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Abstract. We present the development of a holographic inter-
ferometer that uses a photorefractive crystal of the sillenite
family as holographic recording medium. The aim of this
work is to achieve a transportable and breadboard instru-
ment, with a flexible design and which is user friendly for
the quantified measurements of displacements on large scat-
tering objects. The state of the art of the use of photorefractive
crystals in holographic interferometry is presented. Based on
the latter, a method that is the best suited to our mentioned
objectives is chosen: the real-time interferometric technique
associated with the crystal configuration exhibiting diffrac-
tion anisotropy. On this basis, we have studied and compared
two imaging systems, we have experimentally determined
the holographic figures of merit of three sillenite crystals
samples, and, finally, we have shown the use of two meas-
urement quantification methods. The result of these investi-
gations is a certified and transportable holographic camera
prototype containing all the necessary equipment for its op-
eration, which can be easily adapted to various applications.
Among these, we show its use in the detection of defects in
composite structures, in the measurement of time-evolving
deformations, and in the measurement of vibration modes.

PACS: 42.40.Kw; 42.40.My; 42.70.Nq

Holographic interferometry (HI) [1, 2] is a powerful opti-
cal method for the observation of micrometric displacements
of opaque scattering or transparent objects. In the past, nu-
merous studies have shown that the photorefractive crystals
(PRCs) [3, 4], and particularly those belonging to the sillen-
ite family (BSO (Bi12SiO20), BGO (Bi12GeO20), and BTO
(Bi12TiO20)), are attractive media for holograms recording in
HI [4, 5]. In these crystals, a migration of electric charges ap-
pears between illuminated and dark zones that result from
the interference between reference and object beams. After
charges are trapped in defects of the dark zones, a space-
charge field is created that modulates the refractive index
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through the linear electro-optic effect, yielding phase holo-
gram recording. This process is dynamic and reversible and
can take place under the diffusion process (diffusive regime)
or under an external electric field (drift regime). The original-
ity of a holographic interferometer that uses such materials is
that it simultaneously satisfies two essential features for ap-
plied metrological instruments: the in situ self-processing of
the recording medium and its indefinite reusability. One can
then envisage holographic cameras that are as stand-alone and
user friendly as competing methods (speckle interferometry,
TV holography [1, 2]) but have higher measurement dynam-
ics and resolution and lower noise levels. In spite of these
major advantages, experimental prototypes of PRC interfer-
ometers have for long been confined to optical laboratories.
This is essentially due to classical drawbacks of PRCs (en-
ergetic sensitivity, weak diffraction efficiency, and optical di-
mensions of crystals) which induced the need for powerful
cumbersome lasers and limit the required flexibility of these
instruments. The recent availability of much larger good-
quality sillenite crystals, powerful compact lasers, and sensi-
tive commercial CCD cameras, has allowed us to overcome
these difficulties.

The purpose of this paper is to show a broad study
whose achievement is a breadboard holographic interfer-
ometer using a sillenite PRC. The required features of the
instrument are that (i) it has to be transportable (i.e. a bread-
board that includes all the necessary equipment for its utiliza-
tion), (ii) it has to allow the observation of opaque scattering
objects with medium to large dimensions (a typical50 cm×
50 cmobserved area is assumed), (iii) it has to be simple to
use (the fewest adjustments possible), (iv) it has to easily give
interpretable results (use of phase quantification techniques),
and (v) it has to be sufficiently versatile to be adapted to dif-
ferent kinds of applications in HI.

Concerning the holographic technique, three main methods
exist. In real-time HI (RTHI) only one hologram is recorded.
At the readout step, the object is still illuminated and one ob-
serves the interference pattern (interferogram) resulting from
the superimposition of the wavefronts diffracted by the holo-
gram and the one coming directly from the object (transmitted
through the hologram). Each object variation is then observed
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directly (live fringes). The double-exposure HI (2EHI) requires
the recording of two holograms. A further readout step shows
the superimposition of both stored wavefronts (frozen fringes).
A third technique is applied for the case of vibratingobjects: the
time-average HI (TAHI). The hologram is recorded during the
vibration of the object and over a longer time than the vibration
period. The metrological need in today’s applications is not
limited to qualitative evaluation of displacements but requires
a quantification of these. Generally, in RTHI and 2EHI, the
interferogram is written in each point(x, y) of an observation
plane as

I(x, y)= Iaverage(x, y) [1+m(x, y) cos(φ(x, y))] , (1)

with Iaverage(x, y) the average intensity andm(x, y) the con-
trast. The quantityφ(x, y) is the phase difference between
both transmitted and diffracted wavefronts and is related to
the searched displacement of the object surface. For this pur-
pose, phase-quantification methods [1, 2, 6] are considered in
all modern interferometric tools, leading to acccurate dis-
placement measurements. These methods allow us to retrieve
a phase imageφ(x, y) from the intensity image (1). The dis-
placements are calculated on the basis of the wavelength used
and the geometry of the illumination and observation [1, 2].
The two most widespread methods are the phase-shifting (PS)
and the Fourier-transform (FT) methods. In PS, the phase is
calculated from several interferograms of the same object dis-
placement with a phase shift between each other, whereas
with the FT method, it is calculated from a single interfer-
ogram in which a carrier fringe pattern has been added before
acquisition. The first one is generally more accurate but re-
quires stability during the PS process, whereas the second one
can be used with dynamic phenomena.

Pioneering experiments in HI with PRCs have been car-
ried out by the group of Huignard. They proposed first the
2EHI in BSO for observing phase variations in transparent
objects [7] and TAHI for vibration-modes visualisation [8, 9].
Later they showed the use of energy transfer applied to
TAHI [10]. The largest objects studied in these early works
was a20 cm×20 cmplate under vibration and with the TAHI
as shown by the same group [11] using an electric field ap-
plied to the crystal and the mobile grating technique in order
to enhance the diffracted signal. Very good contrast interfer-
ograms were obtained. In 1985, Kamshilin and Petrov [12]
proposed for the first time the use of the anisotropy of diffrac-
tion applied to the TAHI with a BSO at514 nmand a BTO
at633 nm. In this configuration, for a particular orientation of
the recording beam polarizations, that of the diffracted beam
is perpendicular to the input polarization. The diffracted beam
can then be filtered from the unwanted transmitted compon-
ent. This principle was successfully used later by Troth and
Dainty [13] who showed high-quality interferograms with
2EHI and TAHI in BSO at514 nm. After those demonstration
of capabilities of PRCs in HI, relevant works concerning the
optimization of holographic interferometers have been car-
ried out by Troth et al. [14] and Miridonov et al. [15] on the
basis of the promising diffraction anisotropy scheme. From
radiometric considerations, Troth et al. [14] concluded that
objects of typically1 m2 could be monitored with BSO crys-
tals and a laser of1 W.

Recently, some groups have focused their works on the
development of instruments for applications in industrial

fields. They all aim to perform quantitative measurements
on scattering objects. The group of von Bally has developed
a holographic camera that records a sequence of double ex-
posures [16, 17]. It is based on a BTO crystal and works with
an argon laser at514 nm. The phase calculation is performed
either by FT [16] or by PS [17]. The method used is 2EHI
which leads to high intensities on the crystal in order to have
short recording times, small objects positioned close to the
holographic head are examined. Recently they showed the use
of pulsed illumination with the FT technique for phase quan-
tification [18, 19]. Pouet and Krishnaswamy [20] proposed
the use of 2EHI associated to a stroboscopic technique for
the visualisation of vibration patterns with a BSO at514 nm.
Once again short response times are needed so relatively
small objects are observed. The group of G. Roosen pro-
posed the use of a special polarization separation technique
for obtaining simultaneously two phase-shifted images of the
same object displacement [21]. They can perform quantita-
tive phase measurement with high accuracy based on a single
shot. Their holographic camera is breadboarded and has been
successfully used in cw at514 nmand was further used in
pulsed illumination with a ruby laser (694 nm) [22]. In the
last case, the wavelength is badly adapted to the sensitiv-
ity range of the sillenite crystal. For that reason, a BGO-
doped copper crystal has been especially developed for in-
creasing the response at these wavelengths. Though the re-
sponse is weak in these conditions, the quality of the re-
sults is acceptable. This is the first use of pulsed illumination
with a PRC on an industrial example (turbine blade under
vibration).

The present paper is concerned with the development
of a breadboard holographic interferometer using a sillenite
crystal under the configuration of diffraction anisotropy as-
sociated to the RTHI technique. In Sect. 1, we motivate the
choice of this combination, we briefly present a first pre-
liminary experiment that has led us to a more systematic
study. In Sect. 2, we present the main instructive results of
the study and optimization of the breadboard interferometer
for the observation of large objects displacements. Two axes
of work are considered: the imaging system and the sillenite
samples used. In Sect. 3, we discuss the use of two phase-
quantification methods, the PS and the FT, especially we
point out the particularities of the PRCs, either leading to
errors in the final results, or bringing some limitations that
have to be circumvented. Concerning this particular point, our
purpose here is to produce phase imagesφ(x, y), we omit
the final displacements calculation. In Sect. 4, we show nu-
merous applications, mainly grouped in three categories: the
static, the dynamic (non-vibratory), and the vibratory dis-
placements.

1 Choice of the method and presentation of the study

The method used is the RTHI associated with the crystal con-
figuration exhibiting anisotropy of diffraction. In the case of
RTHI, the polarizer at the output of the crystal is used to
equalize the intensities of the transmitted and the diffracted
waves, which is the basic condition for an optimization of
the interferogram contrast. In this configuration, once the ne-
cessary polarizers are correctly orientated, there is no further
adjustment needed, which copes with the “ease-of-use” con-
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dition. Also, no electric field is applied to the crystal in order
to optimize the anisotropy of diffraction and to have a max-
imum diffraction efficiency for large angles between refer-
ence and object beams [4]. This geometrical configuration
allows the use of short-focal-length optics close to the crys-
tal without being disturbed by the reference beam. This also
has positive consequences concerning the intensity of light
scattered by objects on the crystal and the set-up compact-
ness by placing the objects close to the holographic head.
The choice of the RTHI technique is justified by the fact
that it is a priori open to more applications than other tech-
niques (2EHI and TAHI). Indeed, static, dynamic, and vi-
bratory displacements can be examined in RTHI. In the case
of vibrations, a stroboscopic technique is associated [23].
2EHI can be used also in all cases but is more complicated
in the case of the dynamic (continuously evolving) displace-
ments because sequences of double-exposed holograms must
be related to one another, which necessitates multiplexing
procedures. Finally, phase-quantification techniques are more
complicated to introduce with 2EHI, the PS process requir-
ing the use of a double-reference scheme [17]. TAHI is only
applicable to vibrating objects so basically it is too limited.
Also, phase-quantification techniques are generally addressed
to sinusoidal fringe patterns, which is not the case in TAHI
(Bessel-fringe profiles).

On the basis of this choice, a first set-up has been de-
veloped with a BSO crystal (1 cm×1 cmof optical face and
3 mm thick) and is presented elsewhere [24]. It used a non-
transportable argon laser and was intended to be the starting
point of a more systematic study for the building of a trans-
portable system. Due to the weak diffraction efficiency in
diffusive regime, the CCD camera has to be sufficiently sensi-
tive. A single objective lens attached to the CCD observes the
object and has been chosen following geometric and radio-
metric considerations. From the radiometric point of view, the
object has to be sufficiently close to the crystal. An import-
ant fact to point out is the following. When dealing with large
scattering objects at a large distance from the holographic
head, generally the object beam intensity is much weaker than
the reference intensity at the level of the crystal. For PRCs,
this has a consequence that the diffracted intensity is pro-
portional to the object beam intensity at the crystal level. It
follows that it has to be high enough to give a diffracted in-
tensity detectable by the CCD camera, taking into account the
global transmission of the optical system (lenses, crystal, and
polarizers). Moreover, the response time being conditioned
by the total intensity of the beams incident on the crystal, it
is possible to adjust it by changing the reference beam in-
tensity without affecting the diffracted intensity. Nevertheless
the noise increases in the same way as the reference beam
intensity, as noted in [13–15], and a compromise has to be
found between short response time and high SNR of interfer-
ograms.

With an argon laser emitting2.2 W at 514 nm, the com-
bination that has given the best results is the one where the
object is illuminated with2.2 W and placed at1.2 m from
the objective lens (26 mmfocal length, 1.1 aperture). The ob-
served area is of30 cm×20 cm. The intensity of the object
beam is8µW/cm2 at the crystal input and is about 30 times
smaller than that of the reference beam. Excellent-quality
interferograms were obtained in non-destructive testing with
this instrument [24].

Following this first preliminary experiment, a system-
atic study has been carried out. It is presented in the next
two sections. First, the optimization of the breadboard op-
tical set-up, mainly divided in two axes: (i) the optimiza-
tion of the imaging system in order to increase the ratio
between the object area observed and the available laser
power, and (ii) determine the performances of different sillen-
ite PRCs within the set-up. Second, the validation of phase-
quantification methods with such an interferometer. This con-
sists of studying the influence of the use of PRCs with the
phase-quantification methods.

2 Study and optimization of the interferometer

2.1 Study of the imaging system

The scope of this study is to optimize the ratio of the ob-
served area to the illumination power. For that purpose, the
solution is to set the object as close as possible to the optical
head. This implies the use of large crystals to avoid vignetting
effects by the crystal itself: the largest sillenite samples that
can be obtained with good optical quality have windows of
typically 3 cm×3 cm. Two optical systems were studied with
such crystals and their performances compared. The only
constraint was that they have to observe the same object area
and that the luminous intensity coming from the object at the
level of the crystal is the same for both systems. The first sys-
tem (system 1) uses a single objective lens after the crystal,
with a short (16-mm) focal length (f.l.) and the object is set
at 1.3 m from the optical head. It is similar to the one used
in [24] but with a large crystal instead. The second system
(system 2) uses two objective lenses: a first one (frontal ob-
jective,50 mmf.l.) images the object upon the crystal and the
second one (relay objective,26 mmf.l.) images the interme-
diate image onto the CCD. In this case, the object is closer to
the optical head:1 m. Figure 1 shows the breadboard instru-
ment with the second system.

In regard to what is known from the preliminary experi-
ment [24], an object beam intensity at the crystal input of typ-
ically 10µW/cm2 is considered as a basic level for our study.
Taking this into account and with the imaging parameter men-
tioned above, both systems achieve the same field of view
(55 cm×37 cm) but the second system requires only340 mW
to illuminate the object whereas the first one requires2 W.
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Fig. 1. Breadboard holographic interferometer. SH: shutter; VBS: variable
beamsplitter; OB: object beam; MO: microscope objective; PZT: piezoelec-
tric translator; SF: spatial filter; M1, M2, M3: mirrors; RB: reference beam;
L1: collimation lens; L2, L3: objective lenses; PRC: photorefractive crystal
between two polarizers
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Both optical schemes were experimentally compared: their
respective response (diffracted, transmitted, and diffusion in-
tensities) were measured and the interferometric quality was
deduced (average intensity and contrast of interferograms).
Detailed discussions are given in [25, 26], here we summarize
the main instructive results.

Principally, three waves arrive at the CCD plane: the
transmitted object wave, the diffracted wave, and the scat-
tering noise. The last can have several origins: imperfections
in the crystal volume, scratches or dust at the surface of the
crystal, or any other optical element. Some authors impute it
to birefringence induced by stresses [13]. The measurement
of the intensities described above has been performed with
the complete instrument shown in Fig. 1 but including each
optical system in its turn. In order to measure correctly the
diffracted intensity, the transmission axis of the polarizer after
the crystal is set in the direction of the diffracted polarization,
i.e. crossed with respect to the transmitted wave polarization.
An important fact for these experiments is that the measure-
ments were performed with the complete instrument and the
object considered is a large white coated plate. One can then
say that the results will be representative of the instrument be-
haviour in realistic working conditions. The laser is the argon
(514 nm) and the crystal a BGO:Cu whose origin and dimen-
sions will be given in Sect. 2.2. The CCD camera has been
replaced by a silicium photodetector. For several values of the
reference intensityIref, we monitor the diffracted signal dur-
ing a recording/readout sequence. During the recording step,
the intensity evolution with the timet is of the type

I = It,res+ In,res+ I (sat)
diff

[
1−e−t/τ

]2
, (2)

with It,res and It,res the residual intensities of the transmit-
ted and the noise waves;I (sat)

diff is the saturation value of the
diffracted intensity andτ the response time.

A series of measurements has been performed for differ-
ent values ofIref and the recording curves are fitted by the
third term of (2) whereI (sat)

diff andτ are the free parameters.
Figure 2 shows the diffracted intensity at saturationI (sat)

diff for
both systems in function of the reference beam intensity. It is
seen that when the readout intensity increases,I (sat)

diff increases
up to a certain level, after which it no longer evolves. This
is contrary to the behaviour expected: the diffracted intensity
is proportional to the incident intensity and does not depend
on the reference beam intensity. The explanation is that, for
small values ofIref, the response time is so long that the holo-
graphic recording does not complete up to saturation in a cor-
rect way because of the environmental perturbations. Note
that care was taken to limit this problem (optical table with
table top, no operator in the vicinity of the experiment dur-
ing measurement). These ideal conditions are used because
we want to analyze the instrument behaviour without being
disturbed by external perturbations. Of course, under practi-
cal working conditions, the performances are degraded when
perturbations increase. The smaller values of the diffracted in-
tensities obtained with system 2 are explained by the fact that
some vignetting is present with this system due to the two-
objective lenses scheme, this effect is not due to the crystal.
The vignetting is mainly present in the edges of the field and
is seen in this kind of measurement because a large photode-
tector is used. From the same measurements, we deduce the
residual intensities [25, 26]. We naturally found that the noise
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Fig. 2. Diffacted intensities of the waves detected in the image plane as
a function of the reference intensity, for both imaging systems and with the
output polarizer orientated along the diffracted polarization

intensity is proportional to the incident readout intensity, as
already observed by Miridonov et al. [15]. We also deduced
the response time for each system and determined a working
point taken as the minimum value ofIref at which the holo-
graphic recording is well completed, i.e.I (sat)

diff has a stable
value. This value is about 1 to2 mW/cm2 and appears to
be independent of the angular discrepancies existing between
both systems for the object beam.

At this working point, the interferogram quality (average
intensity and contrast) was experimentally deduced. A model
has been developed [25, 26] and the calculated values were
compared to values measured in interferograms. It is found
that the interferogram quality is slightly smaller (contrast
m of typically 0.5) with the system 2 than with system 1
(m= 0.9), principally due to the fact that the scattering noise
is higher in that case. This is obvious because in system 2
the crystal and polarizers (and their imperfections, scratches,
and dust) are in the vicinity of the intermediate image plane.
Nevertheless it has a negligible influence on the final results
(quantified phase calculated after PS), as is shown in [25, 26].

From this part of the study, we conclude that the second
system is the best solution for a transportable breadboard,
because a smaller laser power is necessary than for the first
system, allowing the use of a small transportable laser source
(a 400-mW diode-pumped frequency-doubled YAG laser is
sufficient for the surfaces considered). Also the object is
closer to the holographic head, which is more comfortable in
practice if large objects are studied. Finally, the interferogram
quality is still found to be very good.

2.2 Study of the crystals

After having chosen an optical imaging system, it is interest-
ing to see which sillenite crystal gives the best performances.
It was then advisable to compare species that can be obtained
in large optical windows, say BSO and BGO crystals. The
sample we considered are described in Table 1. Both BGOs
are grown by Dr. J-C. Launay at the Institut de Chimie de



1077

Table 1. Dimensions and origin of the sillenite crystals in comparison

Width/mm Height/mm Thickness/mm Origin

BSO 30 30 2.5 Castech (Ch)
BGO 37 30 2.5 ICMCB (Fr)
BGO:Cu 29 27 2.6 ICMCB (Fr)

la Matière Condenśee (ICMCB) of the Bordeaux University
(France) and the BSO comes from Castech (China).

The crystals are antireflection-coated in order to limit the
losses by reflection which can be of the order of35%. The
same kind of measurement (intensities of waves arriving on
the CCD, the response times, the interferogram quality) were
performed in the complete instrument with imaging system 2
and under practical realistic conditions, the same used for
the previous part of the study (Sect. 2.1). Also, these proper-
ties are measured for two useful wavelengths:514 nm(argon
laser) and532 nm(YAG laser). The results at532 nmhave
already been presented briefly [27]. Complete results appear
in [25].

Before performing these measurements, we have to deter-
mine the optimum angle (or equivalently the fringe spacing)
to use between the recording beams. The crystal is illumi-
nated by two plane waves at514 nm, the ratio between beams
on the crystal is 1, which maximizes the diffraction efficiency
and a633-nm He-Ne probe beam monitors the hologram
build-up. I (sat)

diff andτ are deduced from these measurements
as a function of the fringe spacing [25, 27] and one chooses
a value of the latter such that the crystal has an optimum
response, say a compromise between the highest diffraction
efficiency and the shortest response time. The angles found
are not the same for the different species and are a function of
the wavelength: they range between40◦ and52◦.

Using the optimum values of the angle between beams,
the intensities of the beams present at the CCD plane were
measured as a function of the reference intensity. The be-
haviour ofI (sat)

diff as a function ofIref is similar to what is shown
in Fig. 2. We observed that the BGO:Cu is the most efficient
and the BSO the least. It has to be noted that the BSO shows
a high residual birefringence in a large part of the crystal, as
well as weak diffraction from the same zone. For that reason
we cannot conclude that the BSO is a priori a bad candi-
date, but from the diffraction point of view, this sample is not
satisfactory.
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Figure 3a,b shows the measured values of the response
times as a function ofIref for all crystals at514 nm and
532 nm. In order to correctly interpret the results, one has to
keep in mind that the response time depends on the angle and
that is different for each crystal and because the choice of
this angle results from a compromise between diffraction ef-
ficiency and response time. Obviously,τ is inversely propor-
tional to the intensity and the BSO is the fastest of all. BGO
and BGO:Cu have an equivalent response time at514 nmbut
the BGO:Cu is faster at532 nm.

The interferograms contrast and average intensity can be
determined in the same way as in Sect. 2.1. Values of these
quantities were computed from a model and compared to
values measured on interferograms, showing good agreement
between each other [25, 27]. In the case of BSO, poor con-
trast values, as well as spatial variations of the contrast, are
observed due to its spatially inhomogeneous photorefractive
response. The BGO:Cu gives the best interferogram quality.

Following the above results, we have chosen the BGO:Cu
crystal for the breadboard because it gives the better com-
promise between efficiency, response time, and interferomet-
ric quality at532 nm, which is the wavelength of the trans-
portable laser that will be considered in the prototype. The
working point considered (Iref= 2 mW/cm2) at532 nmgives
a response time of about9 s.

3 Study of phase-quantification techniques

3.1 Phase-shifting

3.1.1 Preliminary remarks.The phase-shifting is introduced
during the readout by translating a mirror in the reference
beam by means of a piezoelectric transducer (PZT in Fig. 1),
the consecutive interferograms are then stored after each
phase step. The interferogramsIk are written

Ik = Iaverage[ I +mcos(φ+βk)] , (3)

with k= 1, ..., N (N integer and greater or equal to 3) and
the phase stepβk. In this expression, the dependency of the
different quantities in(x, y) has been omitted. Since the ac-
quisitions are delayed in the time, we refer here to the “tem-
poral PS”, in contrast to the “simultaneous PS” performed
by several cameras at the same instant (such as in the instru-
ment developed by Labrunie et al. [22]). The computation of
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phase is carried out following one or other algorithm depend-
ing on the numberN and the value of the additional constant
phaseβk at each step [2]. Generally, the latter is a fraction of
2π (calibrated phase-steps) but we use the algorithm of Carré
(N = 4) that does not require calibrated steps, provide they
are equal between each consecutive interferograms. This has
several advantages as explained in [24]. The phase calculated
by the Carŕe algorithm is given by

φcalc= tan−1

(
{(I1− I4+ I2− I3)[3(I2− I3)− (I1− I4)]}1/2

(I2+ I3)− (I1+ I4)

)
.

(4)

In [24], we already have studied the errors on the calcu-
lated phase. A particular error arises in PRC-based interfer-
ometers from the hologram erasure during the readout, with
the consequence that the interferogram disappears. The first
approach followed in [24] takes into account only the de-
crease of the interferogram contrastm. This approach is valid
provided the interferogram acquisition is fast compared to the
photorefractive response time. Indeed, an important condition
to apply PS is that theN interferogramsIk have the same
average intensities and contrasts, which is not certain here.

The general method to determine the error the PS process
introduces in the calculated phase is the following. The in-
terferograms are simulated by injecting in (3) the values of
Iaverage, m, βk, and the phaseφ. For the latter, one generates
a series of values linearly increasing from 0 to 2π. The simu-
lated interferograms are then injected into (4). The compari-
son between the calculated phaseφcalc and the initial phaseφ
gives the error due to the PS process. Generally one consid-
ers the peak-to-valley (PV) or the root-mean-square (RMS)
errors, the latter being preferred because it does not take into
account local errors. In the procedure described above, one
can now introduce different perturbing phenomena. This has
been carried out in [24] in which the influence of several
common error sources was analyzed, among which the en-
vironmental perturbations being the more important. A final
error of λ/40 (RMS) was found in the object displacement
measurement mainly coming from the external perturbations.
As mentioned above, an error comes from the photorefractive
erasure of the hologram, we will call it the photorefractive
error and it is described hereafter.

3.1.2 Photorefractive error.Here we consider a more com-
plete model that combines the variations of the average in-
tensity and the contrast and takes into account the rise of
secondary holograms. As a matter of fact, between the instant
at which the hologram is read out and the instant at which
it is completely erased (the new hologram is recorded at sat-
uration), both holograms exist. As a consequence, a double-
exposure interferogram appears and is competing against the
real-time interferogram. If a phase stepβ is applied, the new
hologram will stop its recording and immediately begin to
decrease. Once the step is applied, a third hologram will be
recording, and so on until the last phase step. Figure 4 shows
the situation where four interferograms are stored at instants
t0, t1, t2, andt3. One also considers that the phase steps are
discrete and that the time interval∆t = ti+1− ti is constant.

We can calculate analytically the four interferograms used
in the PS process by considering the superimposition of the
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Fig. 4. Amplitude of the transmitted and diffracted waves during the PS
sequence. The phase steps are multiple of a quantityβ

amplitudes of all waves present at the instants of image cap-
ture (grey rectangles in Fig. 4). In all cases, the transmitted
wave is present: first object state before instantt0 (black ho-
rizontal line) followed by the second object state aftert0
(dashed horizontal line). The phases associated to this wave
before and aftert0 are, respectively,φ1 andφ2. At each cap-
ture instant, several wave fields are coherently superimposed.
At t0, only the diffracted wave (U1,− with a phaseφ1) and
the transmitted wave (phaseφ2) are present. The intensity of
the first interferogramI1 is then easily calculated by multi-
plying the total field amplitude by its complex conjugate. At
other capture instants, one has to take into account other com-
ponents that increase with the time until a new phase step is
applied (Un,+ with n= 2,3,4), as well as components that
decrease (Un,− with n= 1,2,3). The analytical expressions
of I1, I2, I3, andI4 are detailed in [25].

The discussion on the error is based on the temporal par-
ameters∆t and τ. IntensitiesI1 to I4 are inserted into (4).
Figure 5 shows the error (inrad) in the calculated phase as
a function of the parameterτ/∆t.

If we consider the response timeτ = 10 s(a typical value
of our working pointIref= 2 mW/cm2 and the BGO:Cucrys-
tal at532 nm) and a∆t of 0.2 s in our phase-shifting process,
the error is0.022 rad, sayλ/580 RMS. When the contribu-
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Fig. 5. Photorefractive error as a function of the temporal parameterτ/∆t
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tion of secondary holograms is suppressed, one obtainsλ/730
RMS. This shows that the parasitic double-exposure interfer-
ograms are of little importance with respect to the real-time
contribution.

Anyway the photorefractive error found at the used work-
ing point and with a fast interferogram acquisition is negli-
gible compared to the error coming from external perturba-
tions (λ/40).

3.2 Spatial carrier technique with Fourier-transform
filtering

This technique requires the addition of a carrier fringe pattern
in the interferogram just before the readout. One generally
expresses the interference as

I = Iaverage[1+mcos(φ+2π f0x)] , (5)

with f0 the carrier frequency. The Fourier spectrum of (5)
shows a central peak with two symmetrical sidelobes. These
contain the information onφ. One of them is filtered and
translated to the origin of the Fourier plane, afterwards it is
Fourier-transformed inversely. The imaginary and real parts
of the results are used to retrieveφ [2, 6]. Contrarily to the
PS, the FT requires only one interferogram for the calculation
of φ, but it has to be noted that there are severe constraints
on the spectra ofIaverage, m, andφ with respect to the carrier
frequencyf0 in order to have no ambiguity in the final result.

Generally the carrier is introduced by tilting the refer-
ence beam, leading to the addition of rectilinear fringes. The
greater the tilt angle, the higher the carrier frequency. With
PRCs, this procedure is not easily applicable because these
materials are thick and as a consequence Bragg angular se-
lectivity is important. The latter can be quantified: it is the
variation∆θ1/2 of the angle around the Bragg angle for which
the diffraction efficiency is half its maximum value [28]. It
can be shown that∆θ1/2 ≈ Λ/2d, with Λ the fringe spac-
ing and d the crystal thickness. In our case, it is about
0.15 mrad. Taking into account that we have to keep a rea-
sonable diffracted signal, this must be reduced to0.1 mrad. At
the level of the image plane, one can calculate that the car-
rier frequency is about0.4 fringe/mm, say less than 3 fringes
with our CCD camera. Such small carrier frequencies com-
plicate the filtering in the Fourier plane. Nevertheless recent
results were shown by others using this technique [18]. In this
case, the fact that they work under the drift regime implies
that they use smaller angles between recording beams, giving
a higher∆θ1/2.

In order to overcome this problem, we demonstrated in
1996, for the first time to our knowledge applied to this ap-
plication, a simple technique [29, 30]. It consists of transver-
sally translating the microscope objective that produces the
diverging illumination of the object (see Fig. 1). This illu-
mination can be considered as coming from a point source
emitting a spherical wave. The translation occurs after holo-
gram recording at saturation, just before the readout. At the
readout, the virtual diffracted image shows the object illumi-
nated by a first point source. The image directly transmitted is
illuminated by a new point source. Making abstraction of the
hologram, the situation is equivalent to observing the object
illuminated by two separate point sources. The fringe pat-
tern resulting from the interference of two point sources is

well known: the loci of the interference maxima are a family
of revolution hyperboloids whose both foci are the sources.
These hyperboloids are intercepted by the object situated at
about1 m from the sources. In principle, the projected fringes
have a hyperbolic shape but in practice at such distances,
they appear quasi-rectilinear. The typical carrier frequencies,
that are used in the examples shown further, are produced
by translating the microscope objective of0.5 mm, intro-
ducing around 110 fringes on a35-cm observed width. The
image being digitized on 512 pixels, this leads to typically
4.6 pixels/fringe. When a deformation appears, the number
of fringes increases locally. Some interferograms that will be
presented in the applications are stored with 3 pixels/fringe,
which is close to the Nyquist frequency (2 pixels/fringe).

The phase-calculation errors are different from those
found with PS. There is a priori no error arising from the dy-
namical photorefractive behaviour. The errors come mainly
from the parameters of the Fourier filtering. These were al-
ready considered by others [6].

4 Applications

4.1 Preliminary remarks

After the global study presented above a transportable bread-
board has been built and used in several applications. The
final prototype has a size of80 cm×30 cm×20 cm and
a weight of15 kg (cw YAG laser included). The instrument
is generally used under moderately stable conditions to al-
low a proper hologram recording within a few seconds. These
conditions can be found in a closed room with a stone table
(not necessarily isolated against vibrations), no tabletop is re-
quired, and with an operator in the vicinity of the experiment.
As discussed above, the error in the measurement is a func-
tion of the level of external perturbations. We have to mention
that some applications were carried out during the develop-
ment. We will then indicate which optical system is used in
the breadboard and also which laser. Principally the first re-
sults were obtained with system 1 and an argon laser of2.2 W
at514 nm, the more recent (see Fig. 10) are obtained with sys-
tem 2 and a YAG laser of490 mWat 532 nm. For the latest
obtained (see Fig. 7) concerning a large structure, the system
2 was used with the argon laser.

We must also be clear on the fact that the phase images
presented in this chapter result from a straight calculation of
the phase, as described in the previous section. There is no
filtering of any kind to produce these results.

4.2 Static displacements

The first range of applications is the one of static displace-
ments, when the object is in a new state that does not evolve
(or very slowly) with time. This is the simplest case of ap-
plication and the PS can be easily applied. We already have
shown in a previous paper the use of PS on a metallic plate at-
tached on its borders [24]. The deformation was provided by
a piezoelectric translator at the rear side of the plate. An ex-
ample of defect detection in a composite structure was also
presented. Here we present new results on a larger field of
view (55 cm×37 cm). The framework is still the detection of
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defects in aeronautical composite structures. The defects are
of several types: impacts, inclusions, delaminations, etc. Sys-
tem 1 is used and the laser is the argon. The operating mode is
the following. The hologram of the object at rest is recorded.
Once the storage is completed, both recording beams are shut
down in order not to erase the hologram and the object under-
goes a stimulation. The latter must be appropriate to the type
of structure studied, as well as to the defects searched. Here
the stimulation consists of heating the structure with a halo-
gen lamp. After a certain time, the heating is stopped and the
object is under relaxation for a few seconds. Afterwards the
readout is performed showing an interferogram of the residual
deformation, which is sufficiently stable for the PS process.
This residual deformation depends on the structure and on the
boundary conditions. The defects appear as important local
variations in the smoother global deformation. The residual
deformation then disappears slowly and the object slightly re-
turns to its initial state.

Figure 6a shows one of the interferogram of the PS se-
quence and Fig. 6b the phase interferogram modulo 2π re-
sulting from the phase calculation (4). These images illustrate
the interest of performing the phase calculation. Indeed, in the
interferogram, the average intensity and the contrast are weak
at the edges of the field with the consequence that the de-
fects in the bottom of the images are not clearly visible. This
problem no longer appears in the phase interferogram.

Some examples of this type have been shown in other
papers [30, 31]. Several post-processings can also be used
to deliver an image of the defects alone [25], as shown in
Fig. 6c. A recent example of measurement has been obtained

          (a)   (b)     (c)

  

Fig. 6a–c. Detection of defects in
an aeronautical composite structure.
Basic interferogram (a), phase inter-
ferogram modulo 2π (b), and final
defect images (c) after phase un-
wrapping and vertical differentiation.
This sample is heated for5 s by two
500-W halogen lamps, and the relax-
ation time is45 s

(a)                      (b)

        

Fig. 7a,b. Deformation of a honeycomb structure
with CFRP surfaces under thermal stress by an
electric heater at the rear side of the panel. The
observed size is56 cm×75 cm. a After a few
minutes.b After 15 min. The presence of inserts
is seen in the global deformation fringes

on a larger object (Fig. 7). The optical head-to-object distance
is 2 m, the field of view is about110 cm×75 cmbut the zone
of interest covers56 cm×75 cm. This time, the instrument
includes system 2 and the laser is the argon with a power of
1.5 W. The object consists of two CFRP layers sandwiching
a honeycomb structure with several inserts. The purpose of
the investigation is to analyze the thermo-mechanics of these
inserts. After hologram recording at rest, a heater at the rear
side of the structure induces a temperature increase. The in-
crease is slow and during the readout, the PS can be applied.
Figure 7a shows the deformation after a fewmin and 7b after
7 min. The basic hologram is not the same for both measure-
ments. The presence of small inserts is visible in Fig. 7b.

The interferograms presented above are, to our know-
ledge, the first ones obtained with a PRC-based holographic
interferometer on such large objects. The measurement error
is typicallyλ/40 RMS in the object displacement.

4.3 Dynamic displacements (non-vibratory)

The second applications range consists of studying phenom-
ena that are not stationary. On the basis of RTHI, the only
possibility is to perform a sequential readout during the object
displacement or deformation. Some works used aLiNbO3
crystal with a storage time longer than that of sillenites and
a suitable decrease of the readout intensity allows a high num-
ber of readouts [32, 33]. More-sensitive crystals allow the use
of 2EHI but multiplexing has to be considered to keep track
of the deformation between successive interferograms. For
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that, the choice of RTHI with sequential readout is interesting
because it is simpler to implement. Also it has never been ap-
plied to sillenites and we showed its use for the first time in
1996 [29, 30]. Since dynamic interferograms are acquired, PS
cannot be applied and we have to use the FT technique which
requires only one interferogram for the phase calculation.

The application shown hereafter is the visualization of
the deformation of a wooden panel attached at its edges and
which is heated by a halogen lamp at the rear side. Due to
its thermally insulating property, the deformation can be suf-
ficiently slow and of limited amplitude. This way the meas-
urements will be delayed over a long time and we will be
able to appreciate the remanence of the sillenite crystals. The
operating mode consists of recording the hologram of the ob-
ject at rest. Then both recording beams are shut down and the
illumination microscope objective is translated. The object
stimulation can be initiated and the sequential readout per-
formed. The observed area is52 cm×35 cmbut since the fast
Fourier transform (FFT) is applied, a square part of35 cm×
35 cmis kept and is digitized on 512 pixels× 512 pixels. Fig-
ure 8a shows the interferogram of the deformation together
with the carrier fringe pattern, Fig. 8b shows the correspond-
ing Fourier transform (in amplitude). The central peak (zero
frequency) contains the spectral information of the average
intensity, both conjugate sidelobes contain the information of
the wanted phase.

Figure 9 shows phase images (modulo 2π) of a deforma-
tion sequence. The first state (Fig. 9a) is observed20 safter
the heating is switched on. It is retrieved from the interfer-

         (a) (b)

Fig. 8a,b. Interferogram with carrier
frequency (a) and 3D plot of its
Fourier transform (b)

          (a) 20 s       (b) 2 min 20 s        (c) 4 min 20 s        (d) 6 min 20 s

Fig. 9a–d.Phase interferograms mod-
ulo 2π showing the deformation of
a wooden panel under continuous
heating. The time after the beginning
of the heating is indicated above
each figure

ogram shown in Fig. 8. The time interval between consecutive
images is2 min. The duration of each readout is200 ms. Be-
tween two image acquisitions, no light enters the crystal in
order to not erase the hologram.

These results show that it is possible to observe a se-
quence of evolving interferograms. The quality of the re-
sulting phase images is very good but the noise increases
in the last ones. This comes from the fact that the interfer-
ograms have a contrast that decreases when the number of
readouts increases. This implies that the sidelobes tend to
be larger and that the window filtering has to be increased.
After having translated the filtered sidelobe to the origin of
the Fourier plane, higher frequencies are present, which ex-
plains the noisier phase images.

The rate of the interferogram acquisition is limited only
by the frame grabber. Nevertheless the number of measure-
ments is intrinsically limited by the hologram erasure, due
to several factors. First, the dark conductivity, which limits
the storage capability of such crystals to a few hours, gives
the maximum duration of observable phenomena. The sec-
ond factor is more crucial: it comes from the erasure during
the successive readouts. Here we do not decrease readout in-
tensity for the sake of operational simplicity. It is then most
important to strictly limit the opening time of the shutters in
the set-up. Taking into account a video frame rate of25 Hz
and considering a response time of about10 s, one can rea-
sonably record one hundred interferograms. The last factor is
the erasure due to parasitic lights that can be limited, even
eliminated, by suitable baffling.
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4.4 Vibratory deformations

We have applied the stroboscopic technique to the RTHI for
the measurement of vibrations: the hologram of the object
is recorded at rest and, when the object is vibrating, strobo-
scopic readout is performed in synchronization with the max-
imum object displacement.

We have presented this technique applied to PRC-based
HI in [34, 35]. We have pointed out the experimental specifics
related to this application. Indeed, the readout is performed
when the vibrating object points have a zero velocity, i.e. at
the maximum modal displacement. In practice, the opening
time has to be long enough in order to obtain a sufficient
image intensity at the CCD camera. The duty cycle mea-
sures the ratio between the opening time and the vibration
period. The quantity of light is proportional to this param-
eter. If the duty cycle is increased, a higher luminous level
reaches the CCD but, in counterpart, one integrates interfer-
ograms of the moving object before and after its maximum
displacement. As a consequence, the contrast of the fringes
decreases because the object is partly seen moving. We have
analyzed the errors coming from the phase calculation as
a function of the duty cycle. Also we have shown an ori-
ginal technique to deduce this error from the measurements.
After correction, the final accuracy is limited by the external
perturbations, as for the static displacement measurements,
sayλ/40 RMS. In practice, duty cycles of12% to 16% are
used and the object has to be set closer to the holographic
head. With a YAG laser (532 nm) emitting490 mW, we were
able to observe very good interferograms on a23 cm×23 cm
aluminum plate.

With this technique, we have recently studied the vibra-
tion modes of a turbine (10 cm high and6 cm wide). It is
clamped on its base and vibrated by a piezoelectric transla-
tor. Figure 10 shows the modes appearing at two excitation
frequencies.

Fig. 10. Two vibration modes of a turbine blade stimulated by a piezoelec-
tric translator

5 Conclusions

The aim of this work was the development of a transportable
holographic interferometer using a photorefractive crystal.
The instrument specifications are that it has to allow the ob-
servation of opaque scattering objects with medium to large
dimensions (a typical50 cm×50 cm observed area was as-
sumed), it has to be simple to use, it has to easily give in-
terpretable results, and it has to be sufficiently versatile to be
adapted in different kind of applications.

First, we have shown that the configuration of diffraction
anisotropy associated with the real-time holographic interfer-
ometry technique is the best suited from several points of
view. Indeed it can be adapted to a large number of applica-
tions and it is compliant with the instrumental specifications,
mainly the ease of use and the possibility of large-objects
visualisation. A preliminary set-up applying this technique
has been shown and was useful in order to point out the as-
pects that had to be optimized.

Second, a broad study has been carried out along three
axes of work. The first axis concerns the comparison of two
imaging systems. It is shown that an image-holography de-
sign minimizes the necessary laser power and allows us to ob-
tain good quality interferograms on50 cm×50 cmsurfaces
on the basis of a typical laser power of400 to 500 mW. The
second axis consists in the experimental comparison of the
holographic performances of several large-size sillenite crys-
tals, in order to select the best one for the instrument. Here
we have chosen a copper-doped BGO crystal but it cannot be
concluded necessarily that this species is the best one. Simply
this sample gave the most satisfying response as a function of
criteria appropriate to HI. The third axis concerns the study
of two phase-quantification methods. The first one is the tem-
poral phase-shifting. An original error calculation has been
shown that takes into account the dynamic behaviour of the
photorefractive crystal, which we called the photorefractive
error. It was shown that under practical working conditions,
it does not affect the accuracy which is limited toλ/40 RMS
in the object displacement, mainly due to the external per-
turbations. The second quantification method is the Fourier
filtering of the interferogram with a spatial carrier. The princi-
pal difficulty arises in the physical introduction of the carrier
fringe pattern in the interferogram. Usual techniques cannot
be used due to angular selectivity of the crystal. We have
shown that the carrier addition is possible by translating the
object illumination source.

With the breadboard instrument, we have shown numer-
ous applications, ranging in three categories: static, dynamic
(non-vibratory), and vibratory displacements. Our originality
is situated at several levels. First, we have presented particu-
lar techniques necessary for the observation of the various
kinds of phenomena and that were not yet considered with
sillenite crystals: the sequential and stroboscopic readouts.
Second, we have associated with these techniques a phase-
quantification technique that is the most suited. Third, most
studied objects are the largest ever observed with a photore-
fractive interferometer. It must be outlined that the instrument
can be adapted in a simple way from one application to an-
other one. Our objectives are then completely fulfilled.

The whole study leads to a transportable optimized holo-
graphic interferometer breadboard, allowing quantitative dis-
placements measurement with a high accuracy on medium to
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large scattering objects and adaptable to a large range of ap-
plications.

Present works are in progress for the improvement of this
instrument. First, the use of Q-switched pulsed YAG lasers al-
lowing measurements in perturbed environments, as well as
the observation of fast phenomena. Second, the use of optical
fibers replacing some optical elements rendering the holo-
graphic head more compact and lightweight and increasing its
flexibility.
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