles denote 0 = 180)

Figure 9
Scattering cross section ratio VV/HH : RMS facet Depth 0.44 gm,
Incident polar angle = 40 degrees, Azimuthal angle 0 - 180 degrees
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I 100

too

3101*>
-VV/HH model

VVIHH data

0 . 0 -. 70 -0-50 -4) - -0,0 10 20 30 4050 s0 70 8090

(negative ngle deote. 90k= 180)

3 Figure 10
Scattering cross section ratio VV/HH RMS facet Depth 0.44 gm,

Incident polar angle 50 degrees, Azimuthal angle 0 - 180 degrees

1 100

I
to

I ,
I " II'VVH wtode

* HV/VH data

10 20 3o 40 Si 60 70 Z0 90

Scattering polar angle

Figure 11
Scattering Cross Section ratio HV/VH : RMS facet Depth 0.44 gm,

Incident Polar Angle = 10 degrees, Azimuthal Angle 90 degrees

I
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V

-- E[V'H model
IINH data

I.

0 to 20 30 40 20 so 70 So 90

Scattering polar angle

Figure 12
Scattering Cross Section ratio HV/VH : RMS facet Depth 0.44 gim,

Incident Polar Angle = 20 degrees, Azimuthal Angle 90 degrees

* 'U

100

10

3- HIVNH model

HVNH data

0 10 20 30 40 50 60 70 60 00

Scattering polar angle

Figure 13
Scattering Cross Section ratio HV/VH : RMS facet Depth 0.44 jim,

Incident Polar Angle = 30 degrees, Azimuthal Angle 90 degrees
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100

10

-HVVH model

SHV/VH data

0 10 20 3 40 50 O 60 70 80 so

Scattering polar angle

Figure 14
Scattering Cross Section ratio HV/VH : RMS facet Depth 0.44 AiM,

Incident Polar Angle = 40 degrees, Azimuthal Angle 90 degrees

10.

SHV/VH model

HV/VH data

10 20 30 40 so 60 70 so 90

Scattering polar angle

Figure 15
Scattering Cross Section ratio HV/VH : RMS facet Depth 0.44 gm,

Incident Polar Angle = 50 degrees, Azimuthal Angle 90 degrees
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S" HH data

& VV data
-- HH model

.... VV model

. ..I. . . i . . . i . . . i ..Os . .

0 5 1'0 -15 26 2A 36

Scattering polar angle

Figure 16
Co-Pol Scattering Cross Sections HH & VV :RMS facet Depth 0.44 AJM,

Constraint condition =0.25, Azimuthal Angle 0 degrees

I

I £ V data
- H udat

Scattering polar angle

U Figure 16

Co-Po 0 Scattering Cross Sections HH & VV RMS facet Depth 0.44 4M,

I

Constraint condition = 0.25, Azimuthal Angle 90 degrees

-I , _

"I . ......5-• -*.......,,, -t.-•.

• Vl data

"" Vntlodd

Scattering polar angle

Figure 17ICo-Pol Scattering Cross Sections HV & VH :RMS facet Depth 0.44 jim~r,
Constraint condition = 0.25, Azimuthal Angle 90 degrees
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I ~100

I6 So S

a U

Sa a

* HH data

I VV data
-HH model

VV model

o 5 1o 1'5 20 25 30 35

Scattering polar angle

Figure 18

Co-Pol Scattering Cross Sections HH & VV RMS facet Depth 0.44 gim,

Constraint condition = 0.25, Azimuthal Angle 180 degrees

toO
10

U •

-WVV/HH model1 VV/H data

•90 40 .70 40 -50 10 - 2 -170 0 10 2 30 40 50 O1 70 70 0

Scattering poar angle
(negative angles denote 0 = 180)

Figure 19
Scattering Cross Section ratio VV/HH : RMS facet Depth 0.51 gim,

Incident polar Angle = 10 degrees, Azimuthal Angle 0 - 180 degrees
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I I 100

I ~ ~10 - *

I>
I - VV/li model

V'V/HHI data

.1-90 -80 -7040-60-W-;0 -;0 -;0-10 i10 20 3040 50 60 70 60 6

Scattering polar angle
(negaUve angles denote 4 = 1N0)

I Figure 20
Scattering Cross Section ratio VV/HH : RMS facet Depth 0.51 gm,
Incident polar Angle = 20 degrees, Azimuthal Angle 0 180 degrees

Polarization Ratio VV(IUM
100O Incident Depression v 30 Phi = 0,190Ihb = 0.44 urn

10

I - VVIHH uMde
VV/l11 data

S ... ............... r .o . . . . . . . . " .'...
-0 -040-70 -60 -50 -40 -30 -20 -10 0 1020 30 4050o6070680go

Scattering polar angle
(negative angles denote 90 = 180)

I Figure 21
Scattering Cross Section ratio VV/HH : RMS facet Depth 0.51 gim,
Incident polar Angle = 30 degrees, Azimuthal Angle 0 - 180 degrees
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Figure 22
Scattering Cross Section ratio VV/HH : RMS facet Depth 0.51 gm,

Incident polar Angle 40 degrees, Azimuthal Angle 0 - 180 degrees
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Figure 233 Scattering Cross Section ratio VV/HH : RMS facet Depth 0.51 gtm,

Incident polar Angle = 50 degrees, Azimuthal Angle 0 - 180 degrees
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Figure 24
Scattering Cross Section ratio HV/VH : RMS facet Depth 0.51 pm,

Incident Depression Angle ; 10 degrees, Azimuthal Angle 90 degrees
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Figure 25
Scattering Cross Section ratio HV/VH : RMS facet Depth 0.51 pm,
Incident Depression Angle = 20 degrees, Azimuthal Angle 90 degrees
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Figure 26
Scattering Cross Section ratio HV/VH : RMS facet Depth 0.51 jgm,

Incident Depression Angle = 30 degrees, Azimuthal Angle 90 degrees
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-- Figure 27
Scattering Cross Section ratio HV/VH : RMS facet Depth 0.51 gm,

Incident Depression Angle = 40 degrees, Azimuthal Angle 90 degrees
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* Figure 28
Scattering Cross Section ratio HV/VH : RMS facet Depth 0.51 4im,

Incident Depression Angle = 50 degrees, Azimuthal Angle 90 degrees
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Figure 29
Co-Pol Scattering Cross Sections HH & VV RMS facet Depth 0.51 gJm,

Constraint condition = 0.25, Azimuthal Angle 0 degrees
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n Figure 30

Co-Pol Scattering Cross Sections HHl & VV RMS facet Depth 0.51 gm,

3 Constraint condition = 0.25, Azimuthal Angle 90 degrees
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Figure 31

3 Co-Pol Scattering Cross Sections HH & VV : RMS facet Depth 0.51 gtm,

Constraint condition = 0.25, Azimuthal Angle 180 degrees
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Figure 32

Scattering Cross Section ratio VV/HH : RMS facet Depth 0.65 g.m,

Incident polar Angle = 10 degrees, Azimuthal Angle 0 180 degreesI
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Figure 33
Scattering Cross Section ratio VV/HH : RMS facet Depth 0.65 gm,

Incident polar Angle = 20 degrees, Azimuthal Angle 0 - 180 degrees
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i Figure 34
Scattering Cross Section ratio VV/HH : RMS facet Depth 0.65 gm,

Incident polar Angle = 30 degrees, Azimuthal Angle 0 - 180 degrees
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i Figure 35
Scattering Cross Section ratio VV/HH : RMS facet Depth 0.65 gm,

Incident polar Angle = 40 degrees, Azimuthal Angle 0 - 180 degrees

* -31 -

I



1000

100

. toS10 •

>a

SVV/HH mode
VV/HH data

I .| •1 -1 , - I•1 1 - - - 1 1-

-90 -80-70 -60-50-40-30-20-10 0 10 20 304050 60 70 80 90

Scattering polar angle
(negative angles denote ý = 180)

Figure 363 Scattering Cross Section ratio VV/HH : RMS facet Depth 0.65 4tM,

Incident polar Angle = S0 degrees, Azimuthal Angle 0 - 180 degrees
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Figure 37
Scattering Cross Section ratio HV/VH : RMS facet Depth 0.65 gim,

Incident polar Angle = 10 degrees, Azimuthal Angle 90 degrees
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i Figure 38
Scattering Cross Section ratio HV/VH : RMS facet Depth 0.65 gtm,

Incident polar Angle = 20 degrees, Azimuthal Angle 90 degrees
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-- Figure 39
Scattering Cross Section ratio HV/VH : RMS facet Depth 0.65 gIm,

Incident polar Angle = 30 degrees, Azimuthal Angle 90 degrees
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Figure 40
Scattering Cross Section ratio HV/VH : RMS facet Depth 0.65 g.m,

Incident polar Angle = 40 degrees, Azimuthal Angle 90 degreesI
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Figure 41
Scattering Cross Section ratio HV/VH : RMS facet Depth 0.65 pm,

Incident polar Angle = 50 degrees, Azimuthal Angle 90 degrees
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Figure 42
Co-Pol Scattering Cross Sections HH & VV RMS facet Depth 0.65 gm,

Constraint condition = 0.25, Azimuthal Angle 0 degrees
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Figure 43
Co-Pol Scattering Cross Sections HH & VV RMS facet Depth 0.65 gim,

Constraint condition = 0.25, Azimuthal Angle 90 degrees
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Figure 44
Co-Pol Scattering Cross Sections HH & VV : RMS facet Depth 0.65 g.m,

Constraint condition = 0.25, Azimuthal Angle 180 degrees
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Figure 45
Surface roughness (facet depth) determined for Sample #1

h = 0.44 Pm from best fit to Davies formula.
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Figure 46
Surface roughness (facet depth) determined for Sample #2

h = 0.51 pin from best fit to Davies formula.
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Figure 47
Surface roughness (facet depth) determined for Sample #3

h = 0.65 pim from best fit to Davies formula.
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IV Discussion of Results

I The data presented, especially the ratios of cross section for diverse polarization states, leads us

to conclude that first order perturbation theory is not valid.

Our measurements show that the criteria for the validity of first order perturbation theory are

the characteristics of the target surfaces as described below.

I
i) 20~h <1

and

Sii) z(x,y) <land az(x,y) < 1
ax ady

Equations i) and ii) contain the necessary constraints on the facet depths and slopes, respectively.

3 A third criterion that is required to derive a closed form expression for the scattering cross

section for a small scale rough target is that the roughness is isotropic. As was pointed out, however,

by D.E.Barick and W. H Peake[4I, this requirement is not essential for a theoretical solution of the

problpm[5l. It is certainly not essential in making the following assertion. If first order perturbation

theory is valid, then the predicted ratios of vv and (TH should be in agreement with the data for small

values of (2gh)2. Any deviation from predicted results should be of the order of 10%. Our data

indicate discrepancies as a high as a factor of 5. It is unlikely that the coefficient multiplying the

I expansion parameter (2gh)2 would be a factor of 50.

I
The origin of the discrepancy may be due to the assumption that perturbation theory is valid.

The validity of perturbation theory hinges on the absence of singularities in the exact result.

I We present an heuristic argument that questions the validity of perturbation theory for
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I
electromagnetic scattering from small scale rough surfaces. The argument is as follows.I

Consider the case of an infinitely long thin wire. Since 21th < 1, one would assume that aIX
theoretical expansion in powers of 2!I would be valid. This, however, is not the case for anX3 electromagnetic wave incident on a thin conduction wire with the E field parallel to the wire. The

scattering amplitude in the far zone is given below[61.I
i(k.r +4 )I e 4ES = E 2(31)

2 fk0.r ln(O.895 koa) -in
2

I The exact result shows that for a thin wire with the incident electric field parallel to the cylinder axis,

there is a logarithmic singularity, and therefore the expression cannot be expanded in a power series of

I
U) No such singularity exists for an incident electromagnetic wave with an electric field in the

plane of incidence. A small scale rough surface fabricated with a random distribution of thin wires of

varying radii and spacing on a flat substrate would satisfy the necessary requirements for the Rice

Theory. Yet it is doubtful that the logarithmic singularity inherent in each isolated wire would vanish,

as a result of the random distribution of the wire or of the multiple scattering from one wire to all

I others.

I We conclude by stating that the data presented here are in disagreement with first order

perturbation theoretical predictions. This disagreement may very well be due to the invalidity of

perturbation theory.I
As a consequence of these disappointing results, we considered it futile to investigate the

3 validity of the theoretical predictions for a random surface with two scale roughness. Our previous
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I
I work on large scale rough surfaces demonstrated that the predictions of the facet model theory were

i not valid1 8 1. The fusion of these two theoretical models cannot overcome the inherent limitations of

each.

I
I
I
I
I
I
I
I
I
I
I
I
I
I
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