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We report on an experimental demonstration of surface acoustic waves monitoring on a thin
metal plate with heterodyne optical holography. Narrowband imaging of local optical pathlength
modulation is achieved with a frequency-tunable time-averaged laser Doppler holographic imaging
scheme on a sensor array, at video-rate. This method enables robust and quantitative mapping of
out-of-plane vibrations of nanometric amplitudes at radiofrequencies.

Imaging acoustic fields at the surface of solids is of pri-
mary importance in non destructive testing applications.
Laser Doppler interferometric methods are commonly
used for non-contact measurements of surface acoustic
waves in particular [1-3]. These methods exhibit high re-
liability either in wideband [4-6] or narrowband [2, 7, §]
single point vibration measurements. Wideband meth-
ods allow for transient vibration sensing [9] with a tem-
poral resolution given by the reciprocal of sensor band-
width, while narrowband schemes permit high frequency
resolution and better noise-limited sensitivity with re-
spect to wideband approaches. Absolute measurement of
the optical pathlength modulation depth (and hence the
out-of-plane vibration amplitude) can be readily derived
from the ratio of the first optical sidebands’ magnitude
to the non-shifted optical carrier magnitude for narrow-
band measurements [1]. These sidebands appear with
phase modulation of optical waves, as a result of bounc-
ing onto a surface in sinusoidal motion. Laser phase mod-
ulation has been extensively used to measure vibrations
in nondestructive testing applications. However, imag-
ing requires time-consuming scanning of the tested sam-
ple [10]. Wide-field imaging of surface acoustic waves
of nanometer amplitude can be achieved by optical holo-
graphic arrangements, either in homodyne [11-13] or het-
erodyne [14-16] recording conditions. In particular, the
off-axis configuration enables reliable imaging of out-of-
plane mechanical vibrations because unwanted interfer-
ometric contributions can be filtered-off, and high sensi-
tivity ensured. Nevertheless, quantitative measurements
of vibration amplitudes much smaller than the optical
wavelength with an array detector remain difficult to
achieve. The measurement of vibration amplitudes down
to a few Angstroms was linked to the signal-to-noise ra-
tio of the detection, for single sideband modulation of
the optical local oscillator (LO) [17], in the absence of
spurious effects [14, 15, 18]. Later on, nanometric vibra-
tion amplitude measurements were achieved with digital
holography, by sequential measurements of the first op-
tical sideband and the non-shifted light component [19]
and by simultaneous measurements in frequency-division
multiplexing regime [20].

In this letter, we report on the use of holographic detec-
tion as a multimode coherent optical detection for steady-
state surface acoustic waves measurements. This method
benefits from shot-noise limited sensitivity [21] as single
mode schemes [1]. It also benefits from a large optical
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FIG. 1: Sketch of the Mach-Zehnder holographic interferom-
eter designed for surface acoustic wave imaging.

étendue [22], which makes it suitable for wide-field imag-
ing of out-of-plane vibrations with noise-limited ampli-
tude resolution. In the presented method, scanning of
the probe laser beam is unnecessary: the sample is il-
luminated in wide field. Steady-state surface acoustic
waves monitoring in a thin metal plate and calibration of
the holographic probe against a single mode heterodyne
laser probe are presented.

The proposed imaging apparatus is based on an opti-
cal interferometer of the same nature as for single mode
heterodyne detection [4], at the difference that a sen-
sor array is used instead of a single photodiode (Fig. 1).
The main laser beam (Cobolt Samba-TFB-150, linewidth
< 1MHz, wavelength A\ = 532nm, optical frequency
wL/(27) = 5.6 x 1014 Hz) is split into two channels. In
the probe channel, the optical field E is backscattered
by the object, a thin metal plate, in vibration at the
angular frequency w. For vibration amplitudes smaller
than the optical wavelength, two modulation sidebands
at wr, + w arise. In the reference channel, the LO op-
tical field Er,o is frequency-shifted by two acousto-optic
modulators (AA Opto-Electronic MT200-BG9-532-FIO-
SM-J1-S-s) from which alternate diffraction orders (+1)
are selected. The sensor array of the camera (Andor
IXON 885+, 1002 x 1004 pixels of size d = 8 um, quan-
tum efficiency n ~ 0.55) records the interference pat-
tern of both optical fields beating against each other,
in time-averaging conditions, at a sampling frame rate
ws/(2m) = 20Hz. The distance between the plate and



the sensor array is ~ 50 cm. The phase modulation
of the object field E at angular frequency w results in
the apparition of optical sidebands of complex ampli-
tude £J, (¢p) at harmonics of w; for small modulation
depths, the magnitude of the sidebands of order +1 is
much greater than the magnitude of the sidebands of
higher order, as reported in figure 2(a). The modulation
depth of the optical phase is ¢ = 4wzo/\. The temporal
part of the backscattered object field £ undergoing a si-
nusoidal optical path length and hence phase modulation
o(t) = 4dmwz(t) /N = ¢o sin(wt) at the angular frequency w,
can be derived from the first-order Taylor development
of the modulated phase factor with respect to ¢q

E(t) ~ ™! (1 + %qﬁoem - %%e—w) (1)
The LO signal consists of the addition of two coher-
ent (phase-locked) radiofrequency (RF) signals, shifted
by a carrier frequency wc/(27) ~ 200 MHz set around
the peak frequency response of acousto-optic modulators
used to shift the optical frequency of the laser beam.
This summation is done in practice with a power split-
ter/combiner (Fig. 1), resulting in a frequency-shifted op-
tical LO field of the form

ELO(t) _ SLOeith (Ozeiiwlt 4 ﬂeiwtefiwgt) (2)

where wy and ws are the intermediate frequencies chosen
to shift the sidebands of order 0 and 1 in the beating-
frequency spectrum of the recorded interferogram, at w;
and wy respectively. The complex magnitudes of the LO
components are 1,0, = oo and o, = BELo. The
positive parameters a and [ are the relative weights of
each LO field component, which satisfy a? + 32 = 1
(hence the total LO optical power scales up linearly
with [E1o|* and does not depend on o nor ). In high
heterodyne gain regime, the optical power in the refer-
ence channel is much larger than in the object channel
I€Lo> > |€|°. The interference pattern (reported in
Fig. 3(a)) holding RF fluctuations, from which optical
frequencies are averaged-out, is

I(t) = |E + Erol? (3)

The spatially-modulated component of the interferogram
due to the off-axis configuration (23] is M EEY , where
M is the fringe visibility (the contrast of the interference
fringes). Under the assumption that the excitation fre-
quency is much larger than the frame rate, w > ws, the
remaining terms within the temporal bandwidth of the
Sensor are

H(t) = aMEEf qe ™1t + BM%sgﬁoe—iwzt +DC (4)
where DC is the zero frequency component, observed in
Fig. 2 at 0 Hz. The off-axis hologram H(t) is demodu-
lated with a discrete Fourier transform (DFT) of R con-
secutive interferograms [20, 24]. The obtained beating
frequency spectrum reveals the magnitude of the modu-
lated components of Eq. 4 between the Nyquist frequen-
cies +wg /2, with a spectral resolution ws/R. Hence time-
averaging during the sequence of R consecutive frames
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FIG. 2: Magnitude of the holograms H(w) (a.u., vertical axis)
versus beating frequency w/(27) (Hz, horizontal axis), aver-
aged over the image of the piezo-electric actuator, for a vi-
bration amplitude zp ~ 30nm. The top spectrum was ac-
quired with a LO for which 8 = «. For the bottom spectrum
B/a = 50.

defines the width of the narrow band detection. The
DFT H(w) of H(t), calculated over R = 8 frames, ex-
hibits two peaks at the frequencies w; and ws, reported
in Fig. 2. The intermediate frequencies were set to non-
opposite values w; = wg/4 and we = —3wg/8 in order
to avoid cross-talk effects. The DFT’s complex values
yield holograms H(w;) (Fig. 3(b)) and H (ws) (Fig. 3(c)),
whose ratio (Fig. 3(d)) can be used to derive a quantita-
tive map of the local out-of-plane vibration amplitude zg

= E_ZO (5)

A comparison of the contour modes of steady-state
waves in a thin metal plate in sinusoidal vibration over
~ 3 cm x 3 cm was performed by heterodyne hologra-
phy against a single mode scanning laser Doppler probe
[4, 5]. Vibration maps at two ultrasonic frequencies are
reported in Fig. 4. For the single mode detection scheme,
the scanning probe had an output power of 100 mW at
a wavelength of 532 nm. It was focused and then swept
over 100 x 100 points. The acquisition time per pixel
was set to 1 ms and averaged 512 times, leading to a sig-
nal acquisition time of ~ 90 min out of a total scanning
time of about 3 hours per image. The contour modes
obtained are reported in Fig. 4(c,d). The detector band-
width was 40 MHz. For holography, the optical power
over the whole object was about 30 mW and the distance
from object to sensor was around 50 cm. Steady-state
surface acoustic wave maps presented in Fig. 4(a,b) were
recorded in 0.5 second with the holographic setup and
the refreshment rate of the measurement was the video
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FIG. 3: Raw interferogram (a), hologram of statically-
scattered light (central band), beating and wy (b), hologram
of the first modulation sideband beating at ws (c), side-to-
central band ratio (d). Colorbar in arbitrary logarithmic
units.

rate (20 Hz).

The linearity, sensitivity and dynamic range of the het-
erodyne holographic sensor was calibrated against the
single mode laser Doppler probe [4, 5, 9]. We sought to
compare vibration amplitudes derived from both meth-
ods, measured on the surface of the same piezo-electric
actuator whose sinusoidal voltage at a frequency of 50
kHz was swept from 1 mV to 10 V to assess vibration
amplitudes from ~ 10 pm to ~ 100 nm. Good agreement
was found, as reported in Fig. 5. Holographic vibrometry
was assessed for two different values of the parameters a
and 8: (i) 8 = a and (ii) f = 50 . The scanning laser
Doppler probe and the holographic probe kept the same
characteristics as formerly.

From a radiometric point of view, the average number
of photons n recorded per pixel of size d during the mea-
surement time T satisfies nhwy, = |&|%eqcd?T/2, where
h is the reduced Planck constant and c is the speed of
light. The average number of photons of the LO satisfies
npohwr = |ELol?eocd®T /2. From the relationship be-
tween the modulation amplitude and the sideband mag-
nitude reported in Eq. (1), the average magnitude of
H(w;) and H(ws), in number of photo-electrons per pixel
recorded during the measurement time 7', for small vi-
bration amplitudes 2o < A, is S1 ~ aMn(nno)*/? and
Sy & BMn(nnro)/?¢o/2, respectively, as illustrated in
Fig. 2. The cumulative squared magnitude S3 of the first
sideband over the Ny pixels, in object beam-generated
photo-electrons n. = nn recorded during the measure-
ment time 7" is

S5 ~ BPNZM*n*nniod/4 (6)

The cumulative energy in the zero-order sideband is
S% a2N§xM2n2rmLo (7)

Under practical conditions, the detection is shot-noise
limited in low light [21]. The shot noise, in high hetero-
dyne gain regime (npo > n), induces an average photo-
electrons current during time 7" of \/2eB x 2e Bnny,o per
pixel [1, 4, 7, 15, 25]. The cumulative shot-noise vari-
ance N2 over the Ny pixels, in photo-electrons, during
the measurement time T = 27 R/ws, equivalent to the
Nyquist bandwidth B = (27)71, is

N? ~ Npxnnio (8)

The sensitivity limit can be defined as the minimal vibra-
tion amplitude for which the signal-to-noise ratio of the
magnitude of the first sideband is equal to one. Using
relationships (6) and (8), this limit is

S3/N? =12 Ny M?3%nngd /4 (9)

The repartition of the sidebands energy in the detection
can be tuned by a and B. For efficient experimental
sensing of small-amplitude vibrations, the parameter [
has to be as high as possible but at the same time,
S? has to remain at least equal to S3, leading to the
equality of the cumulative energy in the two sidebands
and fPy/2 = «a. in addition to the energy conserva-
tion relationship a? + %2 = 1, we obtain that f = 1
and a &~ ®y/2. Hence the minimum out-of-plane vibra-
tion amplitude zp,i, that can be measured from a signal
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FIG. 4:  Amplitude maps of the out-of-plane vibration of a
thin metal plate versus excitation frequency w/(27). Holo-
graphic images at 40.1 kHz (a), 61.7 kHz (b). Scanning laser
Doppler images at 40.1 kHz (c), 61.7 kHz (d). Scalebar: 5
mm.
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FIG. 5: Comparison of quantitative out-of-plane vibration
amplitudes retrieved with the single-point laser vibrometer (CJ
symbols) and holographic vibrometer with 5 = « (o symbols)
and 8 ~ 50« (+ symbols).

beam energy nhwi, impinging on the sensor during time
T = 2w Nimg/ws, averaged over Ny pixels is

Al 1

AN _ -13
Zmin = 577 2.9 x 10" " m (10)

prne

We measured a fringe visibility of M ~ 0.3 on raw inter-
ferograms and estimated the number of photons per pixel
recorded during the exposure time to be n. /n ~ 1.7x 106,
with nn = n., where n. is the number of photo-electrons
created by the optical signal wave impinging on one sen-
sor during the measurement time. In comparison, the
absolute sensitivity of single mode optical heterodyne de-
tection schemes [1, 5, 7, 15, 25, 26], can theoretically
reach ~ 2.3 x 107 m for a detection bandwidth of 1
Hz and a detected probe beam of 1 mW. Nevertheless,
holographic vibrometry provides much more versatility
than scanning interferometry in practical conditions for
whole field monitoring of surface acoustic waves. It en-
ables long-range imaging of rough surfaces at low optical
power in real-time.

In conclusion, we demonstrated video-rate imaging of
steady-state surface acoustic waves with a laser Doppler
vibrometer based on optical holographic detection with a
sensor array. A high temporal coherence laser was used
to illuminate in wide field a thin metal plate in vibra-
tion. Narrow band recording of the map of out-of-plane
vibration amplitudes was performed by heterodyne opti-
cal detection in time-averaging conditions with a 20 Hz
frame rate camera. The high sensitivity of the measure-
ment enabled amplitude retrieval from 100 nm down to
10 pm, which was calibrated against a standard laser
Doppler vibrometer. The accuracy and sensitivity of the
measurement is obtained by a detection process involving
both spatial and temporal modulation of the interference
pattern through off-axis and frequency-shifting hologra-

phy, as well as a frequency-division multiplexing scheme,
which was used to ensure simultaneous measurement of
two modulation sidebands at distinct beating frequencies
of the recorded interferogram. Robust and quantitative
narrow band imaging of surface acoustic waves involved
pixel-to-pixel division of two sideband holograms. In this
regime, holographic vibrometry has the advantage of be-
ing self-calibrated: quantitative maps of the local vibra-
tion amplitude can be measured without prior calibra-
tion.
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