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Resonant enhancement of the field within a single ground-plane cavity:
Comparison of different rectangular shapes

Diana C. Skigin* and Ricardo A. Depine
Grupo de Electromagnetismo Aplicado, Departamento de Fı´sica, Facultad de Ciencias Exactas y Naturales,

Universidad de Buenos Aires, Ciudad Universitaria, Pabello´n I, 1428 Buenos Aires, Argentina
~Received 16 October 1998!

The resonant properties of a single cavity in a plane surface are investigated, when it is illuminated by ans-
or p-polarized Gaussian beam. We focus our attention on the rectangular geometry, and consider three different
shapes of the grooves:~i! rectangular,~ii ! bottle shaped, and~iii ! bivalued. A modal approach in its simplest
formulation is used to solve the problem for cases~i! and~ii !, whereas the multilayer approximation is applied
to model the third case. The numerical results exhibit a resonant behavior of the structures at certain wave-
lengths which can be associated with the resonant wavelengths of a cylindrical waveguide. In particular, a
strong enhancement of the field within the cavity is observed for the open rectangular groove when it is
illuminated by ap-polarized beam. However, we show thats resonances are also very important when a
bottle-shaped groove is considered.s resonances have also been found in a groove with square cross section,
showing that in the case of a single ruling there is no need to have a narrow cavity to evidence a resonant
behavior.@S1063-651X~99!06903-2#

PACS number~s!: 42.25.Fx, 42.25.Bs
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I. INTRODUCTION

Resonant effects on rough surfaces have been investig
during the last decades in connection with intensificat
phenomena such as Raman scattering, second-harmonic
eration, and backscattering enhancement of light. It is w
known that an air-perfect conductor plane interface can s
port p-polarized surface waves, which are capable of be
excited by adding roughness to the surface@1#. On the con-
trary, it is not feasible fors-polarized surface waves to b
supported if the surface has shallow corrugations. Howe
for a large-amplitude roughness of the surface, backsca
ing enhancement of the light reflected by ans-polarized
beam was observed for a random rough surface@1#. An-
drewarthaet al. @2# verified that infinite perfectly conducting
lamellar gratings exhibit a resonant behavior for cert
wavelengths, and Wirgin and Maradudin@3# organized, uni-
fied, and completed the work done two decades before
Hessel and Oliner@4# and by Andrewarthaet al. @2# on the
excitation ofs resonances in infinite gratings. The relatio
ship between this phenomenon and the excitation of sur
waves in the structure was also studied later in@5#, where the
existence of critical values of the corrugations height
which the equivalent surface impedance changes from ind
tive to capacitive was proved, suggesting also the possib
of supportings-polarized surface waves along lamellar gr
ings.

The resonant behavior of open cavities had also b
studied by many authors. Ziolkowski and Grant@6# studied
the resonant characteristics of a slit cylinder enclosing
other concentric impedance cylinder, and Colaket al. @7,8#
studied the resonant properties of a cavity-backed apertu
circular cross section with a lossy material coating. Verem
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and Shestopalov@9# and Veremey and Mittra@10# investi-
gated the superdirective properties exhibited by an array
slotted cylinders used as a passive antenna. Recently,
merical evidence of the excitation ofs and p resonances
within a circular cavity in a flat surface was also given@11#.

In spite of the considerable amount of papers devoted
study the scattering from grooves with circular cross secti
only a few authors investigated the resonant features of
faces having a finite number of cavities with rectangular
ometry. Based on the work by Wirgin and Maradudin
lamellar gratings@3#, Zuniga-Segundo and Mata-Mende
studied the resonant enhancement of the field within a r
angular groove in a ground plane unders-polarized illumina-
tion @12#. They arrived at the conclusion that the resona
wavelengths at which this enhancement is present are t
corresponding to the rectangular waveguide modes. This
sult was criticized in a later paper by Maradudinet al. @13#,
where the authors state that the dips observed in the
quency scan in Ref.@12# occur at frequencies for which th
surface with the groove acts as a mirror, and not at the
quencies at which the field enhancement occurs. Howeve
a recent paper by Mata-Mendez and Sumaya-Martinez@14#
the authors investigate the resonant enhancement of
polarized waves in the vicinity of a finite grating of recta
gular grooves. In their work, they insist on considering t
resonant wavelengths of the cavities as those of the rec
gular waveguide, and they performed numerical calculati
for one and two grooves, where they analyze the enhan
ment of the field and the coupling between grooves for th
particular wavelengths.

The research carried out on resonant phenomena in fi
gratings is also oriented to the use of these structure
many applications, such as frequency-selective devices,
ognition of targets, and passive antennas. For instance,
cent work exploits the resonant characteristics of an arra
rectangular grooves and the coupling between them un
3661 ©1999 The American Physical Society
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3662 PRE 59DIANA C. SKIGIN AND RICARDO A. DEPINE
p-polarized illumination, to obtain superdirectivity in the fa
field pattern@15#.

The purpose of this work is to investigate the reson
features of a single cavity of rectangular shape in a gro
plane and the effect produced by closing gradually the th
of the cavity ~bivalued profile! in the excitation ofs and p
resonances within the groove. The modal method is app
to solve the scattering problem, adapted to deal with
different shapes of the grooves considered: open rectang
@16#, bottle shaped, and bivalued@17#. The formalism is
briefly outlined in Sec. II, since it is developed in detail
the references above. The results of our numerical calc
tions are illustrated in Sec. III, where we show the evolut
of the frequency response of the structure as the apertu
the groove is gradually closed, for both basic modes of
larization. Contour plots of the field inside the cavity are a
given for several interesting situations. Finally, concludi
remarks are given in Sec. IV.

II. THEORETICAL FORMULATION

We consider a perfectly conducting plane with a on
dimensional groove. The analysis carried out in the pres
paper is restricted to rectangular shapes of the grooves,
as those shown in Fig. 1. The invariance of the struct
along the ruling direction (ẑ) allows us to express the si
components of the fields in terms of only thez components
Ez andHz . Then, both basic modes of polarization are co
sidered separately:s ~electric field perpendicular to the plan
of incidence! and p ~magnetic field perpendicular to th
plane of incidence!. We unify the treatment of both cases b
denoting f q(x,y) (q5s,p) to Ez(x,y) for q5s and to
Hz(x,y) for q5p.

The coordinate origin is set at the left of the mouth of t
groove, on the top surface of the structure. The surfac
illuminated from the regiony.0 by a limited beam of wave
lengthl and spatial widthw, at an angleu0 from they axis:

f inc
q ~x,y!5E

2k

k

A~a!ei ~ax2by!da, ~1!

where

FIG. 1. Rectangular profiles of the cavities considered:~a! open
rectangular,~b! bottle shaped, and~c! bivalued.
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b5HAk22a2 if k2.a2,

iAa22k2 if k2,a2,
~2!

A(a) is a Gaussian distribution function,

A~a!5
w

2Ap
expH 2~a2a0!2S w

2 D 2J exp@ i ~a2a0!b#,

~3!

b5
a0h1b0x0

k
, ~4!

a05k sinu0 , ~5!

b05k cosu0 , ~6!

k52p/l is the absolute value of the wave vector, (x0 ,h) is
the position of the center of the beam, andi is the imaginary
unit. The total field in the upper half space is the sum of
incident and the scattered fields,

f total
q ~x,y!5 f inc

q ~x,y!1 f scatt
q ~x,y!, ~7!

where the second term is expressed as a continuous sup
sition of plane waves,

f scatt
q ~x,y!5E

2`

`

R q~a!ei ~ax1by!da, ~8!

b is defined in Eq.~2!, andRq(a) is an unknown complex
function.

In the interior of the groove, the fields are represented
terms of the eigenmodes of the cavity. Different approac
are used for the three cases depicted in Fig. 1. For the r
angular groove of depthh and widthc @Fig. 1~a!#, the field
inside the cavity is represented by a modal expansion

f q~x,y!5 (
m50

`

um
q ~x!wm

q ~y!, ~9!

where

um
q ~x!5HsinFmp

c
xG for q5s,

cosFmp

c
xG for q5p

~10!

ensures the fulfillment of the boundary conditions at the v
tical walls of the groove,

wm
q ~y!5H am sin@mm~y1h!# for s polarization,

bm cos@mm~y1h!# for p polarization,
~11!

mm55Ak22Fmp

c G2

if k2.Fmp

c G2

,

iAFmp

c G2

2k2 if k2,Fmp

c G2

,

~12!
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andam andbm are unknown complex amplitudes. The pro
lem is solved by matching the fields at the surfacey50,
which results in a pair ofx-dependent equations for the u
known functionRq(a) and the coefficientsam ~or bm , de-
pending on the incident polarization!. These equations ar
projected on convenient bases, and after discretization
truncation of the integrals the problem is reduced to the
lution of a matrix equation, which is solved by standard n
merical techniques@16#.

As mentioned before, the scattering characteristics of
rectangular groove shown in Fig. 1~a! have been discusse
previously by other authors. A novelty of this paper is
address the study of the scattering characteristics of o
‘‘rectangular’’ geometries as those shown in Figs. 1~b! and
1~c!. Even though these geometries are different from tha
Fig. 1~a!, we will show that the response curves of the thr
shapes of cavities in Fig. 1 are intimately connected to e
other. Besides, the new geometries considered here will
us to understand better the scattering response of surf
with cavities.

For the bottle-shaped profile depicted in Fig. 1~b!, the
treatment is similar to the one described above. Howe
since the cavity has now two different widths, two differe
modal expansions are used to represent the fields in
zone. Although thex-dependent part of the modal functio
um

q (x) keeps essentially the same expression for both zo
@the only differences are that the widthc should be substi-
tuted by the corresponding widthcj and the variablex should
be substituted by (x2xj ), wherexj is thex coordinate of the
beginning of the groove at the zonej ], the y-dependent par
wm

q (y) in the upper part of the groove must be written as

wm
q ~y!5sm

q sin@mmy#1tm
q cos@mmy#. ~13!

There are now two additional unknown vectors for ea
polarization, which correspond to the modal coefficients
the region of smaller width. However, another two match
conditions must be satisfied at the interface between th
zones, which provides us with the set of equations neces
to get a complete solution of the problem. The subsequ

FIG. 2. Intensity reflected in the normal direction versus wa
length, for an open rectangular groove of width-to-depth ratioc/h
50.35. The normally incident Gaussian beam has widthw5100h.
The solid curve corresponds tos polarization and the dashed on
corresponds top polarization.
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procedure consists in the inversion of a matrix after the
propriate discretization and truncation of the integrals a
series.

The formalism used to deal with the third situation co
sidered in this paper@see Fig. 1~c!# is substantially different,
even though the same idea of modal expansions is use
this case we apply the multilayer modal method~MMM !,
which was first used by Li to solve the problem of diffractio
from infinite gratings of arbitrary profile@18#, and later was
extended to solve the problem of scattering by nonperio
rough surfaces of different profiles and materials@17,19–23#.
In particular, the case of multivalued profiles of the corrug
tions was treated in Ref.@17#, where the reader can find th
details of the procedure, which is outlined in the next pa
graph.

Roughly speaking, the MMM uses the multilayer appro
mation, which consists in the representation of the act
profile of the groove by a stack of rectangular layers, in ea
of which the fields are expressed in terms of their own eig
functions. Enforcing the matching conditions on the fields
every interface between adjacent horizontal layers, a la
system of equations is obtained for the unknown modal
efficients of each layer. At this stage theR-matrix algorithm
@24,25# is used to propagate the fields from layer to layer,
finally get a matrix relation between the modal amplitudes
the layer at the bottom and at the top of the cavity. The fi
step is to invert a matrix to find the functionRq(a) at certain
discrete values. TheR-matrix algorithm was shown to be a
efficient method for dealing with the problem of scatteri
by corrugated surfaces, especially when the depth of
cavities is large.

III. RESONANT ENHANCEMENT

The main aim of this work is to study the resonant e
hancement of the field produced within a groove in a p

-

TABLE I. Resonant wavelengths for a rectangular groove w
c50.35h given by the conditionm1h5mp/2, with m odd.

m l1m /h

1 0.68952132
3 0.61977853
5 0.52680368
7 0.44266354
9 0.37520569
11 0.32269287

TABLE II. Resonant wavelengths for a rectangular groove w
c50.35h given by the conditionm0h5kh5mp/2, with m odd.

m l0m /h

1 4
3 1.3333
5 0.8
7 0.5714
9 0.4444
11 0.3636
13 0.3076
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FIG. 3. Absolute value of the electric field inside a rectangular groove of the same parameters considered in Fig. 2 and fors polarization,
for different incident wavelengths:~a! l50.586h, ~b! l50.5734h, and~c! l50.5386h.
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fectly conducting plane, for the rectangular geometr
shown in Fig. 1. One of the possible ways to investigate
phenomenon is to analyze the intensity scattered by
structure in a fixed direction as a function of the incide
wavelength, for the different profiles considered. In the n
figures we show the evolution of the resonant curve from
case of a rectangular groove~open rectangular cavity! to the
almost closed bottle-shaped cavity@see Fig. 1~b!#. Both fun-
damental polarization modes are considered.

We start with the simplest case of a rectangular open c
ity, and show in Fig. 2 the intensity scattered in the specu
direction @ uR q(a0)u2, which for normal incidence coincide
with the backscatter and normal direction# as a function of
the normalized incident wavelengthl/h. The width of the
groove isc50.35h, and the normally incident beam has
spatial widthw5100h, which is nearly equivalent to a plan
wave. The curves fors ~solid! andp ~dashed! polarization are
smooth and oscillating, and at a first sight do not exhibit a
resonant characteristics. However, it is interesting to no
that the minima of both curves are located at the wavelen
at which a resonance would be expected for the open rec
gular waveguide, that is, the wavelengths that satisfy
condition

mnh5F S 2p

l D 2

2S np

c D 2G1/2

h5m
p

2
, with m odd.

~14!

In terms of the eigenmodes of the cavity, condition~14! cor-
responds to an odd number of quarter-wavelengths in thy
coordinate, i.e., to have a node of the electric field at
s
is
e

t
t
e

v-
r

y
e
hs
n-
e

e

bottom of the groove~as required by the vanishing electr
field condition at the perfect conductor! and an antinode a
its top. Fors polarization, the lowest value ofn allowed is
n51, which corresponds to the fundamental mode of os
lation in the x direction. Then, the values of the resona
wavelengths are given by

l1m

h
5

2

h@~m/2h!21~1/c!2#1/2
, ~15!

and the first ones are listed in Table I.
For p polarization, on the other hand, the fundamen

mode corresponds ton50 and then the resonant wave
lengths are given by

l0m

h
5

4

m
, ~16!

which take different values than those fors polarization, as
can also be checked in Table II.

We remark that the resonant condition~14! is different
from the condition given in Eq.~12! of Ref. @12# which, in
fact, corresponds to the case of a closed rectangular w
guide. In Ref.@12# the authors studied the resonant wav
lengths of a groove with the same geometrical parameter
those considered in Fig. 2, unders-polarized illumination.
They based their estimation of the resonances on the e
tence of poles in the modal expansion of the fields inside
cavity, and found that these poles correspond to the wa
lengths associated with the closed waveguide with s
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lengthsc andh. However, Maradudinet al. @13# showed in a
later paper that this result is not correct, since the dips fo
in the wavelength scan in Ref.@12# for certain wavelengths
do not correspond to an enhancement of the field but to
condition of vanishing electric field at the top of the groov
Our results also show that there is no significant enhan
ment of the interior field neither at these wavelengths no
those given by Eq.~14!. In Fig. 3 we plot the field inside the
groove for three different wavelengths that correspond t
maximum @Fig. 3~a!#, and to a minimum@Fig. 3~c!# of the
solid curve in Fig. 2, as well as to the wavelength determin
by the waveguide condition@Eq. 15, Fig. 3~b!#. It can be
noticed that the electric field vanishes at the walls of
cavity ~perfect conductor requirement!, and reaches its maxi
mum value at its symmetry axis. Besides, the number
lobes in the groove corresponds to the number of h
wavelengths that it holds. For instance, in Fig. 3~b! the wave-
length is such thatmh52p (m52), and consequently two
lobes appear in the figure. Notice that the intensities in F
3~a!–3~c! are quite similar, which shows that from the poi
of view of their enhancement characteristics these situat
are almost equivalent. The situation is quite different fop
polarization: at the resonant wavelengths, which are coi
dent with the minima of the dashed curve in Fig. 2, a sign
cant enhancement of the magnetic field is found, as show
Fig. 4. Notice that the maximum of the amplitudeuHz(x,y)u
obtained forl50.57h @Fig. 4~a!#, which corresponds to a
minimum of the curve, is more than 20 times larger than t

FIG. 4. Absolute value of the magnetic field inside a rectangu
groove of the same parameters considered in Fig. 2 and forp po-
larization, for different incident wavelengths:~a! l50.57h and ~b!
l50.66h.
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achieved forl50.666h @Fig. 4~b!#, corresponding to the
waveguide condition and also very close to a maximum
Fig. 2 ~dashed line!.

The question that we will try to answer next is how th
behavior of the structure is modified when we close gra
ally the aperture of the cavity. We are going to show tha
significant resonant behavior within the groove appears fos
polarization only when the throat of the cavity is extreme
narrow. In Fig. 5 we plot the response curve for a bott
shaped groove as depicted in Fig. 1~b!, for incidents polar-
ization. The geometrical parameters arec150.35h1 and h2
50.01h1, andc2 takes different values. The incident cond
tions are the same as for Fig. 2. We observe that asc2 is
decreased, the curve tends to form sharp dips at the w
lengths at which the condition of the rectangular wavegu
is satisfied:

mnh15mp, ~17!

which are given in Table III. This condition corresponds to
node of the electric field at the bottom and at the top of
groove, i.e., an integer number of half-wavelengths in
y-dependent part of the eigenfunctions. The dips in Fig
evidence the presence of a singular phenomenon at t
wavelengths or, at least, a particular distribution of the fie
inside the cavities which modifies the reflected field. Not
that, contrary to what was observed for a rectangular gro
~Fig. 2!, the resonant wavelengths are now easily identifi

r

FIG. 5. Intensity reflected in the normal direction versus wa
length, for a bottle-shaped groove ofc150.35h1, h250.01h1, and
for different values ofc2: 0.3h1, 0.2h1, and 0.1h1. The normally
incident Gaussian beam iss polarized and has widthw5100h1.

TABLE III. Resonant wavelengths for a rectangular wavegu
with c50.35h given by the conditionm1h5mp.

m l1m /h

1 0.6607008
2 0.5734623
3 0.4827586
4 0.4068667
5 0.3472972
6 0.3009535
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FIG. 6. Absolute value of the electric field inside a bottle-shaped groove of the same parameters considered in Fig. 5,c250.1h1 and for
s polarization, for four values of the incident wavelength:~a! l50.662h1, ~b! l50.661h1, ~c! l50.5765h1, and~d! l50.5741h1.
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To get a better idea of the phenomenon that actually p
duces the dips in the response curve, we calculated and
ted the absolute value of the electric field@ uEz(x,y)u# inside
the cavity, for different values of the incident wavelength.
Fig. 6 we show the contour plots corresponding to the
rameters considered in Fig. 5 withc250.1h1 for four values
of l: l50.662h1 ~first resonant value!, l50.661h1 ~just
before the first dip!, l50.5765h1 ~second resonant value!,
and l50.574 167h1 ~just before the second dip!. The most
significant difference that appears between Figs. 6~a! and
6~b! is the enhancement of the field in the groove at
wavelength corresponding to the dip in the resonance cu
@Fig. 6~a!#, which is about 7 times greater than that of F
6~b!. Even though the values ofl considered are very clos
to each other, and consequently the distributions of the e
tric field in the cavity are qualitatively very similar, an im
portant intensification takes place for the first waveleng
confirming that the dips are intimately connected with a re
nant behavior of the structure. The same characteristics re
from a comparison of Figs. 6~c! and 6~d!. The presence o
two lobes is due to the fact that for this wavelengthm52 in
Eq. ~17!, whereas the former one corresponds tom51 in the
same equation.

As shown next, the behavior is different for incidentp
polarization. The resonant curves for this case are show
Fig. 7 for the same geometrical parameters considered in
5 and forc250.1h1 and 0.03h1. The response curve of th
structure underp-polarized illumination is similar to that ex
hibited unders polarization: as the throat of the groove
closed, the minima of the curve become sharper, and they
o-
ot-

-

e
ve
.

c-

,
-
ult

in
ig.

et

closer to the wavelengths predicted by the waveguide co
tion ~17!, which in the case ofp polarization correspond to
the values given in Table IV. However, for the same width
the aperture, the dips are sharper and better defined fors than
for p polarization. This result is in agreement with th
shown in@11# for a circular groove. Besides, for the bottle
shaped profile it seems to be more difficult to get a sign
cant enhancement of the magnetic field inp polarization.
Even for a widthc250.03h1 ~smaller than the minimumc2
considered in Fig. 5! an enhancement is found only in a ve
small region of the groove~the mouth!, which does not sug-

FIG. 7. Intensity reflected in the normal direction versus wa
length, for a bottle-shaped groove ofc150.35h1, h250.01h1, and
for different values ofc2: 0.1h1 and 0.03h1. The normally incident
Gaussian beam isp polarized and has widthw5100h1.
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gest a resonant phenomenon inside the whole groove. M
over, even this local intensification disappears at wa
lengths different from those given by the dips in Fig. 7.

One of the interesting applications of the resonant p
nomenon described above is the recognition of buried
jects. Because of the resonant behavior of this kind of cav
we do not expect the minima of the response curves to
pend strongly either on the incidence conditions or on
particular orientation of the cavity, but only on the geome
cal parameters of the groove. Then, the resonant curve
given cavity is a kind of a fingerprint, which can be used
identify cavity shapes. The next example in Fig. 8 illustra
this feature. There we compare the resonant curves for
bottle-shaped groove with parametersc15h1, c250.1h1,
and h250.01h1, with the response of a surface with an i
clined square groove open in a corner@see Fig. 1~c!#, whose
parameters (a5h1, b50.1h1) make it equivalent to the
bottle-shaped groove. The incident beam is the same as
considered in the previous figures, and the curves fors @Fig.
8~a!# andp polarization@Fig. 8~b!# are shown. From a carefu
comparison of both curves in Fig. 8~a! results that all the
dips of the solid curve are also present in the dashed cu
which confirms the fact that the resonant wavelengths do
depend on the inclination of the groove but only on its ge
metrical parameters. It should be noticed that some of
dips are slightly shifted, suggesting that the shapes of
grooves are not exactly the same. However, there is a
dip in the solid curve that corresponds to the rotated squ
groove. This dip appears at another resonant wavelengt
the cavity, which was not allowed to be excited in the bott

TABLE IV. Resonant wavelengths for a rectangular wavegu
with c50.35h given by the conditionm0h5kh5mp.

m l0m /h

1 2
2 1
3 0.6666
4 0.5
5 0.4
6 0.3333
re-
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e
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shaped groove under normal incidence because of symm
reasons. In fact, in this situation only oscillation modes t
are symmetric in thex variable are allowed, which corre
spond to odd values ofn in Eq. ~17!. This is the reason why
the authors of Ref.@14# did not find any enhancement for th
wavelengths obtained withn even. The resonant wavelength
for a square groove satisfy the relation

lnm5
2h

Am21n2
, ~18!

and the values oflnm for the parameters of the example a
listed in Table V. It can be noticed that the new minimu
appears atl5l22, which corresponds to an asymmetr
mode in thex variable. Notice also that since the groove h
square shape, there is degeneracy in the resonant w
lengths and thenlnm5lmn . Then, the first minimum in the
dashed curve should be understood as the model32 instead
of l23. Of course, the depth of the dips of both curves a
different, and their relative intensity is connected with t
excitation of the resonant modes in each configuration. T
investigation of these relations requires a detailed analy
which is beyond the purpose of the present paper.

The curves corresponding top polarization exhibit the
same kind of behavior. Contrary to what happens fors po-
larization, the symmetric modes in this case are associ
with even values ofn in Eq. ~17!, starting fromn50 ~see
Table V!. The solid curve has two more minima~in the range
of l considered! than the dashed one. These additional d
correspond to the wavelengthsl11 and l13, which are not

e TABLE V. Resonant wavelengthslmn /h for a square wave-
guide (c5h).

mun 0 1 2 3

1 2 1.4142 0.8944 0.6324
2 1 0.8944 0.7071 0.5547
3 0.6666 0.6324 0.5547 0.4714
4 0.5 0.4850 0.4472 0.4
5 0.4 0.3922 0.3714 0.3429
6 0.3333 0.3287 0.3162 0.2981
FIG. 8. Comparison between the intensity versus wavelength curves for a bottle-shaped (c15h1, c250.1h1, andh250.01h1; dashed
curve! and a rotated square groove (a5h1 andb50.1h1; solid curve!. The normally incident Gaussian beam has widthw5100h1. ~a! s
polarization and~b! p polarization.
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allowed to be excited in the symmetric case. Notice that ip
polarization the shift between the resonant wavelengths
both curves is more significant. This suggests that this po
ization is more sensitive to small variations of the groo
shape. In fact, the two cavities considered are not identica
shape.

Another way of exciting the nonsymmetric modes in t
bottle-shaped groove is to illuminate the surface via an
liquely incident beam. As an example, we show in Fig. 9
small portion of the resonance curve which contains the re
nant wavelengthsl12 and l21, for different angles of inci-
dence. It can be noticed that the position of the minim
varies only slightly from one curve to the other. The cause
this behavior seems to be that the relative importance of

FIG. 9. Intensity reflected in the specular direction versus wa
length, for a bottle-shaped groove with the same parameters co
ered in Fig. 8 ands polarization, foru0530°, 45°, 60°, and 85°.
z,

as

as

as

g

of
r-

in

-
a
o-

f
e

two resonances, which are extremely close to each ot
changes with the angle, causing the dip to move aroun
given position. The deepest minimum is obtained foru0
545°, the angle at which the field inside the cavity is mo
strongly enhanced~not shown!.

IV. CONCLUSION

The excitation of resonances in a perfectly conduct
surface with a single groove was investigated for differe
rectangular geometries of the cavity. The modal method w
used to solve the scattering problem, helped by
multilayer approximation in the case of a bivalued grooves
andp polarization of the incident light were considered, a
in both cases a resonant behavior was found. Althougs
resonances do not appear in the case of an open rectan
groove, there is a strong enhancement of the electric fi
inside the cavity when it is gradually being closed, for pa
ticular wavelengths that can be associated with those of
closed waveguide. Thus, we conclude thats resonances can
be excited in a single groove with rectangular shape. Fop
polarization, on the other hand, the intensification is m
efficient in the case of an open rectangular cavity. An e
hancement of the field is also observed for a square groov
two different positions, confirming that the dips correspo
to resonant wavelengths that depend only on the shape o
cavity.
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