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Abstract: We propose a new method for imaging vibrating objects. The
frequency sidebands on the light scattered by the objeittegtby n times

the vibration frequency, are selectively detected by loelgme holography,
and images of the object are calculated for different siddbarders

n. Orders up ton = 120 have been observed, allowing the detection of
amplitudes of oscillation that are much larger than theagptivavelength.
We check that the signal on the sidebarid proportional tqJs(z) |, where

zis the modulation amplitude for the phase, dr@ Bessel function of the
first kind. Using the data obtained for each valuenpfve reconstruct the
shape of vibration the object with accuracy.
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Holographic imaging is based on interferences betweenrabkmptical field and a refer-
ence beam; it provides an accurate method to image the igibrat various objects. In their
pioneering work[[lL] Powell and Stetson have shown thattitme-averagedhologram of an
harmonically vibrating object involves the Bessel funetila(z), wherez is the phase modu-
lation amplitude. In the backscattering geometry considérelow,z = 41A/A whereA is the
mechanical amplitude of vibration andthe optical wavelength. Image reconstruction then
provides a direct mapping of the amplitudeat various points of the object, in the form of
dark fringes appearing at points whegz) is nearly zero.

Picard et al.[[2] have simplified the processing of the datgpérforming Time Averaged
Digital Holography (TADH) with a CCD camera, yielding nuroess recent developmenfd [3,
4,5,61T7].

Nevertheless, with TADH, the quantitative measurementibfation amplitudes remains
limited to situations where fringes can be unambiguouslynted. Therefore, the amplitudes
of vibration must remain relatively small; when they are lmme, it becomes difficult to count
many narrow fringes, and even impossible when they are entakn the optical resolution of
the holographic reconstruction.

To overcome this problem, we propose a new holographic tqaenwhich we call “Side-
band Digital Holography” (SDH). It is based on heterodymgitdi holography(IB], where both
the reference and the illumination beams are frequendieshivhere a given frequency side-
band of the signal backscattered by the object is isolated pyoper detuning of one of the
laser beams and heterodyne detection on a CCD camera. Asandiation, inspired by the
work described in Refs[]9,-10] we perform an experiment whbe vibrating object is the
reed of a clarinet; in addition to the intrinsic interest o€k an object, with its possible musical

Fig. 1. Setup. L: main laser; AOM1,2 : acousto-optic moduisit M: mirror; BS: beam
splitter; BE: beam expander; CCD: CCD camera; LS: loud4spreexciting the reed.



implications, a reed provides a test system that is padibulvell adapted to our purposes,
with typical vibration amplitudes of the order of 0.1 mm. Wél\see that, even with smaller
amplitudes, there is no special difficulty in obtaining hgiaphic images corresponding to the
n" sideband witi up to 100, or more.

The experimental setup is schematically shown inHig. 1 s&ideam, with wavelength~
650 nm (angular frequenay ) is split into a local oscillator beant(p) and an illumination
beam E); their angular frequencie® o andw are freely tuned by using two acousto-optic
modulators (Bragg cells with a selection of the first ordéraction beam) AOM1 and AOM2:
W0 = W+ wpom1 andw = w_ + waom2 Wherewpom1 2/2m~ 80 MHz. The clarinet reed is
attached to a clarinet mouthpiece and, as in usual playinditons, its vibration is driven by
a sound wave propagating inside the mouthpiece; in our @rpet this wave is created by a
loudspeaker excited at frequenay (no attempt has been made to reproduce the mechanical
effect of the lip of the player). The excitation frequencadjusted to be resonant with the first
flexion mode (2143 Hz) of the reed.

Because of the vibration, the phase of the figldackscattered by the reed is phase modu-
lated at frequencwa. This fieldE can thus be expanded into carrieg) and sideband compo-
nents Ep) as:

E(t) = se/e?sN = § Eqt) with  En(t) = &n(z)el @tel (@rometnan)t (1)

n=—oo

where & is the complex field of the object without modulation,js the phase modula-
tion amplitude, j> = —1, andJ, is the n-th order Bessel function of the first kind (with
J_n(2) = (—1)" J\(2) for integern and reak).

To selectively detect the" sideband we use 4 phase shifting holografihy [11] by adjgistin
the frequencyuaoms to fulfil the condition:

WaAOM2 — WaOM1 — N WA = Weep/4 )

wherewccp is the CCD camera frame frequency am a (positive or negative) integer; the
phase of the modulated signal is then shifted by #m one CCD image to the next, with
a nearly perfect accuracy, since the phase shift is relatéetjuency differences of beating
signals [TR]. The sideband complex hologram sidtaprovided by each pixel of the camera,
proportional to the local sideband complex field, is obtdibg 4-phase demodulation:

Hn=(lo—12)+j(l1—13), Q)

wherelg, - - - I3 are 4 consecutive intensity images digitally recorded leyGCD camera (Pike:
Allied vision Technology Inc, 12 bitgo.cp/2m = 10 Hz, exposure time 100 ms, 1340024
pixels). The LO beam is slightly angularly shifted (°) with respect to the beam originating
from the reed; in this way, the zero order and twin-imagesakd 18] can be suppressed and an
ultimate detection sensitivity can be reacHed [14, 15].

From the complex holograms, the images of the reed are reacted by the standard con-
volution method[[116]. To simplify the Fourier transform calation, the 134& 1024 pixels
data are truncated to 10241024. Because of the angular shift, the image of the reedrlies
the upper side of the reconstruction grid. In [Eh. 2, for fExanging from 0 to 511 along the
x axis and 0 to 1023 on thgaxis, we show the reconstructed images for different sidéba
ordersn; only the square modulus of the complex signal is retainee fhase coming fronf
is ignored), so that we obtain intensity images, proposgitm|En|? for each different sideband.

Fig.[@(a) is obtained at the unshifted carrier frequenty=(0). The left side of the reed
is attached to the mouthpiece, and the amplitude of vibmatidarger at the tip of the reed



Fig. 2. Reconstructed holographic images of a clarinet vémdting at frequencyun /2=
2143 Hz. Fig. (a) shows the carrier image obtainechfer0. Fig. (b), (c) and (d) show the
frequency sideband images respectivelyrfer 1, n = 10, andn = 100. A logarithmic grey
scale has been used. Fig. (e) is a photographic image ofédemeunted on its mouthpiece,
with the vibrating part (the tip) on the right; the vibratidgs perpendicular to the plane
of the figure. The dashed white rectangle shows the zone edJ®y the reconstructed
holographic images.

on the right side; in this region the fringes become closet elnser and difficult to count.
The mouthpiece is also visible, but without fringes sinaoies not vibrate. Similar images of
clarinet reeds have been obtained by TADH in Réid. [9, 1Gh wiore conventional techniques
and lower image quality. Figsl 2(b,c,d) show images obthfoethree sideband frequencies. As
expected, the non-vibrating mouthpiece is no longer \ésibig [2(b) shows the = 1 sideband
image, withJ; fringes that are slightly shifted with respect to thoselpfin Figs.[2(d,e), the
sideband orders are larger, respectively 10 (d) andn = 100 (e). The left side region of the
image remains dark because, in this region, the vibratigplitude is not sufficient to generate
these sidebandsd;(z) being evanescent far< n.

In order to make a quantitative analysis of the data, we haviopned cuts of the recon-
structed images sign#E,(x,y|2 obtained for different sideband orderslong the horizontal
liney = 174 (this value has been chosen because it correspondsdia véhere the fringes
are orthogonal to thg axis). To reduce the effect of speckle fluctuations, thenisitg signal
|En(x,y = 174)|? has been averaged over 20 pixels in yhdirection §/ = 164...184). More-
over, since the illumination of the reed is not uniform, wedaormalized the sideband signal
by the reconstructed image intensji|? obtained at the carrier frequenay=£ 0) without me-
chanical excitation of the reed (loud-speaker off). Themalized signalsEn|?/|E|? along the
cut are shown in Fidl3 fan = 0 (a),n = 20 (b) andh = 60 (c).
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Fig. 3. Cuts along thg = 174 line showing the normalized signi,(x)|2/|E(x)|2 for
sideband ordems = 0 (a),n = 20 (b) andn = 60 (c). The horizontal axis is the pixel index
alongx.

Fig.[d (a) shows the contribution of the carrier frequencyga ( = 0), equivalent to stan-
dard TADH. The fringes correspond to the variationgJafz)|2, but the horizontal scale is
not merely proportional t@, sincez does not increase linearly with As expected, the max-
imal intensity of successive anti-nodes decreases witteasingx (and2) ; abovex = 700,
the fringes are no longer visible. Note that the first fringe-(200) is lower than expected;
the reason for this is that, for < 300, the illumination intensity is very low resulting in an
inaccurate normalization. Fifl 3 (b) shows the contributtbn = 20, i.e. fringes correspond-
ing to |J20(2)|?. The first fringe is located near~ 560, corresponding ta~ 20; it can easily
be distinguished from the others since it is higher and bepathis illustrates how sideband
holography can provide a reference fringe correspondirggrton-zero modulation amplitude,
which is useful for removing ambiguity in fringe counting. fact, for this particular experi-
ment, counting TADH fringes would probably still be possibsince we study the first reed
flexural mode characterized by an amplitude that is monatsitox. For higher order modes,
the counting would be more difficult. Fiff] 3 (c) corresponalsit= 60, i.e. fringes given by
|Js0(2)|?. The first fringe k ~ 755) can easily be distinguished; altogether, about 3 é&srzan
be observed. The first fringe provides a marker for the regier60. Note that in this region
fringes are no longer visible in curve (a), because they@aarrow; in other words, TADH
would no longer be effective. This is a clear illustrationhainv sideband holography extends
the fringe visibility to otherwise unreachable vibratiregions of the reed.

Fig.[d makes use of the signal obtained for n =0,1,5,10,0..B6r eachn value, a cut along
they = 174 line has been extracted out of the reconstructed imdgex becations of the suc-
cessive minima of the normalized sigi@h(x)|?/|E|? have been noted down. In the figure, they
are plotted against the zeros of the corresponidif(@)|? expected signal. To illustrate the way
the points are obtained, we show the expected siggé)| on the left side of the figure, and
the measured normalized signés(x, 174)|?/|E(x,174)|? on the bottom side. For all observed
sideband ordem ranging from 0 to 100, all the points displayed on [Elg. 4 falleosingle curve:
this very good consistency of the overlapping data dematestithe validity of the expansions
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Fig. 4. Variations ofz (which is proportional to the amplitude of vibration) as adtion

of x, expressed in pixel rank (100 pixels correspond to 3.68 mrhg points are obtained
from the minima of the measured signgh(x,174)|?/|E(x,174)|? (x axis) and of the cor-
responding expected sigridh(z)|2. A different color is used to display the points obtained
for different harmonic orden.

Eq.[ for any observed sideband ordeThe curve exhibits the modulation/vibration amplitude
zas function of the locatior and hence provides a direct visualization of the shape akthe

at maximal elongation, from the left part clamped on the rpigce to the tip on the right. In
the present case, the maximum amplitude4s120 radians, correspondingAo~ 6.2 um. To

our knowledge, such a quantitatixez law has not been experimentally demonstrated, even in
the TADH casen = 0.

To conclude, recording separately different sidebandiEoaomponents of the light back-
scattered by a vibrating object gives access to a large anwdwdditional information; this
can be used to remove ambiguities and inaccuracies in maasats of large modulation am-
plitude. Using large sideband ordeactually makes the calibration of the vibration amplitude
z straightforward: the first fringe of a high order image carubed as a marker, since it is easy
to locate since it corresponds to a fast transition from asg&ynal, moreover, it is brighter and
broader. Performing sideband holography with many sidelmaders, as illustrated in Fifl 4,
gives a direct access to the shape of the vibration amplandets position dependence. Side-
band digital holography therefore really opens up new [igss in holography.
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