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Self-collimation in liquid surface waves propagating over a bottom with periodically drilled holes
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Liquid surface waves propagating over a bottom with periodically drilled holes are studied experimentally
and theoretically. Point source waves are generated in the center of the array of the periodically drilled holes
in order to observe the evolvements of these waves. We successfully observe the self-collimation phenomenon
in liquid surface waves. Band structures and constant-frequency surfaces are calculated, which can give a
satisfactory interpretation of the experimental observations.
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Photonic crystals are artificial media with a spatially pe-over a quasiperiodically drilled bottom, and domain walls
riodic variation in refractive inde{1-3]. Multiple Bragg over a periodically drilled bottom with disorder, have been
scatterings due to the introduced periodicity lead to the forsuccessfully observed in liquid surface wave experiments
mation of complicated photonic band structures. Betweeli23 24].
photonic bands there may exist a photonic band gap within Liquid surface waves, e.g., water waves, are of great im-
which electromagnetic waves cannot propagate. The exigortance in both fundamental research and applications. The
tence of photonic band gaps can give rise to a variety of newhteresting phenomena found for electromagnetic waves in
physical phenomena, offering unprecedented opportunities tehotonic crystals may likewise occur in liquid surface waves
control and manipulate the propagation of electromagnetigropagating in periodic structures. These unique phenomena
waves[2,3]. On the other hand, the complicated photonicin liquid surface waves may result in further physics and
bands display strong dispersion and anisotropy, which are theotential applications. As regards the self-collimation effect,
origins of many interesting optical phenomena such as supeft is, however, far from obvious whether this phenomenon
prism [4], negative refraction5], and self-collimation phe- would occur in liquid surface waves. In this paper, we
nomenor{6-13]. Recently, the self-collimation phenomenon present both the experimental observation and theoretical
in photonic crystals has been the subject of intensive thecanalysis of the self-collimation effect for liquid surface
retical and experimental resear®-13 because of the re- waves propagating over a bottom with periodically drilled
sulting significant feature that a beam of electromagnetitoles. Point source waves are generated in the center of the
waves can propagate almost without diffraction. Such an efarray of the periodically drilled holes. Through the observa-
fect may offer another appealing approach to manipulate thgon of the evolvements of the point source waves, we dem-
propagation of electromagnetic waves, leading to many imonstrate the existence of the self-collimation effect in liquid
portant applications such as the on-chip waveguiding, opticadurface waves propagating over the periodically drilled bot-
routing, bending, and splittings—13). tom.

When propagating in periodic structures, liquid surface The experimental setup is similar to that used in the ob-
waves should be also modulated by multiple Bragg scatterservation of the superlensing effect in liquid surface waves
ings. The propagation of liquid surface waves is also charag21]. Experiments are done in a vessel, whose bottom is a
terized by band structures and there may exist a band gagansparent glass. A flat methacrylate plagtx 24 cn?)
[14-20, analogous to that in photonic crystals. Owing to thewith periodically drilled holes is put on the bottom of the
similar wave nature, many interesting phenomena found ifessel. The thickness of the plate is 4 mm. The periodically
photonic crystals can occur likewise for liquid surface wavesdrilled holes are arranged in a square lattice. The lattice con-
propagating in periodic structures. For example, the preserjtant is 18 mm and the radius of holes is 6.3 mm. The plate
authors[21] demonstrated experimentally and theoreticallyjs then covered with a shallow liqui@5]. The depth of the
the existence of a superlensing effect in liquid surface wavesjquid is about 0.85 mm above the plate. Thus, the drilled
which was originally proposed in photonic crystg2]. Ob-  plate instead of the vessel bottom serves as the bottom for
viously, liquid surface waves have been manifest as excellenihe liquid. A point source generator is placed in the center of
tools to demonstrate many interesting phenomena of classihe hole array of the plate in order to observe the self-
cal waves. This is owing to the fact that not only the spatialcollimation effect. The driven amplitude of the point source
distribution, but also the time-dependent evolution, of wavegenerator is kept rather small in order to avoid nonlinear
patterns can be directly observed. In fact, Bloch waves ovegffects. A halogen lamp is hung above the vegakbut 1 m.

a periodically drilled bottom, quasiperiodic Bloch-like waves Projected images of ||qu|d surface wave patterns can be vi-
sualized on the screen with the help of the mirror placed
below the vessel. The detailed description of the experimen-

*Electronic address: liuxhn@fudan.edu.cn tal setup can be found elsewhgg].
"Electronic address: jzi@fudan.edu.cn For an even bottom the point source generator will gen-

1539-3755/2005/18)/0363014)/$23.00 036301-1 ©2005 The American Physical Society



SHENet al. PHYSICAL REVIEW E 71, 036301(2009

our group was described in detail elsewhf26], so only a
brief description is given here. The propagation of liquid
surface waves is dealt with a mild-slope equatj@d,2§,
which can give a thorough description of the evolution of
liquid surface waves over a bottom with varying topography.
By introducing a new parameter=ccy/g (whereg is the
gravity’s acceleration the mild-slope equation can then be
written in the form[20]

(V-uV +ku)e=0, (1)

where V= (d,,d,) is the horizontal gradient ang is the
complex horizontal variation of the velocity potential. The
parameters=w/k and c;=dw/dk are the phase and group
velocity, respectively. For inviscid liquids, the angular fre-
quencyw and the local wave numbde are related by the

FIG. 1. Snapshots of the liquid surface wave patterns over dollowing dispersion relatioh16]:
bottom with periodically drilled holes arranged in a square lattice
for different driven frequencies. The point source generator is 2 T2

_ : sou w”=gk| 1 +—k- |tanHkh), (2

placed in the center of the hole arrdg) Calm liquid surface. No P9
liquid surface waves are generated. The striplike dark image ex-

tending from the left to the center is the shadow of a tube of theWhereh Is the liquid depth,T is the liquid surface tension,

point source generator. Brighter regions are the drilled hgiesles andp is th_e |!QUId dens_lty. For the perloFilcaIIy d(llled bot-
are guide for eyes The irreducible Brillouin zone for the square 'tom, the liquid deptfhils a spatlally varied function. The
lattice is also shown in the insefb), (c), and(d) show the wave I_ntrc_>duced new quantltyj can be viewed as th_e ef‘fectlve_
patterns at different driven frequendy2.51, 3.57, and 5.12 Hz, liquid depth, an |mportan_t parameter to determine the exis-
respectively. tence of band gafd20]. Within the framework of the plane-
wave expansion metho@0], the periodic functionsi and
erate a point source for small driven amplitude. However, th&?2y are expanded by plane waves. By applying the Bloch
point source patterns should be modified if an uneven bottortheorem to the fieldp, the problem to solve the mild-slope

is present. In the case of a bottom with periodically dri”edequation (1) casts into So|ving the f0||owing eigenva'ue
holes the wave patterns are strongly modulated by the Braggroplem[20]:

resonancg¢26]. Consequently, the waves should be a super-
position of all possible Bloch waves with well-defined wave detQ(q,w)| =0, (3
vectors. Figure 1 shows the snapshots of the liquid surface .
wave patterns. Liquid surface waves will spread out withWhere the elements of the mati@(q, ) are given by
time, forming ripples which can be clearly seen in the wave Qo (0,0 =[(G+q)(G' +q)]As-c ~Bs'g. (4
patterns. For low frequencigs<3 Hz, liquid surface waves
can propagate along all directions and the ripples are coriHere, G=(Gy,G,) is the two-dimensional2D) reciprocal
tinuous and circlelik¢Fig. 1(b)]. As the frequency increases, lattice vectors,q is the wave vector in the first Brillouin
the ripples might not be continuous and circular any morezone, andA; andBg are the Fourier coefficients of the pe-
Ripples can be broken in some directions, indicating thatiodic functionsu andk?u, respectively. Band structures can
there is no wave propagation along these directions. This caifien be obtained by solving the above equation. It should be
be clearly seen from Fig.(8). The propagation of liquid noted that Eq(3) is not a standard eigenvalue problem since
surface waves is dominantly along thé/ direction. Along  the expansion coefficiens; andBg are dependent on.
the I'X direction, however, there is no propagation of liquid ~When propagating over a bottom with periodically drilled
surface waves. Figure(d) shows another case: the ripples holes, the dispersion of liquid surface waves is greatly modi-
are squarelike with rounded corners. The propagation of ligfied as compared to that over an even bottom, characterized
uid surface waves is dominantly along th&X direction, by complicated band structures as can be seen from Fig. 2.
while the propagation along tHéM direction is rather small. For the system considered, there exists no complete band
It is interesting to note from Figs.(d) and ¥d) that the gap. There are only some partial band gaps along certain
shape and length of the ripples along the dominant propagagirections. For example, along tHeX direction, there is a
ing directions are nearly kept invariable when spreading outpartial band gap for frequency ranging from 2.97 to 3.95 Hz.
similar to the simulated results in photonic crystaés This From the band structures many observed results shown in
phenomenon is no other than the self-collimation effectFig. 1 can be accounted for. For low frequenciéls
Thus, the experiments present the observation of the self<2.94 H2, there is no band gap for all directions. There-
collimation effect in liquid surface waves. fore, liquid surface waves can propagate in any direction. For
To get some physical insight into the observed results, thgery low frequencies, the dispersion of liquid surface waves
band structures of liquid surface waves propagating over & nearly isotropic in all directions. The ripple patterns of
bottom with a square array of periodically drilled holes areliquid surface waves should be circlelike. The resultant wave
calculated. The computational methodology developed byatterns are similar to that shown in FigbLL As frequency
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FIG. 2. Calculated band structure for liquid surface waves FIG. 3. Calcu_lated CFSshick curves in the firstBriIIouiﬂ zone
propagating over a bottom with an infinite square lattice array olfOr two frequencied =3.57 and 5.12 Hz. The shaded regions show

periodically drilled holes. The parameters used in calculations aréhe wave vectors_ thaf[ make Fhe group velocny ve_ctors point to
the same as in the experiment nearly the same direction, leading to the self-collimation effect. The

thin and thick arrows denote the wave vector and the group velocity

. . . . . vector, respectively.
increases, anisotropic dispersion develops. The frequency P y

range between 2.94 and 3.95 Hz is the partial band gap alor@)llimation phenomenon can be obtained alongltiedirec-
theI'X direction. As a result, propagation along this directiontiOn Thus the CFSs can account for the observed self-
is not allowed. This can account for_ the fact that no ripplescollimated wave patterns in Figs(cl and Xd). It should be
are observed along thd'X direction at frequencyf  \yioq that self-collimation phenomena can occur only for

:3_'|_57sz as Sh(;jwn in;i%(d‘)'b d self-collimai & very limited frequencies and directions, since the flat CFSs
o better understand the observed self-collimation e ectspreads over very limited wave vectors.

for the two frgquencie$:3.57 and 5.12 HEFigs. 1c) and Interestingly, it can be seen from Fig. 3 that &t
1(d), respectively, the constant-frequency surfacé8FSS  _5 15 1, the direction of the wave vector is antiparallel to

for the two frequencies are also calculated, shown in Fig. 3that of the corresponding group velocity vector. This phe-

At_the fLe_:Iquincyftf:_3s5172H; t_he CFS i‘:’j cenrtl%red_ at _It_r:]e nomenon is referred to as the left-handed behavior, proposed
E?:'gt' V\;_'g t12aJ|[-|a f_ : Z1s cente_rﬁ at td %omt. € A by Veselagd30] in the late 1960s when discussing the prop-
atf=5.12 Hz forms a square with rounded comers. Aty o of an imaginary material with a negative refractive

f=3.57 Hz it is also a square with rounded corners, but 103, 4ax The left-handed behavior has become a hot @it
tated by an angle of 45° with respect to the Brillouin zone. INgince it gives rise to many unusual phenomena for electro-
both cases there exists some rather flat dispersion in CFSﬁwgnetic waves, such as the reversal of Doppler effect, ra-
As we know, the_ direction of energy flow is determined bydiation pressure, and Cherenkov radiation. The left-handed
the energy velocity vector. It has been proved that the energiop,a,ior has been also found in photonic crystas. These
veI(_JC|ty vector is equal to the group veloc_:|ty vector in pho- similar unusual phenomena may also occur in liquid surface
tonic crystalg/29]. It can be shgwn. that t.h's. is also held for waves when propagating in periodic structures, which are the
liquid surface waves propagating in periodic structures. Th%ubjects of future studies.

group _V?I,Oc'ty vector can be _defmed W:qu(q). From In conclusion, the propagation of liquid surface point
its definition, the group velocity vector is perpendicular o ayes over a bottom with periodically drilled holes has been
the CFS in the direction along whiab(q) is increasind22]. gy, gied experimentally and analyzed theoretically. Our work
For wave vectors that lie in these flat dispersion surfaces,as presented both experimental and theoretical evidences of

waves should propagate nearly along the same directiofe existence of the self-collimation phenomena in liquid sur-
leading to the self-collimation effe¢8]. As we can see from 506 waves propagating in periodic structures.

Fig. 3 the CFS af=3.57 Hz is flat for some wave vectors in

the vicinity toward theI’'M direction. Resultingly, wave This work was supported mostly by the Chinese National

propagation dominates along tH&M direction and self- Key Basic Research Special Fund and the National Science
collimated waves can be observed along this direction. FoFoundation of China. Partial support from the Shanghai Sci-

frequencyf=5.12 Hz the CFS is rather flat for wave vectors ence and Technology Commission, China, is also acknowl-
in the vicinity toward theI'X direction. Similar self- edged. We are indebted to Dr. X. Hu for helpful discussions.
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