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Abstract. The paper presents a two-color digital holograjtierferometer. The set-up
is devoted to the study of the fundamental dynashienconsolidated materials. Optical
configuration and algorithms to recover the optadse of two-color digitally encoded
holograms are described. The method is based patialscolor-multiplexing scheme in
which holographic reconstruction is performed ushdgpted wavelength zero-padding
and reconstructing distance. Experimental resuttspeesented in the case of granular
media excited in the frequency range 400Hz-3000tikzexhibits the 3D movement.

1 Introduction

Digital holography became properly available siitseconfirmation was established in 1994 [1]. In
few years, a lot of spectacular applications haenbdemonstrated such as microscopic imaging and
phase-contrast digital holographic microscopy RJiface shape measurement and contouring and
also material property investigations [3], vibratoanalysis with pulsed lasers and time averaging,
also multidimensional dynamic investigations [4heTperspective of measurement of 3D vibration
motions using digital Fresnel holography could beryvimportant for getting insight in the
fundamental dynamics of disordered granular mdterlais established that continuum elasticity,
applied to assemblage of grains, actually decresigefficantly below a length scale of typically 30
to 50 grain sizes [5]. At shorter scales the resparf an unconsolidated granular material even to
normal compression loading is nonaffine, i.e. cimsteadditional component of the displacement
field of predominantly rotational nature, whichregher controlled not by the symmetry of loading
but by the characteristic of the disorder. Consetiy€D monitoring of the dynamics of disordered
granular media could provide opportunity to study Bonaffine motion, to characterize its spatial
scale and statistic (correlation) properties, andttack the fundamental question [5]: “What modes
of vibration contribute to vibration anomaly (Bospeak) in disordered materials?”. In this paper,
we present an experimental investigation of then®iion of granular medium by using a two-color
digital holographic interferometer.

2 Basics of digital color holographic reconstruction
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In digital holography, numerical reconstructiondifitally encoded holograms is performed by use
of a discrete version of the Fresnel transform @asted with a zero-padding. However, a
simultaneous multi-dimensional measurement will guessible only if it is possible to perfectly
separate the contributions of each component @ an8vement. For this, the size of each hologram
along each wavelength must be quite similar duthey reconstruction process in order to get a
perfect pixel to pixel superimposition. Severalaaithms have been developed in this sense [6,7].
However, algorithm presented in [6] needs a vengloomputation time and is not adapted to object
which size is greater than 10mm. The computatiohaddgrams along several wavelength needs to
respect this fundamental property: the size of dbgect must be conserved and the number of
sampling data point must be independent of the lgagéh. The sampling pitches of digital
holograms computed from the Fresnel transform arengalong .y} directions byA#n = Ady/Kpy
andA¢ = Ady/Kpy. It is clear that if the wavelength changes, ttiensampling pitch also changes. In
order to simply our purpose, in all what follow wensider the problem along tRelirection.

Consider the case of two-wavelength holography witted R) HeNe laser Az=632.8nm) and a
green G) DPSS laser Ac=532nm). Along each wavelength, we have samplinghps given by
Anr = Ardy/Krpx and Arjg = Acdo/Kgpx WhereKg andKg are the number of data points used in the
discrete Fresnel transform. The main constrainKgrandKg is that they must be integer number,
and furthermore we will chose them even. Then westrhaveAs,=const for all coloj. In the case

of interest, this leads to a non integer ri#digK=1Ar/1c=1.189473 leading to non integer valuekaf
relatively toKg. In order to jump this point and avoid rounding mmmber of data points, one can
chose 100BRr/Kg=integer, where integer=1189 or integer=1190, for tonsidered wavelengths.
However, this approximation cannot lead exactlyMgps=Arr. To get the equality at a given
precision, one can consider that the reconstruddistance is slightly different from that of the
recording and that it depends on the wavelengtluisTthe sampling pitches in the image are now
Anr=ARArKRP @andArns=Acds/Kepyx (a similar relation holds for thedirection), whereal; anddg are
respectively the reconstructing distance forRendG holograms. To get exactlyrns=Ang one can
choseds=d, anddi to be proportional tdg, such thatlz=1189/100&As/Arxd, at a given precision.
Symmetrically, one can consider ratio 18@Kr=integer for whichAs/1z=0.840707, integer=840
or integer=841 and one must chakg-integer/1008Ax/Asxdr at the wanted accuracy. Choosing
dr=d, leads tods=integer/1008Ax/Asxdy. Note that there are few couples of valukg,Kc} which
respect the conditions “integers and even numbérss.found that couple, for 108Q/Kr=1189 is
{Ke,Kr}={2000,2378} (1), for 100&Ks/Kr=1190 is s, Kr}={2000,2380} (2), for 100&x/Ks=840

is {Kg,Kgr}={2000,1680} (3) and for 1000x/Ks=841 is {Ks,Kg}={2000,1682} (4).

One may wonder what is the best choice for the daation of the parameters and what
consequences this may have on the reconstructoaggs. One clue can be found in [8]. It is shown
that the change in the reconstruction distancediuizes a focussing error in the image and that the
enlarging of the impulse response of the procegvén in thex direction by:

Np, | 1+ dj
Px do

N being the effective pixel number of the recordsensor (a similar relation holds fg). In the
following experiments, the sensor is a Pixel FlydCf&cording area includind(xN)=(1024x1360)
rows by columns withp,=p,=4.65um. So consider that the object under interest &cqu at
dy,=1400mm from the recording area, wix1360 andp,=4.65um, we have for configuration (1)

SR =1360x 4.6511—149940265/150(}:2.51Sum, for (2) it gives de =2.798&m, for (3) it was

X

dj _

Py 1)

computed,ojiiG =5.325m and for (4) one get;oSG =2.196um. These values can be compared with
the theoretical spatial resolution given Y = Azd,/ Np,, and pS = A;d,/ Np, by calculating the
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ratio ple / pS and p%% / pR, giving pl% / pR = 168% and pl* / pR = 186% respectively for (1)

and (2) andp;jG /,0;3 =422% and pr /,0;3 =174% for (3) and (4). This allows us to choose the

best configuration that does not lead to much ttargimg of the spatial resolution in the
reconstructed field. According to these numericabkuits, the best configuration for the
reconstruction parameters is given by (1). This meeghat there are one pair of values
{Ke,Kr}={2000,2378} which is optimal.

3 Experimental set-up

The set-up for studying dynamic of unconsolidatestemals using two-color digital holography is
composed of two cw laserR,(HeNe) and G, DPSS) with different angles of incidence in ortter
be sensitive to the plane and out-of-plane vibratid the material (Fig. 1). A Mach-Zehnder
interferometer produces the mixing between the dwplets of colors. Each laser beam is split into
an illuminating beam and a reference beam whichcarpolarized for each wavelength. The two
laser beams illuminate the object under interest Wuminating anglesd, and €. The smooth and
plane reference waves are produced through thespatial filters (SF1 and SF2). Thus each
reference wave is the spatial carrier of each halog

Acquisition
Image
processing

Mechanical
Shaker

S2
Stroboscope

Electronic |«

Fig. 1. Two-color experimental set-up (M: Mirrors, BS: beaplitter; SF: spatial filter; PV: mechanical
shaker)

Since the monochrome sensor is not able to re¢mrdwo colors simultaneously at each pixel, the
spatial frequencies of the reference wawarfdG) are adjusted so that the two-color holograms are
spatially multiplexed in the field of view. Thudet off-line holographic recording is carried out
using the two spatial filters in which each collimg lens is displaced out of the afocal axis by
means of two micrometric transducers (not represenh Fig. 1). Light pulses are produced
simultaneously using a four sector mechanical sbopjn electronics system is used to synchronize
the shopper and the excitation signal put into ahaeical shaker which makes the object vibrating
at a controlled amplitude and frequency. As indidain the previous section, the object under
interest is placed atl=1400mm from the recording area and the illuminadeea is 53mm in
diameter. The digital two-color holograms are retarcted with g, Lg}={2000,2000},
de=dp=—1400mm and Az=532nm for the G one, then theR one is reconstructed with
{Kgr,Lr}={2378,2378}, dz=—1399.4424mm andiz=632.8nm. The sampling pitches of the two
images are the same at a precision ofmi®. Useful zones iR and G reconstructions can be
extracted and pixel-to-pixel superimposed.

Consider that the vibrating object produces a 3pldcement vector according to:

U(t)=u,sin(eot+@yi+uysin(t+d,)j +usin(uot+@,)k (2)
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where{u,uy,u;} are the maximum amplitudes at pulsatiogr2rdy, { ¢y, @y, ¢4 are the mechanical
vibrating phase alonfx,y,z . The phase changes measured along each coloivarehy:

27Ty .
Agr = E[smexyux -cosf,uy + L+ COSHZ)Uz] )
and
Ps :2_77 -siné,u, —cosé, u, + (1+cosb,)u, @
A o Xy Xy-y

These equation show that the movement can be extracted easily and that, withfurther
processing, one can only obtain a mixing betweenand y movement. Designing by

uy, =—cosf, U, + (1 +cosd,)u, the mixing ofy andz components, then the difference and sum of

the phase changes, multiplied by their respectiaeetength allows respectively extraction of the
component and a mixing betwegandz components, according to:

U = ArDPr ~ AP

5
X 47sinG,, ®)
ARAPR + AAPg
= 2RAPr T 4006 6
ve 4 (6)

Since thez component represents the global out-of-plane tidomamode, one can compute an
approximation Gyz of u,, by fitting with n smooth Zernike polynomials. Thus, approximation is

n
Uy, :Z<R,uyz>H in with P; are the Zernike polynomial of rarikand (R,uy,) is the scalar
—

product betweef®; andu,,. So components, andu, can be now extracted according to:

u
= u, = -V )

2" 1+cosd,
Since the size of the reconstructed holograms an¢ralled along each wavelength, the two-color
holograms can be pixel to pixel superimposed thiasveng the 3D motion computation according

to Eq. 3-7.

For the estimation of the 3D motion at a given @rempy, it is necessary to compute phase
differences between stroboscopic recordings anestimate amplitude and phase of the vibration
using a dedicated algorithm. The measurement piancleads to a 3-frame phase shifting
algorithms, described in [9], which allows the detmation of 3D amplitude and phase of the
movement.

4 Experimental results

The unconsolidated material under interest is camgmf granular materials made of glass 0.15mm
in diameter. They are excited in the frequency edgg[400Hz-3000Hz] by using the mechanical
shaker. The studied field is a circular wobble gltdtat is 30mm in height and 53mm in diameter,
and filled with granular. The wobble plate is filleat 98%, thus the studied zone is constituted
approximately of 300 grains.

From the 3D estimation can be computed the meadrgtia velocity of the medium, given by:

30004-p.4



14th International Conference on Experimental Meatsa

(M) = 255 [ iy o)+ b, ®

with S being the surface of the investigated zone. Figh@ws the mean quadratic velocity of the

media computed form the experimental results.
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Fig. 2. Mean quadratic velocity in the range 400Hz-300Q7%/s%)

Fig. 3 shows 3D results at 2760Hz proving thatdégermination of individual vibration amplitudes
and phases are made possible by using the Zeraligagmial fitting.

fi=2760Hz Amplitude (pun) Mechanical phasze (rad)
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Fig. 3. 3D vibration amplitude and phase at 2760Hz
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Fig. 4 shows the 2D in-plane displacement vect@7&0Hz which emphasizes the existence of in-
plane swirling modes.
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Fig. 4. 2D in-plane vibration vector at 2760Hz

These experimental results constitute a first giteto investigate the 3D movement of
unconsolidated materials.

5 Conclusion

The paper has presented a first investigation ofvBibation of granular media using a two-color
digital holographic interferometer. The proposedthud is based on a spatial-color-multiplexing
scheme in which holographic reconstruction is penéd using adapted wavelength zero-padding
and reconstructing distance. The choice of thenstcaction parameters has been discussed and they
guaranty the invariance of the size of the recotdd object and a constant sampling pixel pitch.
The first results on full field analysis of granulmedia were presented in the frequency band
400Hz-3000Hz. Complementary experiments are inngsgin our lab, but the complex character of
medium elasticity does not allow any conclusion b® drawn. However, to the best of our
knowledge, results presented in this paper comstaufirst attempt to visualize in plane vibration
modes in granular medium.
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