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Brewster’s Scattering Angle in Scattered Waves from Slightly Rough Metal Surfaces
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Brewster's scattering angle in electromagnetic wave scattering from dlightly random metal surfaces
is investigated by means of the stochastic functional approach. While there are dips due to Brewster's
scattering angle in scattering profiles from dielectric surfaces, Brewster’s scattering angle does not exist
in scattering from metal surfaces. However, the dips can exist in scattering from rough metal surfaces
with the optically denser medium to convert evanescent wave into radiative wave.

PACS numbers. 42.25.—p, 46.65.+9

In random scattering from rough surfaces, severa in-
teresting features have been clarified such as anomalous
scattering, backscattering enhancement, and memory ef-
fect [1-7]. Recently, the present author has successfully
formulated el ectromagnetic wave scattering from arandom
dielectric surface, and has described severa specific phe-
nomena, such as quasianomal ous scattering and Brewster's
scattering angle [8,9]. In this Letter, Brewster's scattering
angle in scattered waves from metal surfaces is investi-
gated. In the case of random scattering from a dielectric
surface, Brewster’ s scattering angles where scattering pro-
fileshave adip exist in p-polarized scattering, and depend
on the refractive index of the dielectric and on the inci-
dent angle. The first order scattering intensity at the dip
is equal to zero, if the dielectric is lossless. On the other
hand, when the scatterer is a metal surface, there is no
real solution to the equation which gives Brewster's scat-
tering angle. We show that there are zeros in the first

order scattering, when a part or all of the scattering pro-
cess is evanescent. Therefore, by introducing an optically
denser medium, which can convert an evanescent wave at
the random surface into a radiative wave, the dip due to
Brewster’'s scattering angle can be seen in the scattering
profiles in the optically denser medium.

Consider the scattering structureas shownin Fig. 1. The
incident wave from the side labeled Med. 1 illuminates a
random interface between Med. 1 and Med. 2, which de-
note the upper and lower media with respect to the random
surface. The incident plane wave comes from the direc-
tion (6o, ¢o), Where 6, and ¢ denote, respectively, the
zenith and the azimuth angles. Similarly, (6y, ¢) denotes
the scattering direction. In this Letter, we use the coor-
dinate in which the incident plane corresponds to the xz
plang, i.e., ¢o = 0°. In the p-polarized scattered wave in-
tensity distributions on the incident plane produced by the
p-polarized incidence, there are zerosin theincident plane.

| In Med. 1, the zero exists at

0, = Op = sin_l[n sin{tan_l<n2tan[sin11(n1 sinﬁo)]>H’

which corresponds to Brewster’s scattering angle, where
n denotes the refractive index of Med. 2 with respect to
Med. 1 [8].

Consider the case of scattering from a metal surface.
For simplicity, the refractive index of Med. 2 is assumed
to be a pure imaginary number, n = i«, in the visible ray
region. The refractive index of low-loss metal can be ap-
proximately expressed by a pure imaginary number. When
n isapure imaginary humber, Brewster’s scattering angle
®p; is a complex number, corresponding to an evanes-
cent wave. On the other hand, when the incident wave
is evanescent, ®g; may be area number. Therefore, the
incident wave or the scattered wave should be evanescent
to observe Brewster's scattering angle, and it is impos-
sible to see the dip of Brewster’s scattering angle from far
field in the scattering distribution produced by incidence
from far field. The third medium (Med. 3) is introduced
to convert the evanescent wave into aradiative wave which
can propagate to far field (see Fig. 2). The refractive in-
dex of Med. 3 with respect to Med. 1 is denoted by n,
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¢s = 0°, (1)

and is larger than unity. By using Eq. (124) in Ref. [8]
and Snell’s law

ng SiNfo, = SiNfy, ngsin®g, = sinB@p;,

@)
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FIG. 1. Coordinate system for random scattering from rough
surface.
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FIG. 2. Scattering structure of rough metal surface with opti-
cally denser medium.

where 6,,, denotes the incident angle in Med. 3, we get
the expression for Brewster's scattering angle in Med. 3
as follows:

0 . g'n_l 1 néSinzﬁom + Clz (3)
Bm ng nésinzﬁom(a‘* -1 —a? |’

In Fig. 3, Brewster's scattering angles ®p,, are shown as
functions of the incident angle 6,,,. When the incident
angle 6, is smaler than the criticd angle 6, =
sin~!(1/n,), the rough surface is illuminated by a radia-
tive wave in Med. 1 and Brewster's scattering angle in
Med. 1, Op;, dways corresponds to an evanescent wave,
that is, Brewster's scattering angle in Med. 3, Og,, is
larger than 6.. On the other hand, when 6y, is larger
than @, the rough surface is illuminated by an evanescent
wave in Med. 1 and ®p; may correspond to a radiative
wave in Med. 1; that is, ®p,, may be smaler than 6..
Thus, Eq. (3) means that Brewster’s scattering angle can
exist only in the following three cases. (1) incident wave
is radiative, but scattered wave is evanescent, (2) incident
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FIG. 3. Brewster’'s scattering angles in scattering from metal
surfaces, where n, = 1.51 and 6. = 41.47°.
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wave is evanescent, but scattered wave is radiative,
(3) both incident and scattered waves are evanescent. In
other words, a part or al of the scattering process which
shows Brewster’ s scattering angle is always evanescent.

In addition, at the limit of @ — «, @p, is dways
smaller than 6. on the condition of 6,,, > 6.. When «
is small, ®p,, does not exist in radiative wave in Med. 3.
When « is large, the curves for various « do not depend
on « very much, and at the limit of @ — o, @, isequa
to sin”'[1/n3 sinfo, 1.

If the multiple scattering effects are ignored, the
p-polarized scattered wave of the scattering structure in
Fig. 2 can be expressed by the first order Wiener kernels
A and A} [see Egs. (106)—(114) in Ref. [8]] as follows:

T EAYE,TY, for s-polarized scattering, (4)
T) E\AY E;TY , for p-polarized scattering, (5)
where
TlH _ 2ng COS@()m

ng CoSfon + /1 — n2Sin?6g,,

2J1 — nZsin’6,,

T} = , 6
2 ng COSOsm + /1 — nisin*fyy, ©)
T]V _ an CoSHo,

cosfom + ngy/1 — n2siny,,
2J1 = nlsinff,

Ty = (7

COSOym + ngy/1 — n2sin?ly,
E, = explikdv1 — nj sinby,, ],
E, = explikdy1 — nggnem]. 8

T2, 1) and TH,T) denote the Fresnel’s transmission
coefficients on the Med. 1 and Med. 3 interface of the
incident wave and the scattered wave, respectively. E;
and E, are the attenuation coefficients due to the decay
of the evanescent wave in Med. 1. 6, and 6,,, denote
the incident and the scattering angle in Med. 3. k and d
mean, respectively, the wave number in Med. 1 and the
thickness of Med. 1. The rough surface is assumed to
be a homogeneous Gaussian random field, as shown in
Ref. [8]. When the thickness 4 is larger than the incident
wavelength, the intensity of the scattered wave around
Brewster’s scattering angle is very small due to the decay
of evanescent wave, so that it is difficult to detect the
dip of Brewster's scattering angle. In addition, when the
thickness d is not larger than the roughness of the interface
between Med. 1and Med. 2, Med. 2 may intersect Med. 3,
and the model of the three-layered scattering structure
shownin Fig. 2isnolonger valid. Thus, we should choose
the thickness d to be larger than the roughness and smaller
than the wavelength. For numerical calculation, the fol-
lowing assumptions are made: n = 0.97 + 6.00i (Al at
633 nm), n, = 1.51 (crown glass), ko = 0.03, kI = 1.0,
and kd = 1.0, where o and [ denote roughness and
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FIG. 4. Scattering profile for s-polarized incident.

correlation length of the interface between Med. 1 and
Med. 2.  Figure 4 shows the scattering profiles of
s-polarized scattering induced by s-polarized incidence.
Figure 5 shows the scattering profiles of p-polarized
scattering induced by p-polarized incidence. In both the
s- and p-polarized scattering profiles, there are dips at the
critical angle of total reflection for Med. 1 and Med. 3
interface. This is because the transmittance 7, equals
zero at this angle. Peaks in p-polarized scattering are due
to the surface plasmon mode on the Med. 1 and Med. 2
interface.  When « = 6.0 is substituted in Eg. (3),
Brewster’'s scattering angles of the structure as shown in
Fig. 2 are obtained. ®g,, for 6y, = 30°, 6y,, = 60°, and
0o = 80° equal, respectively, 65.07°, 31.52°, and 27.51°.
As shown in Fig. 5, there are dips due to Brewster's
scattering angle in the p-polarized scattering angle, but
no dipsin the s-polarized scattering profile in Fig. 4. The
directions of the dips for 6y, = 30°, 6, = 60°, and
0o = 80° are 64.86°, 31.43°, and 27.43° (see Figs. 6 and
7). Brewster's scattering angle for a metal surface with
loss is smaller than that for lossless metal. The shift of
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FIG. 5. Scattering profile for p-polarized incident.
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FIG. 6. Blowup of Fig. 5 at 30°.

Brewster’s scattering angle due to the loss is investigated
by calculating p-polarized scattering profiles and varying
the loss of the metal. In Fig. 8, Brewster's scattering
angle, which is the direction of the dip in the scatter-
ing profile, and the scattering intensity at Brewster’s scat-
tering angle are shown as a function of B defined by
n = 0978 + 6.0i. When the loss of the metal is in-
creased, Brewster's scattering gets smaller and the scat-
tering intensity at the bottom of the dip becomes larger.
However, the shift of Brewster’sangle is not very large, so
that the expression of EqQ. (3) can be used in approximate
estimations for actual metal surfaces. If we detect a shift
of Brewster's scattering angle or the scattering intensity
at the dip, the loss of the metal surface can be estimated
by comparing the shift with the simulated data as shown
in Fig. 8. In addition, Fig. 9 shows Brewster’'s scattering
angle and the scattering intensity at Brewster's scattering
angle as afunction of the argument of the refractive index.
The modulus of the refractive index is assumed to be
6.0. The cases of the argument 6 = 0°, 45°, and 90°
correspond, respectively, to lossless dielectric, conductor,
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FIG. 7. Blowup of Fig. 5 at 65°.
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FIG. 8. Shift of Brewster's scattering angle for 6o, = 60°.
Solid line and dashed line denote Brewster's scattering
angle and the scattering intensity at Brewster’s scattering angle,
respectively.

and lossless metal. 6 <0 means Med. 2 has gain.
Brewster’'s scattering angle has the minimum at 6 = 0°
and the maximum a 6 = *=90°, so that the shift
Brewster’'s scattering angle of dielectric surfaces due to
the loss of the medium is positive, while that of metallic
surfaces is negative. The curve for Brewster’s scattering
angle is symmetric with respect to 6 = 0°, but the scat-
tering intensity in 6 < 0° issmaler thanin 8 > 0°. The
scattering intensity goes to zero at # = 0° and 90° which
correspond to lossless media, and has the maximum near
0 = 45° which corresponds to a conductor. The zeros
at Brewster’s scattering angle can exist in the first order
scattering not only from lossless dielectric but aso from
lossless metal.

In conclusion, the light scattering from metal surfaces
is studied by means of the stochastic functional approach.
This Letter has shown that a part or al of the scattering
process which shows Brewster’ s scattering angle is always
evanescent, and that the dip corresponding to Brewster's
scattering angle can be observed by introducing an opti-
cally denser medium to convert evanescent wave into ra-
diative wave. Brewster’'s scattering angle shift due to loss
of the metal surface has been shown to be always negative.
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FIG. 9. Shift of Brewster's scattering angle for 8y = 60° as
a function of argument of n. Solid line and dashed line de-
note Brewster's scattering angle and the scattering intensity at
Brewster’s scattering angle, respectively.
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