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Quasi-common path three-wavelength holographic
interferometer based on Wollaston prisms
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This article presents a digital three-wavelength holographic interferometer based on the use of two
Wollaston prisms. This provides an in-line setup with quasi common-path and as a consequence there is
no additional independent reference wave to be added. Thus, immunity to external perturbations such
as vibrations or thermal perturbations is achieved. Furthermore, the set-up exhibits a single shot and
real time capability which is very useful to study dynamic events. By using the two Wollaston prisms in
an astigmatic configuration, spatial carrier frequencies can be adjusted both in amplitude and
orientation. The digital hologram processing is based on Fourier processing and filtering around the
carrier spatial frequency so that phase shifting is not required. The use of three wavelengths leads to
visualizing directly the zero order fringe and regions for which there is no air density variation in a
dynamic flow. Experimental proof of concept is demonstrated with a supersonic jet when the injection

pressure varies.

1. Introduction

In the past decade, phase imaging has developed at an accel-
erating pace and impacted a wide range of domains, such as
microscopy (also known as quantitative phase imaging or inter-
ferometric phase microscopy) [1-15], fluid mechanics [16-18], or
photomechanics [19-23]. Phase imaging measures the optical path
length map associated with transparent specimens (transmission
illumination) or opaque surfaces (reflection illumination) and
translates this data into relevant information. In such a way,
biomedical imaging [7,8,10,11], topology at nanoscale [9,19], flows
and vortices [16,17], material properties [19], surface shape [20],
polarization imaging [21], displacement field [22,23], vibrations
[24-27], particles tracking [28-31], measurement of temperatures
or thermal exchanges in flames [32,33] were investigated. Off-axis
methods provide the fastest acquisition rates, because the phase
information is extracted from a single recorded hologram. As a
general rule, phase extraction from in-line holograms is performed
with phase-shifting [34]. In off-axis digital holography, the refer-
ence wave is shaped to provide a spatial separation in the
reconstruction plane or in the Fourier plane of the hologram (slight
tilt) [1,16,35,36]. Tilting the object and reference waves (i.e. adding
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a spatial carrier frequency to the hologram) can be performed
according many different ways: tilting one mirror in a Michelson
[1,10,16] or a Mach-Zehnder interferometer [19,24], using a Lloyd
mirror [4], or using a diffraction grating associated to a spatial
filtering [5,7,9]. A Michelson set-up is quite easy to implement and
to experimentally adjust. In that case, the transparent object is
crossed twice by the probe beam. Thus, the measurement sensitiv-
ity is two times that of a Mach-Zehnder and that can be very
advantageous for weak phase changes. However, if the object
exhibits high density gradients, a shadow effect may be super-
imposed on the hologram fringes, thus reducing their visibility. As a
common feature, in a Michelson and a Mach-Zehnder set-up, the
optical paths are quite different. When using a diffraction gating,
the optical paths are quasi-common, but the filtering induces losses
which reduce the light efficiency of the set-up. Note that the use of
an independent reference wave induces sensitivity to external
perturbations such as vibrations, temperature changes, etc., and
leads to an increase in the set-up complexity. So as to get a
reference wave removed or quite commons optical paths, the pure
in-line configuration is well adapted [15,30], but the faculty for a
direct phase contrast recovering has to be developed.

The use of multiple wavelengths in digital holography was
initially proposed by Yamaguchi [37,38]. At the same time, Demoli
presented the first study on fluids using digital color Fourier
holography using a monochrome sensor with a sequential record-
ing of three laser wavelengths. Qualitative results were obtained to



visualize convective flows induced by the thermal dissipation in a
tank filled with oil [39]. Quantitative results were obtained to
analyze the variations in the refractive index induced by a candle
flame [16] and for the gas density on a subsonic near wake flow
downstream a circular cylinder [18]. The use of three different
wavelengths is a powerful approach to determine the absolute zero
order in the field of view. The absolute zero order is found by
observing the synthesized color fringes whereas it cannot be found
by considering the calculated unwrapped phase data. Indeed, each
unwrapped phase map is obtained with an unknown value multiple
of 27zz. However, it can be found by considering the wrapped phase:
the zero order fringe is that for which all the three wrapped phase
values are identically null [16]. Since then, an increasing number of
important applications have relied on the possibilities of using
digital color holography to record and reconstruct colored objects at
high precisions using a simple optical setup [40-56].

Thus, this article presents a digital three-wavelength holographic
interferometer based on the use of two Wollaston prisms that aims at
overcoming the major drawbacks of the previous techniques. The
proposed set-up is based on a “Z” architecture and the use of two
Wollaston prisms. This provides an in-line setup with quasi common-
path and as a consequence there is no additional independent
reference wave to be added and no losses in the light transmission.
Thus, immunity to external perturbations such as vibrations or the-
rmal perturbations is achieved. Furthermore, the set-up exhibits a sin-
gle shot and real time capability that is quite useful to investigate high
speed transient flows. The article is organized as follows: section 2
establishes the basic principle of the optical set-up and section 3
describes the digital hologram processing. In section 4, experimental
results are provided and section 5 draws conclusions to this study.

2. Basic principle
2.1. Optical set-up

The optical set-up is described in Fig. 1 and is based on a “Z”
configuration. The light source is constituted of three different DPSS
lasers (660 nm, 532 nm and 457 nm). The beams are spatially filtered
with a microscope objective associated to a micrometric pinhole.
Then, the beams are extended and focused in the first large field
Wollaston prism (8° angle). A linear polarizer is used to adjust the
input polarization. The prism is localized at the focal point of a
spherical mirror. The two beams emerging from the first Wollaston
prism are orthogonally polarized. After reflection by the spherical
mirror, the beams are parallel and one half of the expanded beam
crosses the test section whereas the other one constitutes the
reference beam. This configuration provides immunity to external
perturbations such as vibrations or thermal perturbations. In addi-
tion, the “Z” configuration leads to a quite common-path holographic
interferometer, having the capability of fully transmitting the light
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Fig. 1. Optical set-up with two Wollaston prisms in “Z* configuration.

issued from the source to the sensor. After reflection on the second
spherical mirror, the beams are focalized in the second first large
field Wollaston prism. This second prism is mounted “upside down”
with the first one. An analyzer is then placed behind the second
prism in order to produce interferences between the orthogonally
polarized beams. A lens localized in front of the camera creates the
image of the test section at/or nearby the recording plane. The sensor
is based on a 3CCD cooled digital color camera equipped with three
CCD chips, including 1344 x 1024 pixels sized 6.45 pm x 6.45 pm.
The colors are separated using a dichroic prism.

2.2. Characteristics of the Wollaston prism

Large field Wollaston prisms which strongly separate the two
interfering beams were designed. This means that each prism has to
generate a distance between the two interfering beams that is
greater than the dimension of the field of view to be measured. The
hologram is constituted with two beams: the first one does not pass
through the phenomenon (reference beam) and the second one
crosses the phenomenon under interest (see Fig. 1). For a spherical
mirror with diameter D=250 mm, a curvature radius R=2.5 m, the
distance dx between the two interfering beams should be about
125 mm. If n, and n, are respectively the extraordinary and ordinary
refractive index, An=n.—n, is the crystal birefringence, « is the
bonding angle of prism, then the birefringence angle ¢ is given by:

€=2.An.tan(a) (1
and dx can be expressed according to the following relationship:
dx=e.R=2.RAn. tan (@) 2)

By choosing calcite as material, the bonding angle is found to be:

dx
a:tan”(

2.3. Astigmatic properties of the optical set-up

The “Z” optical path generates astigmatism because the two
spherical mirrors work in an off-axis configuration. The first prism
is located at the focal point of the first spherical mirror, so that the
two optical rays which are reflected onto the second spherical
mirror may be parallel. The second spherical mirror refocuses the
light into the second Wollaston prism. Note that due to astigma-
tism in the set-up, the second focusing point in the front of the
sensor is not unique. Fig. 2 illustrates how the optical beams are
focused on the two small focal lines separated by a few millimeters
along the optical axis. The first focal line is due to the focusing
beam in the horizontal plane (tangential image), and the second
one is the sagittal image, and it is due to beams focusing in the
vertical plane. This particularity of the set-up leads to straight and
parallel interference fringes in the field of view, i.e. the set-up
includes in an automatic manner a set of spatial carrier frequen-
cies. Fig. 3 illustrates this particular feature. Interference fringes
are shown in Fig. 3, according, both to the position of the prism
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Fig. 2. Astigmatism represented by sectional views.
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Fig. 3. Evolution of interference fringes when the second Wollaston is moved from
the sagittal image to the tangential image.

and to the rotation angle of the prism relatively to the optical axis.
For example, on the emission side, the three incident rays are
polarized at 45° of the crystal axis and the first Wollaston prism is
located so that the two interfering rays are split in a vertical plane.
On the reception side, when the second Wollaston prism is
successively moved along the optical axis towards the sagittal
image (SI), the interferences fringes which were horizontal and
much narrowed, spread. When the Wollaston prism is moved from
the sagittal image (SI) to the tangential image (TI), the interference
fringes spread again, but they rotate by 90° to give a quasi-uniform
vertical background color, at half distance between the tangential
and sagittal images. Then, they continue to rotate by 90° up to the
sagittal image and they narrow to become horizontal. Above the
sagittal image, interference fringes stay horizontal and narrow
more and more. It follows that the spatial carrier frequency can be
adjusted by the axial displacement of the prism for its amplitude
and by rotating the prism for its orientation. In these experiments,
the Wollaston prism is located at half distance between the
tangential and sagittal images, because it generates interference
fringes in the same direction as the direction of the two interfering
beams (vertical shift and vertical fringes). This feature was
described by Gontier [57]. To increase the number of fringes in
the visualized field, the Wollaston prism has to be turned on itself
in the plane perpendicular to the optical axis. Two positions are
shown in Fig. 3 (20° and 45°) where one can see that the
maximum number of fringes is obtained for a rotation of 45°.

3. Digital hologram processing

From the optical set-up and adjustment of the second Wollas-
ton prism (see Fig. 3), digital color holograms including spatial
carrier frequencies (off-axis holography) are recorded and pro-
cessed. The introduction of the spatial carrier frequency by the
Wollaston prism leads to the recording of one color hologram at
each instant, since there is no need for phase shifting. This
provided a single shot and real time capability to the experimental
set-up to investigate high speed transient flows. For any wave-
length A, the recorded image plane hologram can be expressed as:

Hy(%,Y) = [0, 9)]* + [Rx,»)[* + 0* (X, )R, Y) + OX, YR X, Y)  (4)

where O(x,y) and R(x,y) are the object and the reference wave
respectively. For convenience R(x,y) can be represented with
unitary amplitude. By taking into account of the spatial carrier
modulation introduced by the Wollaston prism, the hologram at
wavelength A can be written according to Eq. (5):

H;(x,y) = Oo(x,y)+O(x, y)exp[2in(u;x+V;y)]
+0*(x,y)exp[ — 2im(uyx+v,y)] (5)

In Eq. (5), 2in(uyx+v,y) is the spatial carrier modulation along the
x-y coordinates of the set of reference axis, Og=I0(x,y)I*>+IR(x,y)*
is the zero order diffraction and we consider O=a,exp(i@,).
Subscript A refers to one of the three colors, i.e. A=R, G or B.
The Fourier transform of Eq. (5) leads to:

I:Il(u,v)zOo(u,v)+c~",1(u—u,1,v—vl)+ﬁj(—u—uﬂ, —v—vy) (6)

where C, and Oy are respectively the Fourier transform of
C,=0exp[2in(ux+v,y)] and Oo. If the spatial frequencies u; and
v, are correctly adjusted, the three orders are well separated in the
spatial frequency spectrum. By applying a bandwidth limited filter
(Au x Av wide) around the spatial frequency (u,,v;), and after
filtering and inverse 2D Fourier transform, one gets the object
complex amplitude:

Ci(x.y) = {a,(x. y)exp[igh,(x,y) ] exp [2ir (uzx +v,y)] }xh(x,y) @)

where % means convolution and h(x,y) is the impulse response
corresponding to the filtering applied in the Fourier domain. The
impulse response is such that

h(x,y) = AuAvexp [2im (u;x+v,y)]sinc(zAux)sinc(zAvy) ®)

The spatial resolution is then related to 1/Au and 1/Av
respectively in the x-y axis [16]. In addition the phase recovered
with
Eq. (7) includes the spatial carrier modulation that has to be
removed. This is achieved by multiplying C, by exp[—_2ix
(wx+v,y)]

Note that if the image of the test section is not in focus, the
refocusing can be performed using the angular spectrum transfer
function to get an in-focus image [58]. After the reconstruction
process, the optical phase can be estimated from relation (9):

_1 Sn[Gx.Y)]

Y=t 1 L 9
¢}.(X y) an ERe [CA(X,_V)} ( )
and the amplitude at wavelength A by:

0;(%.y) = /& [C106.9)] + R2[C1(x.y)] (10)

In Eq. (9,10), Sm[...] and R.[...] mean imaginary and real part of
complex value.

When the test section is modified, for example by heating or with
a flow circulation, a refractive index variation is induced along the
object beam, and this modifies the optical path and then the optical
phase. The phase change A, between a current state (flow or
heating) and the reference state (no flow or no heating) is related to
the refractive index variation, according to the Gladstone-Dale. So,
the average air density integrated along the cross section (length L) is
obtained by:

2 A
) =§HA¢A 11

with #=0.1516 x 1073 m3.kg-! at A=509.7 nm is the specific
refractivity of air for the visible range (this value does not change
significantly, ~0.0036 x 103 for wavelengths between 408 nm and
703.4 nm).

4. Experimental results

The optical set-up was tested to analyze the supersonic flow of a
small vertical jet, 556 mm in diameter at different injection
pressures. Fig. 4 shows the digital color holograms for the reference
and the measurement with a zoom near the injection area, for a
pressure at four bars. The spatial carrier fringes, having a horizontal
direction, can be clearly seen. In the zoomed images, one can see
the horizontal micro fringes distorted by the flow. Fig. 4 also shows
that the field of view is reduced on the right and left sides. This is



due to the rotation of the Wollaston prism which has a limited
square aperture (15 mm?2). The two orthogonally polarized beams,
which were completely separated on the optical paths, interfere
when the prism and the analyzer placed in front of the camera are
rotated around its optical axis.

Fig. 5 shows the three R-G-B Fourier spectra calculated from
the recorded holograms. Since the micro fringes are horizontally
oriented, the +1 order is localized along the vertical axis. The
filtering is represented by a colored circle and the diameter of the
filters are respectively Au=0.172mm~"! for the blue channel,
Au=0.137 mm~" for the green and Au=0.126 mm~! for the red
one. Thus, the spatial resolutions in the field of view are respec-
tively 25.48 lines/mm, 21.31 lines/mm and 19.6 lines/mm.

Fig. 6 shows the phase map for the blue channel, for the
reference and for a pressure at three bars. The spatial carrier
frequency remains in the data but will be removed when comput-
ing the phase variation between the phase at a given pressure and
the reference one.

Fig. 7 exhibits the modulo 2w(a) and the unwrapped (b) phase
difference obtained at the same pressure for the green channel. The
unwrapped phase scale covers about 15 rad. The average optical
thickness is computed from the optical variations according to

(€)= 5-Ad; a2

Fig. 7(c) indicates that the variation between the structure's
core and the air outside of the jet is 0.6 pm.

Using the amplitude (a;) and phase variation (A¢;,) computed
for each monochromatic hologram, the superposition of the three
red, green and blue luminous intensities can be obtained, accord-
ing to Eq. (13):

L=a;.(14 cos(4¢,)) (13)

Fig. 8(a) shows the superimposition obtained from the phase
variations for a pressure at five bars. The color interference fringes
are those which should be obtained if an optical technique color
holographic interferometry using holographic plates was imple-
mented. In addition, the white fringe on both sides the micro jet
indicates where is localized the zero order fringe. The succession
of colors that are found on the interferogram in Fig. 8a can be
easily interpreted and it also shows the interest of using three

Reference

Fig. 4. Digital color holograms for a pressure P=4 bars and zoom in the area near
the injection nozzle.

wavelengths as the light source of the interferometer. Before
recording of the test, if the interferometer is perfectly adjusted,
there is no difference in the path difference and the background
color is represented by a white color (addition of red, green and
blue colors). For information, the colors succession is that can be
found in the Newton scale where the central fringe is white. In our
case, the interferometer is slightly shifted to get a uniform back-
ground color of the first order: brown color, near white color and
there is no air density variation in a dynamic flow. Thus, this offset
and the colors succession observed in different structures of the
jet allows determining the density variation in the areas of
compression or expansion of the jet. If the light source of the
interferometer is monochromatic, gray levels are observed and
there is very difficult to determine the variation of optical path
differences. This feature is largely explained by Desse for a oil-film
interferometry skin-friction measurement under white light
(made by oil film interferometry) [59].

From the phase measurement, the radial distribution of the
refractive index is extracted by assuming the flow is axisymmetric.
The analysis is performed from the left and right parts of the jet and
it is stopped on the jet axis. Further details can be found in reference
[60]. The gas density profiles can be calculated in the jet, according to
the Gladstone-Dale relation (Eq. (11)) and is shown in Fig. 8(b).

5. Conclusion

In conclusion, an optical setup based on three-wavelength digital
holographic interferometry using two Wollaston prisms is presented
and includes several advantages compared to others configurations:
single crossing of the test section, adjustable spatial carrier frequen-
cies both in amplitude and orientation, quasi-common path inter-
ferometer, immunity to external perturbations. The spatial carrier
frequencies provided by the Wollaston prisms leads to a Fourier data
processing, which means real-time capability for the set-up. The use
of three laser wavelengths is useful to determine the zero order
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Fig. 5. 2D Fourier Spectra calculated on blue, green and red channels at P=4 bars (unit along the axis: reduced spatial frequency).
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Fig. 8. (a) Color luminous intensity, (b) Radial gas density at P=5 bars.

fringe in the field of view, and as a consequence to visualize regions
with no variation in air density. Experimental proof of concept is
demonstrated with a micro jet. Assuming the flow is axisymmetric,
gas density profiles can be extracted from the phase imaging set-up.
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