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Superlensing effect in liquid surface waves
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We present experimental observations and numerical simulations of superlensing effect in liquid surface
waves. We use rigid cylinders to create a two-dimensional periodic lattice, in which liquid surface waves
propagate. Through the observation of a superlensing effect, we demonstrate the existence of negative refrac-
tion in surface waves. In addition, a complete band gap is found.
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Wave refraction is a common phenomenon in daily life,waves lies in the fact that many interesting phenomena can
occurring in classical waves such as electromagnetic wavebge observed visually. We can observe not only the spatial
sonic waves, and liquid surface waves. In normal refractiondistribution of wave patterns but also the time-dependent
the incident and refracted waves stand on different sides afvolution of wave patterns. In fact, interesting phenomena,
the normal direction of the interface between two mediasuch as Bloch waves over a periodically drilled bottom, qua-
However, it has been found recently that for electromagnetisiperiodic Bloch-like waves over a quasiperiodically drilled
waves two mechanisms can produce negative refrafipn bottom, and domain walls over a periodically drilled bottom
(now the refracted and incident waves lie on the same side afith some disorder, have been observed in liquid surface
the interface normal namely, plasmon resonance in wave experimentfl7,18.
metamaterial$2—4] and multiple Bragg scatterings in pho-  Pendry[19] suggested that negative refraction would lead
tonic crystals|5—8]. Experimental observations of negative to a superlensing effect: a point source placed in front of a
refraction have been carried out for metamaterfdl®,10  flat rectangular slab that exhibits negative refraction would
and photonic crystalgl1] in microwaves. be refocused to form a real image on the opposite side of the

In metamaterial§2—4] consisting of metallic wires and slab. In particular, this superlens possesses several key ad-
split rings, plasmon resonance may simultaneously lead teantages over conventional lenses, e.g., overcoming the dif-
negative permittivity and permeability in a certain range offraction limit. Experimental measurements in microwaves
microwave frequencied12,13, effectively producing a gave evidence that a flat rectangular slab of a metamaterial
negative refractive index as a whole. When propagating ircould focus power from a point sourg&0]. In addition, the
photonic crystals, electromagnetic waves are greatly modusuperlensing effect was also demonstrated theoretically in
lated by multiple Bragg scatterings, leading to photonic banghotonic crystal$7]. Thus, the superlensing effect can serve
structures and photonic band gaps4—16. In photonic  as a criterion for judging the existence of negative refraction.
bands, the group and phase velocities may lie in different To demonstrate that negative refraction could also exist in
direction. This may lead to negative refraction in photonicliquid surface waves, we carry out a superlensing experiment
crystals[5—8]. in liquid surface waves. Our experimental setup is sketched

Can negative refraction occur in other kinds of classicalin Fig. 1. A flat rectangular slab consisting of 202 circular
waves, such as sonic or surface waves? In this paper, we witlopper cylinders is placed in the middle of a vessel which is
demonstrate theoretically and experimentally that negativéorizontally placed. Copper cylinders are arranged in a
refraction can also exist in liquid surface waves when propasquare lattice. The side of the copper cylinder slalfll
gating in a periodic structure. In addition, we find a completeoriented. Copper cylinders with a height of 10 mm and di-
band gap in liquid surface waves and confirm experimenameter of 9 mm are mounted vertically onto a 2-mm-thick
tally. To our best knowledge, the findings of negative refrac-methacrylate plate. Along thell) direction, there are nine
tion and complete band gap are made for the first time imows of copper cylinders. The lattice constant of the square
surface waves. lattice is 10 mm. The vessel consists of a rectangular glass

Like electromagnetic waves in photonic crystals, liquid bottom adhered to a steel frame with four 10° slope wave-
surface waves are also modulated by multiple Bragg scatteebsorbing sides to minimize reflection from edges. The ves-
ings when propagating in a periodic structure. Propagation ofel is covered with a thin liquid with a depth of 6 mm. The
liquid surface waves is also characterized by band structureshosen liquid has a very low capillary length to prevent the
Consequently, negative refraction may likewise occur in lig-capillary effectg20]. The top of the vessel is covered by a
uid surface waves. In metamaterials or photonic crystals, it iglass lid in order to prevent liquid evaporation. A small vi-
difficult to obtain experimentally the detailed information on brator serves as a point source generator. Both the amplitude
the spatial wave patterns and the evolution of these patterrend frequency of the vibrator can be tuned by a signal gen-
as a function of time. The advantage of using liquid surfaceerator.

Figure Za) shows snapshots of three typical patterns of

liquid surface waves projected onto the screen for different

* Author to whom correspondence should be addressed; electronfeequencies. The point source is placed on the left side of the
address: jzi@fudan.edu.cn slab, about 4 mm apart. On the left side of the slab, the
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observable on the right side. We will show later that the
pattern observed in the left panel corresponds to normal re-
fraction, while that in the middle panel is a result of negative
refraction.

To verify the experimental observations, numerical simu-
lations are carried out for solving the liquid surface wave
equation. For a harmonic mode with an angular frequency
the velocity potential® may be sought in the following
form, based on the standard linearized wave theory for invis-
cid liquids[21,22:

d(x,y,z,t)=Rd ¢(x,y)coshk(z+h)e '], )

Mirror wherez is the direction perpendicular to the bottom of the
vessel andh is the liquid depth.¢ is the solutions of the

two-dimensional Helmholtz equation

(V24 k%) =0, @

FIG. 1. Diagram of the experimental setup, consisting of a veswhere is the local wave number and can be obtained from
sel, a flat rectangular slab of copper cylinders, a lamp, a mirror, anghe dispersion relatiofl7,18

a screen. The rectangular slab of copper cylinders, shown as an

inset, is placed in the middle of the vessel. A point source generator w’= gk tanhkh(1+ dgKZ), 3)

is placed on one side of the slab. A halogen lamp is hung above the

vessel (~0.9 m). Enlarged liquid surface wave patterns can be seewhereg is the gravitational acceleration aod is the capil-
on the screertabout 3.8 m apart from the mirfowith the help of  |ary length. The vertical displacement of the liquid surface
the mirror placed below the vessel. is related tog by [21,22]

observed circlelike stripes show some distortions and within _ iw it
the same stripe there are some variations in brightness, ow- n(xy,t)=Re - Ed)(x,y)e
ing to the interference between the source and the reflected

wave. On the right side, the surface wave patterns changéhe Helmholtz equation can be solved on the framework of
dramatically with frequency. For low frequencies, the trans-a multiple-scattering metho®3]. The Helmholtz equation
mitted wave patterns are circlelike, with their centers locatednust be subjected to the boundary condition of no flow
inside the slalleft pane), i.e., forming avirtual image of  through the cylinder walls, namelyg/on=0, wheren is the

the point source. With increasing frequency, this image shiftglirection normal to the surfaces of cylinders. The simulated
gradually to the right and eventually out of the slab. Thepatterns are shown in Fig(l®. Obviously, simulated results
middle panel shows that the image is outside the slab, i.eat the corresponding frequencies agree well with the experi-
forming a real image. Meanwhile, a backward-pointing mental observations. From the theoretical results, we can ob-
conelike pattern is observed. With a further increase of theain detailed information such as the spatial distributions of
frequency, the image shifts further to the right and becomethe surface waves, gaining a deeper insight into the interac-
elongated. In the meantime, a forward-pointing conelike pattion between the surface waves and the array of periodically
tern develops. Angles of both the forward- and backward-arranged cylinders.

pointing conelike patterns decrease with the increasing fre- There have been intensive discussions of Bragg resonance
quency. Eventually, a nearly directive emission is producedn water waves in real spacgd4]. However, discussions of
(right pane). For frequencies above 8.2 Hz, no pattern isband structures in reciprocal space for liquid surface waves,

: 4

4.50 Hz 6.15 Hz 7.20 Hz

(a) r v j

FIG. 2. (Color) Snapshots of
liquid surface wave patterns. Dark
and white represent positive and
negative vibrations, respectively.
(a) Experimentally observed pat-
terns of liquid surface waves pro-
jected onto the screen. Black
strip in the middle stands for the
slab of copper -cylinders.(b)
Simulated results. Parameters
used in simulations are the same
as in experiment. Red dots denote
copper cylinders.
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14 passing band at th®l point. The band gap is rather large,
: \ : with the ratio of the gap width to the midgap frequency being
12t . 36.7%. As in photonic crystals, for frequencies within the

band gap, propagation is forbidden in any direction. Propa-
. gation is, however, allowable for frequencies within the pass-
ing bands. Note that no complete band gaps in liquid surface
. waves have been found in previous experimental and theo-
/ 1 retical studieg25-27.
. Our discussions will be focused on the first passing band,

at which the experiments are performed. Note that the energy
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4+ M . flow direction is the same as the group velocity

I 1 =V, [w(K)], where the wave vectdxis in the first Brillouin
2r A . zone. It should be noted that the direction of the group ve-
r X 1 locity is given by the frequency-increasing direction normal

OF - "y - to the constant-frequency conta@FC), shown in Fig. 4a).

Thus, the refracted ray goes in the same direction as the

FIG. 3. Band structure for an infinite array of copper cylinders grO_Up VeIOCItng. In the homo_genous_ region without copper
arranged in a square lattice. Parameters used in calculations are th¥linders, the CFCs are all circles with the same center and
same as in experiment. The array structure and the irreducible Britheir radius increases with the increasing frequency. In the
louin zone are shown as insefs, X, andM are the center, edge region with copper cylinders, the situation is quite different.
center, and corner of the first Brillouin zone, respectively. There exists a critical frequency of 5.75 Kthe first passing

band along theXM direction, at which the radius of curva-
as in solid state physics, are rd&8,25—28. To account for  ture of the contours along tHéM direction diverges. Below
the formation of the observed images, the band structure fahis critical frequency CFCs are centered at thpoint and
liquid surface waves propagating through an infinite array ofabove it CFCs are centered at the point. NearI’ or M
vertically arranged copper cylinders is calculated, also basepoints, the CFCs are circlelike, indicating an isotropic case.
on the multiple-scattering meth¢@3] by applying the Bloch  On the other hand, for frequencies near 5.75 Hz, a highly
theorem to the liquid surface wave equation, shown in Fig. 3anisotropic case is expected.
A complete band gap opens up in the frequency range from After investigating the band structure, we consider refrac-
8.03 to 11.63 Hz, defined by the maximum of the first passtion for an incident wave upon the interface between the
ing band at theM point and the minimum of the second regions with and without copper cylinders. The refracted
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FIG. 4. (Color (a) CFCs for different frequencies. Red and black curves stand for the CFCs in the regions with and without copper
cylinders, respectively. Thin arrows denote the wave vectors, and thick arrows indicate the direction of the group velocity. Note that the
interface between the regions with and without copper cylinders is perpendicular Edvthdirection and the surface-parallel wave-vector
component should be conserved in two medm.Diagram of refraction in the actual system. Each column represents the results for the
corresponding frequencies shown on tog@f Yellow dots denote copper cylinders. At 4.50 Hz, a virtual image is formed inside the slab
of copper cylinders, corresponding to normal refraction. At 6.15 Hz, a real image is produced, resulting from negative refraction. At 7.20 Hz,
a directive emission develops, although it still corresponds to negative refraction.
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modes are determined by the conservation of the frequendylz. From these analyses, we can conclude that the experi-
and the wave-vector component parallel to the interfacanentally observed pattern in the middle panel of Fig. 2 is a
[5—7]. Using these criteria, we can determine the direction ofesult of negative refraction.

the refracted wave, shown in Fig(b}. For frequencies be-  In summary, we have demonstrated the existence of nega-
low 5.75 Hz, normal refraction is expected, which corre-tive refraction in liquid surface waves by a superlensing ex-
sponds to the case in the left panel of Fig. 2. For frequencieBeriment and numerical simulations. In addition, a complete
above 5.75 Hz, negative refraction occurs since the wav8and gap for liquid surface waves is found for the first time.
vector and the group velocity stand on the same side of th@Ur results pave the way for realizing many interesting phe-

interface normal, which leads to what is observed in thd'°mena caused by negative refraction since we can observe

middle panel of Fig. 2. Thus, the frequency of 5.75 Hz is ahot only the spatial distributions but also the evolution of

critical point, below(above which normal(negativé refrac- wave patterns. The interesting properties, such as negative

tion is expected. The experimentally observed critical fre_refractlon, directive emission, and band gap, render steering

quency is about 5.8 Hz, in good agreement with the prellqu'd surface waves and potential applications possible.

dicted one. For frequencies near the band edge, a directive This work was supported mostly by Chinese National Key
emission on the right side of the slab is produ¢eght panel  Basic Research Special Fund. Partial support from the Na-
of Fig. 2), similar to that found in metamaterial29]. For  tional Science Foundation of China and from Shanghai Sci-
frequencies within the band gap, no waves can transmit. Thence and Technology Commission, China is acknowledged.
band edge frequency, determined from experiment, is abowe thank Dr. Z. Q. Qiu for a critical reading of the manu-
8.2 Hz, in good agreement with the predicted value of 8.03%cript.
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