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Acoustic resonant transmission through acoustic gratings with very narrow slits:
Multiple-scattering numerical simulations
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It is shown that the transmission resonance of acoustic waves for an incident wavelength larger than the
period of the grating exists in acoustic gratings with very narrow slits similar to that of optical subwavelength
systems. The results are obtained by multiple-scattering numerical simulations. The physical origin for such an

acoustic transmission resonance is also analyzed.
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In recent years, headway has been made in the study difie other classical waves, it is valuable and can lead to other
the transmission of light through subwavelength metallic apapplications.
ertures. Several experimehtsave reported that the trans-  Based on these considerations, in this paper we investi-
mission of light through metallic films perforated by arrays gate the transmission of acoustic waves through the narrow
of subwavelength holes can exhibit extraordinary magnitudeslit system. Thus, we take an acoustic grating consisting of
which cannot be predicted by conventional aperture th€ory.cylinders, as shown at the top of Fig. 1. The period of the
Subsequently, some works® have shown that similar ex- grating and the radius of the cylinders are denotec layd
traordinary optical transmission effects can also be found iR, respectively. The incident wave propagates inXrdirec-
transmission metallic gratings with very narrow slits. It is tion and the grating periods are in thedirection. In fact,
believed that this extraordinary transmission effect has poreflection and transmission acoustic gratings have been ana-

tential technological applicatiorié:'> o lyzed for many year$ However, transmission acoustic grat-
However, the physical origin 1‘73f the transmission 1eso-ings with very narrow slits remain to be treated in detail.
nance aroused some intefest! Portoet al* proposed We first calculate the transmission properties of acoustic

that two separate mechanisms were important: either the eX;,\es for the grating systems for various sizes of the scat-

citation of a cavity resonant mode, or resonant coupling bef
tween surface plasmons on both sides of the grating. Thessec
latter mechanisms can also occur for two-dimensional grat=
ings with holes® Subsequently, Treagypplied the dynami-
cal diffraction theory to explain this kind of phenomena in-
dependently. Cao and Lalarfnbave pointed out that the
coupling between the surface plasmons is not the prime ef-
fect and has a negative impact on the extraordinary transmis-
sion. Some works!! have also shown that the Fabry-Pérot
resonant cavity modes are responsible for the extraordinary
transmission. In contrast, Barbagaal}?> have shown that a
model with plasmons on the incident side only explains this
phenomenon very well. Recently, Pendzy all® believed
that they had resolved such a longstanding debate. They@2
found that there are not two separate mechanisms for such alg
extraordinary transmission. The subwavelength holes or slits &
spoof surface plasmons that play the same resonant role. ©
Such a surface plasmon originates from the interaction of ¢
electromagnetic field with the free electrons of metal. It has o
some unique properties, which the other classical waves suchN
as acoustic waves may not posses when they radiate on th
metal surface. Then, it is natural to ask whether or not the
extraordinary transmissions for other classical waves exist. If
the extraordinary transmissions of light arise from the unique

mission

erer by using a highly efficient and accurate multiple-
attering method The source is developed by passing a

X' % incident acoustic wave
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interaction form of the electromagnetic field with free elec- g 1. zero-order transmission spectra of an acoustic wave

trons, one may conclude that the phenomenon may not exigrough a steel cylinder grating in an air background for different
for the other types of classical waves. Therefore, there argizes of scatterer for normal incidence. Solid, dotted, dashed, and
two motivations for the investigations of the extraordinary gashed-dotted curves correspond to the caseR/at0.48, 0.49,
transmission of the other classical waves. First, it can proe.4, and 0.2, respectivelgi is taken as 20 cm(b) The correspond-
vide more information about the origin of such an extraordi-ing cases ofR/a=0.48 for steel grating in a water background
nary phenomenon. The second motivation is the possibilitydotted ling and a water cylinder grating in a mercury background
of applications. If the extraordinary transmission is found for(solid line).
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plane wave through an open slit in front of the sample. The 1.0 A A e e —
width of the slit is about 20% smaller than the sample width
to avoid the scattering at the sample edges. The widths of the
sample are sufficiently large, such as a@@th a=20 cm, to
ensure sufficient angular resolution. Figui@)Ishows zero-
order transmission for acoustic waves normally incident on 8
steel gratings in an air background as a function of the wave-
length (\) of the incident wave. Four kinds of grating with
different sizes,(R/a), have been studied. The density and
sound velocity ratios for steel and air are takenpakp,
=7800 andcs/c,=17.9, respectively. The calculated results
for those acoustic gratings are plotted as a solid curve
(R/a=0.48, a dotted curve(R/a=0.49, a dashed curve
(R/a=0.4), and a dashed-dotted cury®/a=0.2), respec-
tively. The corresponding cases Bfa=0.48 for the steel
grating in a water backgroungotted ling and the water
cylinder grating in a mercury backgrouksblid line) are also
shown in Fig. 1b).

Itis seen from Fig. 1 that the Rayleigh minima of Wood's  FiG. 2. zero-order transmission spectra as a function of the
anomaly are clearly visible at the onset of each new diffracincident angle of an acoustic wave through a steel cylinder grating
tion order for all cases. This is the general feature of thewith R/a=0.48 in an air background. Solid, dashed, dotted, dashed-
gratings!® In the following, we focus attention on the long dotted, and short dot curves correspond#0°, 5°, 10°, 15°, and
wavelength. When the wavelengths are larger than the graoe, respectively.
ing period (A >20 cm), the transmission properties of the

acoustic waves through the gratings depend on the size dfhe first step is to add other layers of cylinders, that is, to
scatterer and the distance between them. For small size scahange from a single-layer grating to a multilayer system.
terers(R/a=0.2), high transmission is obtained for the entire We study the transmission properties of acoustic waves
long wavelength region, which can be explained by the efthrough these systems for different thicknesses of the layer
fective medium theory. With the increase of the size of theand observe the change of the transmission resonance with
scatterer, the situation is different. When the width of thethe increase of thickness of the layer. The second is to solve
slits between two adjacent cylinders becomes small, such ake eigenmodes of the single-layer grating and see whether
for R/a=0.48 orR/a=0.49, the transmission resonances ap-or not the transverse coupled modes are excited. For com-
pear. The phenomenon is similar to those in optical subwaveparison, the transmission coefficients for the single-layer
length structure$:t’ (solid curves and the three-layefdotted curvessteel grat-

Extraordinary acoustic transmissions similar to those ofings in the air background are plotted in Fidci3 We note
the optical systems are also obtained in the angular depethat the transmission resonances still exist in the three-layer
dence of transmission spectra. Figure 2 shows the zero-ordélleep gratings. Comparing the results for the single-layer
transmission spectra of acoustic waves as a function of thgrating with those for the three-layer grating, we find that the
incident angle in the single-layer steel grating wifa  transmission intensities around the maxima points do not re-
=0.48 in the air background. Solid lines, dashed lines, dotteduce with the increase of sample thickness; there are two
lines, dot-dashed lines, and short dot lines correspond to thesonant peaks due to the coupling between different layers.
incident angles#=0°, 5°, 10°, 15°, 20°, respectively. It is With the increase of the number of systems, the grating sys-
seen that the zero-order transmission is sensitive to the inciems become sonic crystals, which have been extensively
dent angle. With a small change of the incident angle, thénvestigated in recent yeaf$:?®> In order to compare the
resonant peaks change in intensity and move in positiortransmission resonances of acoustic waves in the acoustic
which is quite similar to the light propagation on metallic gratings with those in the sonic crystals, we plot the band
gratings with narrow slits and metallic films perforated by structure of the corresponding sonic crystals wRia
arrays of subwavelength hol&s’ This gives important in- =0.48 in Fig. 3a). Dispersion curves for the single-layer
formation for the excitation of the transverse coupled acousgrating along thé¥ direction are also given in Fig(8). Dark
tic modes. Ifk; is the wave vector of excited mode, it can be dots represent the positions of the transmission peaks, which
expressed dg=k,+nG, for the single-layer acoustic grating. are shown in Fig. 2.
Herek,=(27/N)sin 6 is the component of the wave vector of ~ Agreements between the eigenmodes of the grating and
the incident acoustic wave along the direction of grating pethe transmission peaks have been observed, indicating that
riod, Gy=27/a s the grating momentum to the wave vector, the excitations of these transverse coupled resonant modes
and n is the order of the mode. Therefore if the angle ofare responsible for the phenomenon of the extraordinary
incidence is varied, the incident radiation excites differentacoustic transmission. It is interesting that the peak of reso-
coupled acoustic modes that lead to the changes of resonamnt transmission in the acoustic gratings and the lower
peaks. eigenmode ak,=0 of Fig. 3b) correspond to the flat band

To understand the phenomenon further, we take two stepalong theXM direction of the sonic crystals. ThéM direc-
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2500 T tion is normal to the acoustic propagating directi®iX di-
/ rection. The dark arrows in Fig. 3 mark the corresponding
2000- relation between them. These indicate that the transverse
coupled resonant acoustic modes can also be observed in the
S 1500 sonic crystal$%-2° .
§ These transverse resonant modes come from the coupling
2 of local resonant modes around a single cylinder. That is to
% 1000 say, when the incident acoustic waves radiate on a single
2 “rigid” cylinder, the resonant modes can be excited around
500- the surface of the cylinder. If we arrange these cylinders to
single-layer gratings with very narrow slits, these resonant
0 S ferree modes around the single cylinder will couple each other to
T M X T 93 00 03000204060810 form the transverse coupled acoustic modes. When the

acoustic waves incident on the gratings, they are coupled to
k(2nfa) Transmission coefficient these excited transverse coupled modes, which leads to the
. appearance of the extraordinary transmission. In other words,

FIG. 3. Calculated band structure of an acoustic wave for & transverse coupled acoustic modes induce the extraordi-
square lattice of a steel cylinder wiR/a=0.48 in an air back- 5. aequstic transmission. This is similar to the cases of
ground.(b) The dispersion curves for the corresponding single grat-Optical subwavelength systems, in which the surface electro-
ing along the direction of the grating period. Dark dots represent th?nagnetic modes with a plas;“nonlike behavi@o-called

positions of the transmission peaks as a function of incident anglegy ) ¢ 112 monsinduce the extraordinary optical transmis-
which are shown in Fig. 2c) The transmission coefficients for the . . .
sion, as has been pointed out in Ref. 13.

grating systems. The solid curve corresponds to the single-layer . L. . _
case and dotted curve to three-layer case. The frequencies are | In order to obtain further insight into the characteristics of

n : - .
units of Hz. the phenomenon, we also calculate the field distributions of
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FIG. 4. (Colon (a) Intensity distribution of a pressure fie(th arbitrary unit$ for an eigenstate in a unit cell at the band edg.The
magnitude of the transmitted pressure figidarbitrary unit$ for the single-layer steel grating in an air background at the maxima point of
transmission. The regions of field intensity are for one period, which corresportds The parameters are the same as in Fig. 3.
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FIG. 5. (Color) (a) and(b) correspond to the distributions of the transmitted pressure (fieldrbitrary unit$ at two maximum points of
transmission for a three-layer grating, respectively. The regions of field intensity are for three periods for both cases. The parameters are the
same as in Fig. 3.
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the system. In the following, we will plot the pressure fieldsresonant modes along thé direction are demonstrated.

as Refs. 19 and 21 have shown, which is different from theThese analyses imply that we should understand the origin of
cases of the displacement fields. For the displacement fieldghe extraordinary transmission from unified view instead of
they must exactly vanish inside the rigid cylinder. However,two separate mechanisms, which has been pointed out in
for the pressure fields, they do not vanish due to the contirefs. 13 and 5.

nuity at the boundal’y of the CylinderS. FirSt, the intensity In summary, we have performed an exact numerical simu-
pattern of eigenmodes of the pressure field in a unit cell afation of the transmission behaviors of an acoustic wave
2X point of the band edge is plotted in Fig(a which  {hrough single-layer and multilayer acoustic gratings with
corresponds to the peak of resonant transmission in thgery narrow slits. We have found that the transmission reso-
acoustic gratings. The corresponding transmitted field for thg,gnces for the wavelengths larger than the period of the grat-
single-layer steel grating in the air background at the maximg, g exist in these systems similar to those of the optical
point of transmission(f~1410 H2 is given in Fig. 4b).  gypwavelength systems. These extraordinary transmissions
Comparing them, we find excellent agreement, which meang, 5coustic waves in the acoustic gratings may have impor-
that the eigenmodes are actually excited. The properties qfnt applications to ultrasonic devices. The physical origin of
such excitation can be seen more clearly from the field disgch a phenomenon has been analyzed, which the excitations
tributions of the transmitted wave of the three-layer systemgg transverse, coupled resonant acoustic modes along the di-
Figures %a) and §b) correspond to the three-layer cases atrection of grating period cause the resonant transmissions.
two maxima point§1462 Hz and 1666 Hzof transmission,  Therefore, we can control such an extraordinary transmission

respectively. The fields are for three grating periods. That i$f acoustic waves by tuning these transverse resonance
to say, they are in an area o 3 3a space around the center podes.

of the sample. It is interesting that two kinds of excitation

mode, symmetric and antisymmetric, are observed clearly. This work was supported by the National Natural Science
The symmetric mode is shown in Fig(eb where the exci- Foundation of China under Grant No. 10374009 and the Na-
tation on the middle layer is strong, whereas, Fih)Tor- tional Key Basic Research Special Foundation of China un-
responds to the antisymmetric mode with maxima on the togler grant No. 2001CB610402. The project is sponsored by
and bottom layers. For both cases, the transverse couplddCET and the grant from Beijing Normal University.
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