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A compact real-time three-color reflection holographic interferometer (RCRHI) was developed by Office
National d’Etudes et de Recherches Aérospatiales for analyzing high-speed flows. As a classical in-line
Lippmann-Denisyuk holographic setup, a reflection panchromatic silver-halide holographic plate is used
to simultaneously record three reference holograms. The best results are obtained when the diffraction
efficiency of the holographic plate reaches 50% for the three wavelengths used (red-green-blue). For that,
problems in gelatin shrinkage due to the hologram treatment had to be solved for the two types of holo-
graphic plates used (Slavich and Gentet). This new optical setup was applied to analyze the two-
dimensional unsteady wake flow around a circular cylinder at Mach 0.45. Interferograms recorded at
a high framing rate exhibit very well saturated colors and high contrast, which eases the quasi-
automated interferogram analysis. Finally, the evolution in time of the instantaneous gas density field
has been obtained from the analysis of several interferograms covering one period of the phenomenon. In
the future, the analysis of three-dimensional flows should be investigated using an optical bench based on

RCRHI multidirectional tomography. © 2009 Optical Society of America
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1. Introduction

Computational fluid dynamics must be validated by
fine measurements in a smaller space or a shorter
time, or both at once. This is why Office National
d’Etudes et de Recherches Aérospatiales (ONERA)
has developed optical methods based on real-time
true-color holographic interferometry (RCTHI) using
transmission holographic plates [1]. This last
technique combines the advantages of differential in-
terferometry with those of monochromatic holo-
graphic interferometry. With this, not only small
path differences but also large ones can be measured
because the interference fringe diagram obtained is
colored, very broad, and well contrasted. Also, as op-
posed to monochromatic holographic interferometry
that can provide only relative data, color holographic
interferometry generates the achromatic fringe and
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also provides absolute data throughout the entire
field of observation [2]. But, since transmission holo-
grams are used, the diffraction efficiency of holo-
grams just reaches between 10% and 20%, which
limits the quality and the contrast of interferences
fringes. On the other hand, if reflection holograms
are used, the theoretical diffraction efficiency can
reach 100% with a monochromatic light. On
ONERA’s behalf, the development of RCTHI also
offers two important advantages. The first one con-
cerns the analysis of three-dimensional (3D) flows
and the second one lies in the comparison with digi-
tal color holographic interferometry (DCHI).

In fact, ONERA is looking toward analyzing un-
steady 3D flows, and the optical setup to be designed
must be based on several crossings of the flow along
different view angles. It is very evident that a clas-
sical optical setup based on monochromatic holo-
graphic interferometry defined, for instance, by
Surget [3] for analyzing two-dimensional (2D) flows



cannot be reproduced three or four times. Moreover,
as the optical differences to measure are smaller in
3D flows than in the 2D case, it is preferable that
each optical ray crosses the phenomena twice in or-
der to increase the sensitivity. Also, to simplify the
setup, all the optical pieces have to be located on
the same side of the wind tunnel, except the flat mir-
ror, which reflects the light rays back into the test
section.

In literature, we can find several authors who ana-
lyze 3D flows using multidirectional tomography. Cha
and Cha [4] and Yan and Cha [5] present holographic
interferometric tomography for limited data recon-
struction and exploitation to measure an asymmetric
temperature field. Fomin [6] and Fomin et al. [7] de-
signed an optical scheme for obtaining specklegrams
simultaneously in four directions. Pellicia-Kraft and
Watt [8,9] built an interferometric tomography appa-
ratus with six viewing directions from which multidir-
ectional datasets were analyzed following a method of
examining spatial coherence. The same approach is
taken by researchers developing digital holographic
interferometric techniques. Timmerman and Watt
[10] developed a dual-reference beam holographic in-
terferometer providing six multiple simultaneous
views of a compressible flow. One can also note the op-
tical tomograph using six-view interferometers devel-
oped by Joannes et al.[11] for the measurement of 3D
distribution of temperature in an evaporating liquid.
All the measurement techniques yield either the deri-
vative of the refractive index (speckle holography, dif-
ferential interferometry, or back-oriented Schlieren
[12]) or the refractive index itself (holographic inter-
ferometry) and, very often, the spatial resolution of
the recording camera is very low compared to those
given by a holographic plate. As the reconstructed
field depends strongly on the measured quantity, on
the number of viewing directions, and on the spatial
resolution, ONERA wanted to develop a metrological
tool having limited viewing directions (three or four)
and high spatial resolution, and that would yield the
absolute value of the gas density field.

On the other hand, if we make a comparison with
digital holographic interferometry, it is true that the
CCD resolution and size are not as good as that of
holographic plates, but, the digital approach is more
accessible and versatile since the time for hologram
processing is greatly reduced and treatment is purely
numerical. For example, Pedrini et al.[13] and Pérez-
Lopez et al.[14] developed high-speed digital hologra-
phy with a single wavelength. Recently, Yamaguchi
et al.[15] proposed phase-shifting digital color holo-
graphy, where three-color digital holograms were re-
corded with a 1636 x 1238 pixel matrix with pixel
pitches of 3:9 m x 3:9 m. They showed the possibi-
lity for reconstructing a color amplitude image, but
the resolution was degraded since the effective pixel
number along each wavelength was 818 x 619. In
2003, Demoli et al. [16] developed a quasi-Fourier
off-axis experimental setup using a monochrome
CCD sensor with 1008 x 1018 square pixels, 9 m x

9 m in size. But, the reference and measurement
holograms along the three red-green-blue (RGB)
channels are successively recorded. A movie showing
convective flows induced by the thermal dissipation
in a tank filled with oil was built using the three-
color results by applying the subtraction method to
the digital holograms. Lastly, ONERA built the first
digital three-color holographic interferometer for
flow visualization. In this technique, microfringes
were generated in the observed field and the record-
ing support (holographic plate) was replaced by a
specific Foveon CMOS sensor constituted with three
stacked photodiode layers. Interference microfringes
produced by the superimposition of three reference
waves and three probe waves could be simulta-
neously recorded on the three spectral bands
(RGB) and phase and amplitude images were com-
puted using Fourier transform in delayed time. An
application was made in the case of the candle plume
[17].

On behalf of color holographic image and panchro-
matic holographic materials, we can note the recent
work of Bjelkhagen and Mirlis [18], who produce
highly realistic 3D images. They show that the qual-
ity of a color hologram depends on the properties of
the recording material, and the demand on a pan-
chromatic material for color holography is described.

2. Description of RCRHI Optical Bench

The optical setup could be named “Denisyuk” be-
cause it uses reflection holographic plates as in the
classical in-line experiment of Lippmann-Denisyuk.
To obtain a very simple setup; all the optical pieces
are located on the same side of the wind tunnel, ex-
cept the flat mirror, which reflects the light rays back
into the test section. Because of these considerations,
the optical setup based on real-time color reflection
holographic interferometry (RCRHI) has been de-
signed. It is presented in Fig. 1. The light source used
behind the interferometer is constituted with three
different lasers. An argon-krypton laser delivers
the red line ( {%¥%647nm). A green line (5, %
532nm) and a blue line ( 3 %457 nm) are given by
two diode-pumped solid-state lasers. A half-wave
plate (HWP) is used to rotate the polarization of
the blue line and two dichroic plates (DP) allow
the mixing of the three lines. An acousto-optic cell
(AOC) diffracts the unwanted lines of the argon—
krypton laser in the light mask and does not deviate
the three wanted patterns that are generated by
three appropriate frequencies. A spatial filter (SF)
constituted by a microscope objective lens (20x)
and a 25 m pinhole, is located just at the focal dis-
tance of the large achromatic lens (AL3) that is set in
front of the test section (TS) so that the object under
analysis is crossed by a parallel light beam 200 mm
in diameter. A flat mirror (LFM) located just behind
the test section returns the three beams on the holo-
gram (HP) inserted between the quarter-wave plate
(QWP) and the large achromatic lens. The hologram
is illuminated on two sides by the three collimated

20 December 2009 / Vol. 48, No. 36 / APPLIED OPTICS 6871



Argon-krypton laser

_7»2 =457 nm
lasers

Fig. 1.

reference and measurement waves that are formed
by the convergent and divergent achromatic (CAL2
and DAL2) lenses. By this arrangement, it is easy
to obtain, before the test, a uniform background color
or narrowed fringes. In this setup, a polarizing beam
splitter cube (PBC) is inserted between the spatial
filter and the quarter-wave plate, which transforms
the waves’ polarization twice (from p parallel to cir-
cular and from circular to s parallel) so that, when
the rays are returning, the beam splitter cube re-
turns the rays toward the camera. A diaphragm is
placed in the focal plane just in front of the camera
to filter out any parasitic interference. The interfer-
ences fringes produced by the phenomenon under
analysis can be directly recorded using a high rotat-
ing drum camera. Figure 2 shows photography of the
main part of the setup with the nomenclature of the
optical pieces.

3. Principle of Real-Time Three-Color Reflection
Holographic Interferometry

Figure 3 details how the interferences fringes in the
real-time three-color reflection holographic interfe-
rometer are generated. First, the holographic plate
(HP) is simultaneously illuminated with the three
wavelengths. A panchromatic hologram simulta-
neously records the three interferences fringes pro-
duced by the three incident waves and the three
waves reflected by the flat mirror (LFM) (first expo-
sure). Then, a hologram is developed and it is reset
into the optical bench at the same location. At the
second exposure, if the diffraction efficiency of the ho-
lographic plate is near 50% for the three lines, 50% of
the light is reflected by the hologram (dashed lines).

(Color online) Photography of the mean optical pieces.

Fig. 2.
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(Color online) Real-time three-color reflection holographic interferometer.

If a mask is inserted in front of the test section, one
can observe on the screen the three images diffracted
by the plate. This operation allows for verifying the
quality of the diffracted holograms. When the mask
is moved, the other 50% one crosses the test section
twice and interferes in real-time with the three refer-
ence waves (solid lines). Interferences fringes are not
localized because they can be observed from the ho-
lographic plate to the camera. If no disturbance ex-
ists in the test section, a uniform background color is
obtained in the camera. If variation in refractive in-
dex exists in the test section, color fringes will be
seen on the screen. As the luminous intensities of re-
ference and measurement waves are basically equal,
the contrast of color interferences fringes will be
maximum.

This optical setup is very simple but it presents an
advantage and some inconvenience. The advantage
lies in the small number of optical pieces that are
used. The reference beams and the measurement
beams are collinear and there is just a flat mirror be-
hind the test section. The best holograms are ob-
tained when the holographic plate is placed
between the two CAL2 and DAL3 achromatic lenses.
The contrast of color interferences fringes depends
on the diffraction efficiency of the holographic plate
and the color saturation depends on the luminous
intensity of the three wavelengths, which can be ad-
justed with the acousto-optic cell. A main inconveni-
ence rests in the fact that it is not possible to adjust
the diffraction efficiency of the holographic plate. Itis
only fixed by chemical treatment and is a function of
gelatin thickness. The unique solution to solve this
problem will consist of a specific treatment of the sur-
face of the flat mirror, and this operation implies that
the diffraction efficiency of the hologram must al-
ready be known.

Finally, the three interferences fringes will exist
and can be recorded if the coherence length of the
three wavelengths is more than twice the distance
between the holographic plate and the flat mirror lo-
cated just behind the test section. Compared to the
setup of transmission holographic interferometry,
here it is not possible to adjust the length between
the reference and measurement rays.

For information, energy ratios of each wavelength
applied at the first exposure are given in Table 1.
These values can be compared with tests and results






13 nm (2%) for the red line. This particularity is very
interesting, because the theoretical constraints in
the variation of the gelatin thickness (near 0.2%) be-
come larger (about 1.75%) due to the spectral broad-
ening of the transmission curve. As regards the
luminous intensity, when the diffraction efficiency
of the holographic plate is equal to or more than
35%, the visibility coefficient of interference fringes
0dnax  IminPEAmax b IminPP is near 0.21, which
means the color interference pattern will be very
contrasted.

As regards results previously obtained by ONERA,
DCHI and RCRHI can be compared. In RCRHI, a
reflection panchromatic holographic plate (7000-—
10;000lines=mm in spatial resolution) must be
illuminated with a total energy of 600 J, and the im-
plementation of the optical setup is not very easy. In
DCHI, energy of 1 J is sufficient to illuminate the
Foveon sensor (200lines=smm in resolution). The
implementation is easy enough and the phase differ-

Fig. 6.

ence is entirely estimated with a computer. Concern-
ing the length coherence of the three lasers, it has to
be more than 2m in the RCRHI bench and only sev-
eral centimeters for DCHI. In RCRHI, about 220 suc-
cessive frames of the phenomenon can be recorded at
a high framing rate (35; 000 images=s, with an expo-
sure time of 750 ns for each). Each image has to be
digitalized and processed. Also, it is important to ob-
tain a reference hologram of about 50% diffraction
efficiency for the three lines. In DCHI, the framing
rate is limited to 8 frames=s, full size, and some pro-
blems can be encountered with the RGB filters over-
lapping. But, if another color camera is used, the
frame number can be strongly increased.

5. Implementation of the RCRHI in a Wind Tunnel

The RCRHI bench has been implemented in the
ONERA transonic wind tunnel. The test section
windows are 200 mm in diameter and the unsteady
wake flow around a circular cylinder, 20mm in

Interferogram analysis: instantaneous and average gas density field.

20 December 2009 / Vol. 48, No. 36 / APPLIED OPTICS 6875






