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Quasimodes of a chaotic elastic cavity with increasing local 1osses
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Université de Nice-Sophia Antipolis, Laboratoire de Rbye de la Matiere Condensée,
CNRS UMR 6622, Parc Valrose, 06108 Nice Cedex 02, France

We report non-invasive measurements of the complex fieldasftie quasimodes of a silicon wafer with
chaotic shape. The amplitude and phase spatial distribafithe flexural modes are directly obtained by Fourier
transform of time measurements. We investigate the cressoym real mode to complex-valued quasimode,
when absorption is progressively increased on one edgesafdlfier. The complexness parameter, which char-
acterizes the degree to which a resonance state is comaliesely is measured for non-overlapping resonances
and is found to be proportional to the non-homogeneous ibartitsn to the line broadening of the resonance. A
simple two-level model based on the effective Hamiltoniamfalism supports our experimental results.

PACS numbers: 05.45.Mt,43.20.Ks

A closed quantum system is fully defined by a set ofacoustic field spatial distribution, the phase probabdistri-
eigenenergies and orthogonal discrete states. When the sysution, the complexness paramegérand the spectral width
tem is coupled to the environment, e.g. through leakageeat thI" are measured for individual non-overlapping resonances.
boundaries, mode lifetime becomes finite. Consequenty, thExperiments show a simple proportionality betweeand I’
spectral widths of the resonances broaden and are no longehen the losses are varied. Experimental results are faund t
isolated. While the statistical properties of the speatidths  be consistent with a simple analytical 2-level model based o
of chaotic wave systems was systematically analyzed in ththe scattering approach of open systems.
regime of isolated resonances [1, 2], in the overlappingmeg The complexness parameter of thth quasimodel,, is
[3, 4] and in the strong overlapping regime [5], the effedts o defined by:
the leakage on the wave function statistics remain an issue
[6, 7]. For a wave system whose closed limit displays time re- 2 <|m(‘I’n)2> (1)

versal symmetry, the eigenfunctions become complex-dalue In (Re(V,,)2)
guasimodes due to the presence of currents, the standivig-wa . .
component being progressively replaced by a component tra\\i"’here the tf'angu'ag prackets denote the spatial average. l
eling toward the system boundaries [8]. Such a complexne§§ worth noting thag” is equal to 0 for a clos_,ed caV|ty_W|th

may reveal itself in current density [9, 10] and long-range ¢ no currents and tends to 1 for a pure traveling-wave in open

relations of wave function intensity [11, 12]. Analysis bt space. . o
non-real nature of the field appeg/rg also i]n vario){Js domains The derivation of the probability distributions of the com-

of wave physics. It is an essential ingredient in the theonplexness parameter in the perturbative regime was derived |

of lasing modes, which induces an enhancement of the IinElg] using the effective Hamiltonian formalism and applyan

width as pointed out by Petermann [13] and studied in de_random matrix approach to open systems (see [20, 21] for re-

: - ; o . While aV-level model withV — oo is needed for the
tails for chaotic lasing cavities [14]. The complex natufe o views) e . .
the field was also discussed recently in the context of disorp.mbablllty distribution, a 2-level model [22, 23] is hensis

dered open media [15] and in diffusive random lasers [16]. Toc'e(;'ttrt]O con5|d|er the relatlonsrllp b?Ntweetn tr}e Spetﬁtrai]}fmdt_
guantify the complexness of the field, it is convenient toant and the compiexness parameter. vve start from the etiective

D o UT . n
duce the ratio of the variances of the imaginary and reaispartHam'lton'anHeff = H —iVV" /2, whereH is the Hamil

of the field as a single parameter: the complexness paramleqmaTn Of. the c_Iose(_j system m(_)deled b.y & 2 matrix a_nd
ter ¢ [17]. Measuringg? requires the complete knowledge 1V V* /2 is an imaginary potential describing the coupling to

of the spatial distribution of the field, including its antptie the environment in terms aif open channels. The x M

and phase. Indirect estimation of the complexness parametq;atr'x V contains the coupling amplitudég’” which couple

assuming ergodicity over several resonances was reparted enth level to thecth open channel. As a result of the non-

[18]. But, to the best of our knowledge, direct measurement _erm|t|C|t%/ of the effect:ve H_lf_alrr]nlltqnlan, Its gggnvalums:jd
for a given quasimode has not been reported. cigenvec orsiare compiex. The eigenenergi Q’f.f reads

in thi K ) velv Lamb E12 = €12 — 5112, Wheree » andT'y ; are, respectively, the

n this wor awebrlneasure n(zjn-llrl?vasweyli amdwaves pmph'two eigenenergies and the two spectral widths of the 2-level
agating on a doubly-truncated silicon wafer and measure thig, ;e |~ |n the eigenbasis df the effective Hamiltonian is
effect of increasing losses on spectral and spatial cheniact written as

tics of the modes. Leakage channels are progressively dpene
by sticking absorbent strips with increasing dimensioons@l Hovr— Er 0\ i [Ty Ty @)
one edge of the chaotic sample. For each configuration, the fF=\o0 B, 2 \Igy Tog )

whereFE) » are the eigenenergies &f (E; > E; is assumed)

andl',, = Zi‘il ViV, As we focus on the isolated res-
*sebbah@unice.fr onance regime, the imaginary potential may be viewed as a
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perturbation of the Hermitian part and the effective Hamnilt
nian (2) can be easily diagonalized through a first ordeupert
bation theory[33]. One obtains straightforwardly the eige-
ergiese; o = E 2, the spectral width$; » = Zi‘il(VﬁQ)Q,
while the perturbed eigenvectorg; ) and |¢2), read, in the
basis {|1),[2)} of H: [¢1) = [1) — if|2) and [1) =
2)+if|1), with f = T2, /(2(E2 — Ev)) = T2/ (2(E2— E1))
(in this modell’15 = I'y1).

In the 2-level modelg? is obtained using (1) by replacing
the spatial average by an average over the components of the
eigenvectorgy); ) and|i). It reads;® = T3, /(4(Fay— E1)?), % Fréduency (RH2)
for both resonances . For a uniform increase of the inhomo- 5 10 15 20
geneous losses [24], each coupling amplitude increaségin t Time (ms)
same wayV — /vV, where\/v characterizes the enhance-
ment of the losses. As aresult, the spectral width and the cong|G. 1: Time measurement at one point of the sample. Insep) (t
plexness parameter dependwoas:I' — vl andg? — v*¢®>  beginning of the signal, (bottom) corresponding spectrum.
implying a linear relation betwednandq for a given mode
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VO V)2 r, 3 down to a 20Qum-diameter spot, which corresponds to a flu-
In = Y.(VE2  2(By—Ey)’ (3) ence of 0.48 J/ck This is below ablation threshold [29] and
is a good compromise between bandwidth and signal-to-noise
The relationship can be written under the general foym= ratio.
6.1, where the slop@,, depends on the resonance because On the other side of the wafer, ehalkes SH-140 interfer-
of the fluctuations of both coupling amplitudes and spectrunometric heterodyne optical probe measures a time response
[25]. In the limiting case of a large number of weakly cou- proportional to the plate normal displacement at one point
pled channelsNl — oo, 02 — 0 and(I') = Mo? fixed) the  over a wide bandwidth [20 kHz-45 MHz]. The resolution of
term depending on the coupling amplitudes is proportiomal t 10~* A/v/Hz allows a sensitivity to displacements of the or-
1/v/M as reported in [22], such that the fluctuations of theder of a few angstroms [30]. As our probe is only sensitive
slope are only due to the spectrum. In the following we will to the normal displacement of the plate, we detect preferen-
only focus on the proportionality betweep andI',, consid-  tially Aq. The time sequence of 500 thousand data points is
ering a 2D-chaotic acoustic cavity. recorded by a 400 MHz-bandwidttecroy WaveSurfedigi-

Two kinds of elastic waves can propagate in thin platestal oscilloscope triggered by the laser pulse at a repetitite
horizontally polarized shear waves (SH) and Lamb wavespf 20 Hz, and averaged over 100 traces. The laser excitation
which are a combination of vertically polarized shear wavesand the optical detection provide a totally non-invasivese
(SV) and longitudinal waves (L). SV- and L-waves cou- to investigate the dynamics of free acoustic wave propagati
ple with each other on plate/air interfaces and provide sym- The sample is supported horizontally by three pins. We
metric and antisymmetric displacements [26]. The onlychecked that their impact on acoustic propagation is negli-
guided modes which exist at all frequencies are the zerogible. The main source of losses comes from coupling with
order symmetricS, and antisymmetricly, modes, also called air. To scan the entire wafer, a XY-translation stage is used
extensional and flexural modes in the low frequency limitwith a 500.:m-spatial resolution, while the optical probe re-
(wavelengths>plate thickness). In the low frequency range, mains still. Mirrors are attached to the stages to ensuite tha
Ay is highly dispersive. Here we consider Lamb waves propthe excitation hits the sample at the same position aften eac
agating on 2" silicon wafers of thickneégs= 380um. The displacement. Figure 1 shows a typical time-signal reabrde
initial silicon wafer is cut atR/2 to form a D-shape plate. at one point of the sample. The dispersive predominant anti-
The associated classical billiard is known to display cltaot symmetricA, mode reaches the optical detector after afew
dynamics of ray trajectories [27]. This chaotic shape ezsur and is subsequently reflected at the edges of the wafer. Nei-
mode ergodicity as opposed to integrable cavities, suchr-as c ther the symmetrié, Lamb mode foregoingl,, nor the SH-
cular ones, where modes have regular patterns. The modalode are detected by the optical probe. The entire multiply-
statistics in such a chaotic cavity is essentially Gaussi#tm  scattered exponentially decaying signal lasts severdibait
spectral repulsion between nearest eigenfrequenciesf28] onds. Time records are stored for each value of X and Y.
other cut perpendicular to the first one is made/ai?/2 to  Hence we reconstitute the space-time map of the normal dis-
break the remaining symmetry. The resulting shape is showplacement field at the surface of the wafer. A speckle-like
ininset in Fig. 4. spatial distribution is rapidly reached as a result of thaotic

The acoustic waves are optically excited using a frequencygeometry of the doubly-truncated wafer [31].
doubled Nd:YAG Q-switched laser (Quantel Ultra) operating Each time-record associated with each point on the wafer is
at wavelength 532 nm and 8 ns pulse width. The laser pulsEourier-transformed to obtain the spatial distributiofshe
heats the surface of the sample and creates ajfedong  real and imaginary parts of the acoustic field as a function of
acoustic pulse by thermoelastic effect. The beam is focuseflequency. An example of a power spectrum measured at one
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FIG. 3: (Color online.) Phase probability distribution ditquasi-
mode for each of the 5 configurations described in Fig. 2, aret
with Eq. (4) with values of;* obtained from the ratio of the vari-
ances of the imaginary and real parts of the quasimode atiitisat
frequency. (Bottom right) Corresponding spectra.

of Fig. 4. The absorbent is a PolyDiMethylISiloxane (PDMS)
elastomer (Dow Corning, Sylgard 184). A 10:1 PDMS:cross-
linker mixture was stirred and degassed then curekhac
ZOX(mm) () for.2 hours. While the width a_nd the thickness of the polymer
strips are varied, the length is kept constant to fix the num-
ber of opened channels. The degree of acoustic absorption
FIG. 2: (Color online.) Real and imaginary component of asijua  of each strip is not fully controlled and depends for ins&anc
mode at its central frequency for: (1) no absorber, (2) 1 mitkl  on the way the strip is stuck on the wafer. However, the rel-
45 mm-long and 1 mm-lage strip, (3) 2 mm-thick, 45 mm-long ande,/ant parameters are measured for a given value of the ab-
;ﬂg’%?ﬁg gt::qpr#f'))ms:(;n;r?s (3) with a 2 mm-broad strip, gB)es sorption whatever it can be. For each configuration, the-spec
’ trum around 47 kHz where an isolated resonance has been
identified is plotted in Fig. 3. As the absorption increases,
the central frequency of the resonance is shifted towareiow

point is shown in lower inset of Fig. 1. Each peak correspondféquencies while its spectral width broadens. The real and
to a vibration mode of the plate. The intensity of each peakMaginary parts of the quasimode are represented in Fig. 2 fo
depends on the overlap of the mode with the excitation an§ach sample configuration. The increasing absorptionteesul
detection. For a well isolated resonance, one obtains tipsma'n 2 global damping of the real part, whereas the imaginary
of the real and imaginary parts of the corresponding mode. Agontribution increases on average. This is accompanied by a
example is shown in Fig. 2. We measure the complexness p&rogressive deformation of the field spatial distribution.
rameter and the spectral width for individual non-overiagp To obtain the complexness parameter, modes with Gaus-
modes in a set of experiments where absorption is increasesian statistics are selected, excluding for instance sdarr
locally on one edge of the sample. Here we are interested imodes [32], and a phase rotation is performed on the mea-
relatingg to I', which comes down to comparing the change insured fieldh),,: ¥,, = e?*,, in order for the real and imag-
the spatial nature of the mode with its spectral charatiesis inary parts to be independent variables [9]. The phase

This is accomplished by sticking absorbent strips withettiff unique and is fixed by the constraifim(¥,,)Re(¥,,)) =

ent dimensions on the wafer’s longest edge, as shown in insétresulting in a probability distribution of the phase =




4

arctan(Im(¥)/Re(¥)) given by [17]: a complex Lorentziai(w) = C/(w — wqy + iI"), where the
central frequency, the spectral widti® and the complex
constant”' are fitting parameters. The complexness parame-
ter is obtained from the ratio of the variances of the imagina

_ o i and real parts of the quasimode at its central frequencur€ig
This expression is peaked aroundndx for purely standing 4 shows a linear dependence of g ¥s. The deviation from
waves in a closed cavity. As channels are increasingly ahenéine finear fity = 5.54 x 10~* — 0.04T is below 3%. The com-
the phase probability distribution broadens as seen inFig. plexness parameter extrapolates to Qfev0.5Hz. This value
corresponding to a growing traveling-wave component of theorresponds to the homogeneous contribution to the losses r
mode. The linewidths are obtained by fitting the spectra W'thsulting from uniform surface-coupling with air. This losse
contribute only to a uniform decay rate of the mode. Only
losses localized at the sample edges contribute to the eampl
nature of the mode. Different slopes are found for different
modes. A systematic study over a larger number of quasi-
modes should allow a statistical exploration of the spaiial
spectral characteristics of the resonance states anddighiaul
vide for an experimental check of the statistical featufeb®
complexness parameter [19].
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FIG. 4: Square root of complexness parameter versus speftth
measured for the quasimode at its central frequency for tanfig-
urations described in Fig. 2 and linear fit to the data poittset:
doubly-truncated 2"-diameter silicon wafer.
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