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Enhanced backscattering from a metallic cylinder with a random rough surface
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The scattering of a TE-polarized electromagnetic wave from a metallic cylinder with a slightly random
rough surface is studied by means of the stochastic functional approach. The incoherent scattering distribution
can be calculated from the Wiener coefficients up to the second order and demonstrates the enhanced back-
scattering peak, which is attributed to the participation of the surface plasmon waves supported by the cylin-
drical metal surface as the intermediate scattering processes in multiple scattering.
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I. INTRODUCTION ported by the cylindrical metal surface on the enhanced

The scattering of waves from a random rough surface is Hackscattering is studied. In the stochastic functional ap-
very common physical phenomenon; for instance, the scafroach, the cyImdnch random su.rface is assumed to _be a
tering of radio waves from irregular ground, the sea surfacelomogeneous Gaussian random field, homogeneous with re-
or irregular-shaped objects; radar clutter echo; diffuse scaspect to the group of motions on the cylinder—i.e., transla-
tering of light by a rough plane; excitation of a surface plas-tions along the axis and rotations around the axis. The ran-
mon by a random metallic surface; random scattering in opdom scattered-wave field is regarded as a nonlinear
tical waveguides; etc. These are not only important instochastic functional of the cylindrical random surface and
practical topics but also interesting theoretical problems, angan be represented as a Wiener-Ito expansion in terms of the
a number of works have been published on related theoried/iener-Hermite differentials of the cylindrical wave func-
using various techniques. tions. The expansion coefficients up to the second order are

The phenomenon of enhanced backscattering, manifestetetermined by the approximate boundary conditions for
as a well-pronounced peak in the antispecular direction in themall roughness. Various statistical characteristics of the
angular distribution of waves incoherently scattered by ranscattered wave are obtained from the stochastic-wave field
dom rough surfaces, has attracted a great deal of attention By making use of the orthogonality of the Wiener-Hermite
recent year$:® The backscattering enhancement associatedifferentials. Some numerical calculations are shown for the
with the excitation of surface plasmon polaritons was firstangular distribution of incoherent scattering, in which the
studied theoretically by various approaché$and lately has enhanced backscattering peak can be clearly observed.
been demonstrated by the experimental observatiohs.
The delay is due largely to the difficulties encountered in th
fabrication of rough surfaces producing adequate polariton
coupling. In a recent experimental stdéipn light scattering We first consider the scattering of an EM plane wave from
in periodic B-aligned carbon nanotubes, which have potentiala metallic smooth cylinder. An incident EM plane wave
for a wide range of applications, such as optical switcHing whose electric field has a horizontal polarizati@it case is
and power limiting?° the enhanced backscattering effect hasexpanded in terms of the cylindrical TE waves. The scattered

also been observed and was explained using a mechanism f|ds are determined by making use of the boundary condi-
electromagnetically induced excitation of surface plasmonions on the surface of the cylinder.

polaritons. The existence of plasmon polaritons in the sys-
tems of carbon nanotubes has been repdfét. A. Expansion of an incident plane wave in terms of cylindrical
It has been believed that the mechanism responsible for wave
the enhanced backscattering is the coherent interference in we consider the incident EM plane wave with the incident

the multiple-scattered waves, and for slightly rough surfaceg,5ye vectok,=(Ko(8), @i, B), whereg, denotes the incident

this has been attributed to the participation of unstable Ohngle in thex-y plane with respect to the axis and g

stable surface electromagnetieM) waves as the intermedi- ~k, cos 6 ||Zt2(,3)|:70:\”wzkz sin#,, & being the inci-
(] V 1 Y

ate scattering processes. Most of the studies, _however, ha\é%nt angle with respect to theeaxis. Assume that the electric
been concentrated on random rough surfaces in a planar g

ometry. A few work@-2¢ have treated the problems of scat- feld has horizontal polarizatiofTE case, then we have the

tering from cylindrical rough surfaces, but no enhancedfouowmg expansion in terms of the cylindrical TE waves for

backscattering peak has been demonstrated. the incident electric and magnetic field:
In this paper, the scattering of an electromagnetic wave , I'm
from a metallic cylinder with a slightly random rough sur-  Ein= >, iMeMe a8 —3 (yr)é, +1J7(vor)E, |,
face is treated by means of the stochastic functional me=o Yo
approact?*~27and the effect of surface plasmon waves sup- (1

él. SCATTERING FROM A CYLINDRICAL SMOOTH
SURFACE
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wherek; is the wave number ang, the wave impedance in
the space outside the cylinder.
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B. Primary scattered fields by a smooth cylinder

Even though the incident electric field is TE polarized, the
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FIG. 1. Geometry of the scattering problem.

scattered electric field is no longer TE polarized. Both the

longitudinalz components of the electric and magnetic fields
exist for the scattered wave. Since the transverse components An(B) =
of the fields can be expressed in terms of the longitudinal

components of the fields as

E - [iBVE,—iwu&, X ViH,]
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is the dispersion equation for the surface plasmon modes.
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Ill. SCATTERING FROM A CYLINDRICAL RANDOM
ROUGH SURFACE

We now consider the scattering of an incident TE-
polarized wave from a metallic cylinder with a slightly ran-
dom rough surface shown in Fig. 1 using the stochastic func-
tional approacR?—26 The spectral representation of a
cylindrical random rough surface is given at first. The scat-
tered fields are expanded in terms of the cylindrical wave

denotes the transverse operator in the cylindrical coordinateq,nctions and represented as a Wiener-Ito expansion in terms

merely the longitudinal components, and H, have to be
determined. Expanding the longitudinal componefjsind
HS of the scattered fields in terms of the cylindrical waves,

> A%(C%)[—Jm(gor) ]eim‘*’”ﬁz (r<a,

=—o0 Jm(g a)
Eg(HZ = n—:—m (0 )
Hm(vor) | ime+i
B (D? [—”‘ }dmw'ﬁz (r>a),
mgw m( m) Him(v02)

(6)

and the continuous conditions &, H,, E,, andH_, on the
boundaryr =a wherea is the radius of the cylinder, then we
obtain the expansion coefficiend, BS, C2, andD®, of the

mth cylindrical wave as

0_po_ inomﬁ( 11 )[Am(yoa)—wm(yoan
An =B 22 a0
c4=05 (230
2
Ky K
[Am(708) = yoa)][—Am(eoa) =~ (703
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where A ,(X) =J3/,(X) /1 In(X), ¥m(X) =H/(X)/H(X), and

of the Gaussian random measure. The Wiener expansion co-
efficients up to the second order are obtained by applying the
approximate boundary conditions at the interface.

A. Spectral representation of a cylindrical random rough
surface

The geometry of the problem is indicated in Fig. 1. For
brevity, we have here assumed that the cylindrical rough sur-
face is homogeneous in thedirection; that is, the corruga-
tion of the rough surface proceeds only along the axis of the
cylinder, all cross sections being circular, but of radii viewed
as a stochastic process. L@t ¢,z) denote the cylindrical
coordinates, and let the random cylindrical surface with
mean radius be described by

(f(zzw) =0, (10)

wheref is a homogeneous random function over the cylin-
drical surfacew denotes a sample point in the sample space
which is the ensemble of the realizationsfpind(- - -) indi-

cates the probabilistic average over the sample space. Then,
as shown in our previous worké;26 we have the spectral
representation of(z;w) in terms of a Wiener integral:

r=a+f(z,w),

f(z;w) = f xei“F()\)dB(x), (11)

where we have putiB(\)=dB(\;w) and will omit w for
brevity in what follows. HeredB(\) denotes the complex
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Gaussian random measure. The correlation function of thelermite differential, which is to be understood as a generali-

cylindrical random rough surface is then obtained by zation of Hermite polynomialnoticeh,=1), the integrals in
+o0 the above equations represent tivtuple complex Wiener
R(z) ={f(z+ z’;w)f(z’;w»:f eMF(\))%dN, (120  integrals, and the coefficien&), B}, Cp, and D, are the
o unknown expansion coefficients to be determined by apply-
the boundary condition on the random rough boundary.
parametery,=B+N\;+... +\, is the composed axial
wave number which originates from the scattering by the
random rough boundarys, and 7y, are defined ass,
=\ké- 72 and y,=k3- 7> with k, andk, being the wave
where we have used the relatiB\)=F"(-\). Here|F(\)|?  numbers inside and outside the cylinder. The transverse com-
is called the power spectrum of the random cylindrical surponents of the scattered fields in terms of the longitudimal
face. [F(\)|?>=0 and theno?=0 corresponds to an ideal components of the fields can be obtained as given in Egs.
smooth boundary. (3—5).

and the variance that describes the random surface roughné]gfge

02:R(0):f OC|F()\)|2d)\, (13)

B. Wiener-lto expansion of the scattered fields

The scattered electromagnetic fields can be expanded i, Approximation solutions for Wiener expansion coefficients
terms of the cylindrical wave functions, and at the same time

the fields are nonlinear functionals of the Gaussian random investigate the scattering characteristics, we have to
rough surface. Slncg a nonlinear stqchgstlc functional can Bgatermine the Wiener expansion coefficients by applying the
represented as a Wiener-Ito expansion in terms of the GaUSBbundary conditions at the random boundama+f(z; w).

ian random measurgB()), then we have the following ex- ¢ simplicity, we here confine ourselves to the case that the
pansion for thez components of the electric and magnetic .;,qom boundary is slightly rough—that i< 1. Then the
fields inside the metallic cylinder, boundary conditions at the interface can be approximated as

+oo 400

Ea _ fm ,,,JM{AQ(B,M, ,An)}
Ha ”FEMEO e o [ CHBAL - )

0B,  E of .
A E,+ f+—— continuous,
X In(so )& MR [ABOA), ABON,), ... ABOV)], Tl (16
JE E, of
E,+ —f+—— continuous,
(14) o T Iz|,=
and outside the cylinder,
+oo 400 400 +o0 n
Ez => > f f {B:(’B‘M’ o) } and the same for the components of the magnetic fields.
2 me—en=0J - — (Dm(BAL -2 ) Substituting the expressions of the fields into the approxi-

mate boundary conditions and making use of the recurrence
X Hol(yal )€ 1M, [dB(N1),dB(N,), ... ,dBA)], formula and the orthogonality relati&tr?¢for h,,, we conse-
quently obtain a set of hierarchical equations for the Wiener
(15)  expansion coefficients and can solve them by neglecting the
R higher-order kernels. The hierarchical equations for the
where h[---] denotes thenth-degree complex Wiener- Wiener expansion coefficients are

ABAD | ] BRBAD | l AB) BA(6) 1 l B KB B
{Crln(ﬂr)\l) } - {Dlm(ﬁa)\l) = | soAm(sed) C%(B) = Yotm( ¥0d) Dom(,B) F(\p) + gOAm(goa) ng(ﬁ) - o U ¥0R)

0 (—iwfm>0%(ﬂ) (—i“’“ m)D%(ﬁ)
Bm(IB) So yga
D°(B) AF(N) + ~iweym )/ i we,m MF(Ay) 17
m (—2 )A%(ﬂ) (—)B&(ﬂ)
Sod 7’8

and
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for n=2. The approximate solutions for the Wiener expansion coefficients of the outgoing scattered waves are then obtained

as
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IV. INCOHERENT SCATTERING DISTRIBUTIONS assume that the power spectr{f))|? of the random rough

The angular distribution of incoherent scattering can besurface has a Gaussian form—that is,

obtained from the Wiener expansion coefficiehtsLet ey

Pi.(6s, @5 6;,@) denote the incoherent scattering angular [F(V|2= ?e‘”zez, (26)
distribution—that is, the average power flow scattered inco- /

herently from unit surface area into unit solid angle of the . .

direction (6., ¢) when the angle of incidence %, a)—we where ¢ is the correlation length of the rough surface. The

then have the expression for the incoherent scattering angf] numerlcal results of the incoherent scattering distributions
lar distribution, are shown in Figs. 2—4 for the different values of the nor-

malized radius of the cylindeea=0.5, 1.0, and 2.0, respec-
Pic(6s ¢4 6, @) = Pilc(% @4 6, @) + Pizc(gs, odb,a), (23) tively, as the normalized roughneks=0.1 and the normal-

where the contribution from the first-order Wiener coefficient ka=0.5, ko=0.1, k=10, 8.=10°

is given as 10
N i o et R s1
(05‘Ps| ai’a) $2
. < 2 i s
: — sin g,)em(es g :
co§ 0, [ ' ) - ;
:E- 3
+ 73| >, DX(sin 6;,sin 65— sin 6,)eMm¢s 2} (24) 5 |
m g} |‘
8 ’
and the contribution from the second-order Wiener coeffi- § [:
cient is given as & N o f
i
Ps:( 05! |¢S| ei! a) e
+oo
= dA 0.1
co 6s) _., 9 60 30 0 30 60 9
Scattering Angle

X [ 2(sin 6;,\,sin 65— sin 6, — \)@Mmes™) 2
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FIG. 2. Incoherent scattering distribution from a cylindrical ran-

dom rough metal surface that is uniform in tiedirection. The
} incident angle is¢;=10°. The dielectric constant of the metal is
taken ase,=-17.5540.1. The normalized roughness and the nor-

(25) malized correlation length aker=0.1 andk¢=1.0. The normalized

radius of the cylinder ika=0.5 where the surface can support the
For the purpose of numerical calculations we convenientlyzeroth plasmon mode.

S D2(sin 6, \, sin 6 — sin 6 - \)emes )| *
m
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ka=10, ko=0.1, kL=10, 6 =10° ka=2.0, ka=0.1, kL=1.0, 0 =10°

4.0
......... S1 10

w

o
[

.

s
o

b

0.1 /.. '

Scattering Amplitude
™~
o
. o)
Scattering Amplitude

=
7
N\
{

el

M—ay.
———p

0.0 ]
9 60 -30 O 30 60 90 0.01
Scattering Angle 90 .60 -30 0 30 60 90

Scattering Angle

FIG. 3. Same as Fig. 2 but fdta=1.0 where the surface can
support the zeroth plasmon mode. FIG. 4. Same as Fig. 2 but fdea=2.0 where the surface can
support the zeroth and first plasmon modes.

ized correlation lengtrké=1.0. The incident angle i%,  4ppnying the stochastic functional approach. The enhanced
=10°. The dielectric constant of the metal is takensgs  packscattering is observed in the numerical results for the
—17.55+0.1. The enhanced backscattering can be evidently,coherent scattering angular distribution and is attributed to
observed in the incoherent scattering distributions for alkhe participation of the surface plasmon waves supported by
three cases and comes from the contribution of the seconghe cylindrical metal surface as the intermediate scattering
order Wiener coefficients. The enhanced peak is much stromprocesses in multiple scattering. It is expected that much
ger forka=1.0 since in this case the surface plasmon wave istrong enhancement could occur when the cylindrical surface
less attenuated when it propagates along the cylindricak also rough ing direction since the higher-order surface

rough surface. plasmon wave can play a more important role in the scatter-

ing processes.
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