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Abstract: This paper proposes quantitative phase imaging by using a high
resolution holographic grating for generating a four-wave shearing
interferogram. The high-resolution holographic grating is designed in a
“kite” configuration so as to avoid parasitic mixing of diffraction orders.
The selection of six diffraction orders in the Fourier spectrum of the
interferogram allows reconstructing phase gradients along specific
directions. The spectral analysis yields the useful parameters of the
reconstruction process. The derivative axes are exactly determined whatever
the experimental configurations of the holographic grating. The integration
of the derivative yields the phase and the optical thickness. Demonstration
of the proposed approach is carried out for the case of the analysis of the
supersonic flow of a small vertical jet, 5.56mm in diameter. The
experimental results compared with those obtained with digital holography
exhibit a very good agreement.
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1. Introduction

In the past years, quantitative phase imaging was developed and dedicated to a wide range of
applications [1-17]. Phase measurement deals with the optical path length related to
propagation inside transparent specimens (transmission illumination) or to reflection on
opaque surfaces (reflection illumination), and translates this data into relevant information. A
lot of spectacular investigations were demonstrated in biomedical imaging [1-7], topology at
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nanoscale and nanoscopy [7,8,13], fluid mechanics [14,15], or measurement of temperatures
and thermal exchanges in flames [16,17]. In such approaches, the phase retrieval is based on
off-axis architecture (slight tilt between reference wave and probe wave) providing single-
shot and real-time capabilities to the technique. Practically, the off-axis property is obtained
by adding a spatial carrier frequency to the interferogram/hologram by tilting one of the
mirrors of the set-up. The use of an independent reference wave induces sensitivity to external
perturbations such as vibrations, temperature exchanges, etc., and leads to an increase in the
set-up complexity. Although quite common-path set-ups were proposed [1,3,12,18], another
opportunity for the phase evaluation is provided by shearing interferometry [19,20]. It has
proven to be efficient for phase measurements in quantitative phase microscopy [21], distance
measurement [22], 3D surface mapping [23], optical testing [24], or also temperature
measurements [25]. Demonstration of digital holography imaging based on shearing
interferometry was also established recently [13,26-28]. The set-up is simplified by
eliminating the reference wave and the phase contrast can be measured. Especially, quadri-
wave lateral shearing interferometers offer the advantages of being continuously adjustable in
sensitivity. In the same way as for off-axis interferometry, the phase is retrieved after a
filtering in the Fourier spectrum, and then a spatial integration is required to get the optical
wave front [20,29]. The implementation of such an approach may be based on the use of a
modified Hartmann mask [29], a chessboard mask [30] or a pure phase mask [13]. The pattern
engraved on a substrate produces diffraction orders which interfere to give the shear
interferogram. The main drawbacks are related to the complex realization of the mask [30],
the temporal fluctuation of the phase mask [13], the parasitic orders [29] and the low
resolution of the mask due to the realization process. Note also that with a modified Hartmann
mask the parasitic orders can be reduced by using incoherent light [30]. In this paper, the
proposed method can be applied using coherent light without suffering from the parasitic
orders.

In this paper, we propose an alternative approach for quantitative phase imaging by the
use of a high-resolution holographic grating for generating a four-wave shearing
interferogram. The high-resolution holographic grating is designed in a “kite” configuration
so as to avoid parasitic mixing of diffraction orders. Demonstration of the proposed approach
is carried out for the case of the analysis of the supersonic flow of a small vertical jet, 5.56mm
in diameter, at 5 bar injection pressure. Comparison with results from both Michelson and “Z”
digital holographic configurations exhibits a very good agreement, thus validating the
proposed method. So, this paper is organized as follows; in section 2, we describe the
theoretical basics and the data processing; section 3 discusses on the realization of the high-
resolution holographic grating and section 4 details the experimental set-up that was
developed for analyzing the supersonic flow of small vertical jet; in section 5, the quality of
the holographic grating is investigated. Section 6 shows experimental results obtained with
the proposed approach and gives a comparison with experimental results obtained with other
experimental configurations, using a reference wave. Finally, section 7 draws conclusions and
perspectives to the study.

2. Theoretical basics

The principle of the phase encoding in a four-wave interferometric mixing is given in Fig. 1.
An incident plane wave crosses the test section and it is disturbed by the phenomenon under
analysis. Then, the wave is reflected by the beam splitter cube onto a high resolution
holographic grating operating in reflection mode. This holographic grating diffracts the useful
orders, represented by their wave vectors, onto the recording plane. The different images
diffracted by the holographic mirror interfere with each other at a certain distance, oz, of the
diffraction plane. The sensor therefore records an interferogram produced by the coherent
superimposition of all the diffraction orders. Note that although the common vocabulary for
such approach is related to shearing interferometry, the recorded data includes the same
amount of information than a digital hologram, as was discussed in [26-28]. Let A(r’) the
complex object wave front in the object plane, and O(r) = Ao(r)exp(ipo(r)) (i = V—1) the wave
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front diffracted from the object plane to the recording plane (r is the vector of the Cartesian
coordinates {x,y} in the plane perpendicular to the z direction.

Dynamic

flow Disturbed . .
| wave Holographicgrating
1 i FESSNIF VNSNS
| [ Beam
o ————,5——> - splitter
I
Incident | \ cube
plane wave () ! &
XA
Section of interest : \ .,
! [arA
Recording__! h b <

plane . 3
M1y [CyE|

Fig. 1. Principle of wave mixing using a high-resolution reflection hologram.

The reflection of the incident wave on the holographic grating produces a set of replicated
waves, which propagation direction is given by their wave vector k, = 2n/Ae, (e, is the unit
vector of the propagation direction). The amplitude of the diffracted wave front at the
recording plane is expressed as:

O(r.k,) = Ay (r—r,) exp(ik,.r +ig,(r =r,)). (1
In Eq. (1), r, is the spatial shift produced by propagation along distance Jz from the
holographic plane and in the direction of unit vector e,. Due to the holographic grating, P = 4
wave fronts (n» varying from 1 to P = 4) are diffracted in different directions. The
interferogram recorded in the sensor plane is written as:

H(r)=§A§ (r-rn)+zs)t{§ > O(r,kn)O*(r,km)}. 2

n=1 m=n+1
In Eq. (2), the first term is related to the zero order, and the last one is related to coherent
cross-mixing between the P diffracted orders. The last term includes the useful data related to
the phase at the object plane. Noting Ag,,, the phase of cross-mixing O(r.k,)O*(r,ky), we get:

A(onm (r):(kn_km)'r+¢0(r_rn)_¢0(r_rm)' (3)
Equation (3) can be simplified by considering spatial derivatives of the object phase
according to:
99, (r)
ore,

Agp, (r)=(k, -k, )r+

Sum @)

In Eq. (4), exm is the unit vector of vector sy, = ry—Ty and (K,—Kp).r is the spatial carrier
phase modulation. In the Fourier plane of the interferogram, the diffraction orders are
separated from the zero-order diffraction and localized by the spatial frequency vector
(ky—kn)/27. Since they are localized at different spatial frequencies in the Fourier domain
they can be filtered in the same way as for off-axis interferometry. Then, the spatial carrier
frequency is removed. Note that spatial derivatives of the object phase are provided along an
axis given by the scalar product r.e,,,. The scaling of each spatial derivative is related to |Sym|-
Thus, it appears that the method provides spatial derivatives with different sensitivities, which
depend on the geometric configuration of the diffraction orders. After extracting each useful
order, the term [Sym|0po/0r.euy is extracted from the argument of the inverse Fourier transform
of the filtered interferogram spectrum. We note dgo/or.epm = 090/0x,, [Sam| = 0, and D, =
(1/0;) X |Sam|0po/Or.enm, with g varying from 1 to O, O being the number of really
independent axis r.e,,, amongst the set of the useful orders included in the spectrum. So the
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spatial variable x, is simply the direction of the axis along which the derivative operator
operates. In the spatial frequency domain, this axis has a corresponding axis which will be
referred as u,. Note that, from a computational point of view, x, and u, are 2D vectors. In case
that the D, exceed 2m, phase jumps occur and phase unwrapping is required [31]. The scaling
coefficient o, depends on the distance Jz and on the couple of involved wave vectors (Ky,Km).
Then, the spatial integration of terms D, has to be carried out to get the quantity ¥. The wave-
front reconstruction problem has been discussed by many authors [32—42]. The methods are
based on least-squares estimations or modal estimations. As a general rule, fitting is
performed by minimizing the mean-square error between the measured differences and the
differences according to the estimated wave fronts. A zonal estimation can be also chosen
[34-38]. Note that in these works the wave front differences are defined at each point
according to the sensor sampling geometry. In the modal approach, the wave front and its
differences are expanded in a set of functions and the optimal expansion coefficients are
determined (for example, using Zernike and Legendre polynomials). In this paper, the
numerical method is based on the weighted least square criterion. According to [13,40,41],
quantity ¥ can be recovered by Eq. (5):

Qo
1 Zquq
wo Ll (5)
2ir )
u,
gq=1

In Eq. (5), FT means Fourier transform, and 13q is the Fourier transform of D,. The next
section discusses about the holographic grating to get diffraction orders.

3. Design of the high-resolution holographic grating

In order to avoid the drawbacks of the modified Hartmann mask or the pure phase mask, a
reflection hologram was designed to produce the suitable diffraction pattern for the four wave
shearing interferometric mixing. The reflection grating was encoded on a holographic plate
based on a single-layer silver-halide photographic plate [43]. Note that theory on reflection
hologram, encoding, transmittance modeling and image formation is well described in [44]
which can be considered for further details. The silver grains in the photosensitive layer are
sized about 8nm, thus the spatial resolution of the recording material reaches 7,000mm™". The
set-up to record such reflection hologram is described in Fig. 2(a) and uses a continuous laser
at A = 532nm. The input polarization is adjusted by means of the half-wave plate. The
acousto-optic cell is used to adjust the exposure time of the hologram.
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Fig. 2. Optical setup for recording the high-resolution holographic grating in reflection mode
(SF1 and SF2: spatial filter, M1 to M7 and MP1 to MP4: flat mirrors, PBS: polarizing beam
splitter, BS1 to BS3: 50% beam splitter cube).

A first polarizing beam splitter cube PBS generates a reference beam (blue line) with 20%
of the incident light. The 80% of the transmitted light is used to shape four other light beams
and its polarization is turned to be parallel to that of the reference beam by using the second
half-wave plate. The reference beam illuminates the holographic plate at normal incidence
after spatial filtering by SF1 and reflection on mirrors M1 and M2. Fours waves are generated
by three beam splitter cubes BS1-BS2-BS3 (50/50) so that the intensity of the five generated
beams (the reference beam and the four other waves) is equal to 20% of the optical power at
the output of the laser. The set of plane waves is obtained through the spatial filtering
provided by SF2. After reflection on several flat mirrors (M4 to M7), four small mirrors
reflect each of the beams towards the holographic plate. The beams are impacting the plate
with a controlled incidence angle. As the reference wave and the four waves are incoming on
each side of the holographic plate, the recorded hologram is a reflection hologram.

Two configurations were tested. The first one (configuration n°1 in Fig. 2(b)) is such that
the four mirrors MP1 to MP4 are arranged as a “square” sized a X a. In the second
configuration (configuration n°2 in Fig. 2(c)), the square is changed into a “kite” by
translating the third corner (mirror MP3) at distance ~2.5a from corners provided by MP2 and
MP4. The fours mirrors MP1 to MP4 are localized at distance d, from the holographic
material.

The hologram has to be recorded sequentially. Indeed, if the hologram was recorded in
only one time, that is to say, if the hologram was exposed simultaneously with the reference
wave and the four measurement waves, it would register the expected interferences (those in
reflection), but also the parasitic interferences in transmission caused by the measurement
waves (two by two), and that would drop the diffraction efficiency of the grating. For this
reason, The reference wave and one of the four beams are mixed and recording is carried out;
then recording of the mixing with the reference wave and another beam is performed; and so
on... The time exposure (0.05s) of each individual recording is fixed by the acousto-optic
cell. After the four sequential exposures, the holographic plate is chemically processed and
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bleached. When illuminating the hologram with a plane wave at normal incidence, four orders
are produced by the reflection-mode diffraction. Note that usually a reflection hologram has
diffraction efficiency close to 50%. However, by mixing holograms in the holographic
material, this diffraction efficiency is reduced: the more the encoded holograms, the lower the
diffraction efficiency is. In the present situation, four holograms are recorded in the
holographic material. So, the diffraction efficiency obtained along each diffraction order is
decreased. Experimentally, we measured diffraction efficiencies at about 2%. The low
diffraction efficiency may be balanced by increasing the laser power when illuminating the
hologram. With configuration n°l, the diffraction orders have symmetric propagation
directions. With configuration n°2, the symmetry is broken since one of the diffracted orders
is not included in the corner of the square pattern of configuration n°1 [Figs. 2(b)-2(c)]. The
diffraction angles provided by the holographic grating are closely linked to the ratio a/d,. By
simply adjusting distance a, the diffraction angles can be monitored to fulfill the requirements
of the optical set-up in which is inserted the component. Note that the “square” configuration
is similar to that generally retained for the modified Hartman mask of the pure phase grating.

In the case of using a modified Hartman mask of a spatial light modulator, the resolution
of the grating is limited by technology, i.e. lithography process or pixels of the modulator.
Since the resolution of the grating is around few microns, the diffraction spectrum calculated
from the interferogram included parasitic orders, which reduce the useful spatial bandwidth or
may overlap with useful order. In the proposed approach, the holographic grating has a high
resolution since the recording process basically is high-resolution (7,000mm™). It follows that
the diffraction pattern does not include parasitic orders and that the spatial bandwidth of the
interferogram can be fully exploited. In addition, there is another advantage of the kite
configuration. There exists only one couple of interfering waves for each useful order. This
leads to an increase of the robustness of the inversion process from spatial derivatives to the
real wave front. In the case of classical quadric wave lateral shearing interferometry, the two
main useful orders (for the x and y directions) are the spatial average of two couples of
interfering waves. Thus, this does not provide more independent derivatives which can be
extracted from the processing.

The next section describes the optical set-up in which the high-resolution diffraction
grating is inserted, to analyze flows.

4. Experimental set-up for flow analysis

The high-resolution holographic grating is inserted in the optical set-up described in Fig. 3.
The set-up is dedicated to the analysis of a small supersonic jet from a nozzle, 5.56mm in
diameter. The laser beam at A = 532nm passes through an acousto-optic cell, is spatially
expanded using the spatial filter SF and is collimated with lens L1 (800mm focal length). In
Fig. 3, the acousto-optic cell is also used to adjust the exposure time of the hologram. The
beam illuminates the test section and crosses once the test section. After passing through and
reflection from the mirror M1, the light is directed to the lens set L2-L3, and then travels into
the cube BS. The beam is reflected by the beam splitter cube BS1 to the reflection hologram
(HRHG). Light is diffracted in reflection mode from HRHG and the diffraction orders are
collected by the lens set L4-L5. The lens assembly L2-L.3-L4-L5 produces an image of the
test section at the sensor plane (1920 x 1440 pixels, sized 3.65um).

The set of lens L4 and LS is arranged in a telecentric configuration (afocal configuration)
and produces an image of the HGHR at a certain distance 6z from the sensor area (refer also
to Fig. 1). Noting G, = f4/fs the angular magnification of the lens set L4-L5, a key parameter
of the set-up is the diffraction angle 6, = aG,/d, which provides the spatial frequency u, =
6y and the spatial shift Ay = adzG,/d, in the sensor plane. The power spectrum density of the
interferogram and the shearing quantities of the waves impacting the sensor are closely related
to these parameters and to the configuration (“square” or “kite”) of the holographic grating
recording. In the set-up Jz is adjusted to 11.2mm. The next section presents experimental
results obtained with the two configurations for the HRHG.
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Fig. 3. Set-up for quantitative phase imaging of flows with the holographic grating (SF: spatial
filter, L1 to L5: lenses, M1: flat mirror, BS: 50% beam splitter cube; HRHG: high resolution
holographic grating).

5. Quality check for the high-resolution holographic grating

In order to evaluate the suitability of the holographic grating for quantitative phase imaging,
two reference holograms were recorded without any flow in the test section with holographic
gratings recorded with configurations n°1 and n°2. Distance a was adjusted to ¢ = 61mm and
do = 1520mm. Figures 4(a) and 4(b) show the experimental configuration for the recording of
the grating with mirrors MP1 to MP4. The interfering orders of Eq. (2) are labeled 1 to 4, 1’
and 2’ in Fig. 4(a) relatively to the interference of waves diffracted from the holographic
grating. Then, the spatial frequency spectrums of the interferograms were computed. Figure
4(c) shows the power spectrum for configuration n°1. The spots are labeled according to that
in Fig. 4(a) and the axis are increased with reduced spatial frequencies. The energy
distribution in the spectrum is quite similar to that obtained in [30]. In this configuration there
are O = 4 useful spectral orders to be processed in Eq. (5). For orders 1,1’ g =1, for 2,2’ g =
2, for 3 ¢ = 3, and for 4 ¢ = 4. Considering the symmetry on the diffraction scheme, we have
0 = ay = Ay, and 03 = ag = V2A, for inputs in Eq. (5). Relatively to the spot numbering, the
spatial frequencies of the useful spectral orders are (u1,v1) = (u0,0), (u1,v1) = (0,up), (u3,v3) = (
+ up,—uy), and (ug,v4) = (+ ug, + up). Figure 4(e) shows the zoom of spectral orders 1,1’ in Fig.
4(a). As can be seen, there exist two energy spots close together. However, from a theoretical
point of view, these spots should be quite superimposed. This is also the case for spectral
orders 2,2°. It appears that the two spectral signatures from on one hand 1 and 1’ and on the
other hand from 2 and 2’ are slightly shifted. Therefore, efficient spatial filtering cannot be
performed, inducing a phase mixing when extracting these orders. So the final reconstruction
of ¥ cannot be obtained. The main reason to this spectral mixing is related to the slight
distance shifts that exist between mirrors MP1 to MP4. It is not possible to separate them for
filtering and to reconstruct the phase derivative map induced by only order 1. If the “square”
arrangement in Fig. 2(a) is not perfectly realized, then this phenomenon occurs. From an
experimental point of view, the perfect square arrangement is not possible since there always
exist some deviations to distance a between the four corners. For this reason the recording
configuration has to be adapted to avoid the spectral mixing. With the “kite” arrangement of
configuration n°2, this mixing has disappeared. Figure 4(b) shows the configuration and the
labeling of the spots according to that in Fig. 4(a). In this configuration there are Q = 6 useful
spectral orders that can be processed in Eq. (5).
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Fig. 4. (a) square configuration with interference labeling, (b) same as (a) for the kite
configuration, (c) spatial spectrum for the square configuration, (d) spatial spectrum for the kite
configuration with axis increased with reduced spatial frequencies, (¢) zoom on the 1,1’
spectral order of the square configuration, (c¢) zoom on the 1 spectral order of the kite
configuration.

Figure 4(f) shows a zoom of the + 1 order. As can be observed, there is no spectral mixing
since the orders are well separated. Accordingly, the spatial filtering can be efficient and the
extracted data can be processed with Eq. (5). The derivative axis x, (¢ = 1...6) is related to the
position of the diffraction orders in the Fourier spectrum. Each axis is referred to the
horizontal axis with an angle y,. The spatial frequency coordinates of the peaks yield the
angle for each order. From this, the exact derivative axis can be computed as shown in Fig. 5.
Considering (u,v), the set of spatial frequencies axis in the Fourier domain, axis u, is
computed with u, = cos(y,)u + sin(y,)v, for use in Eq. (5). The distance of the peak to the
origin of the set of reference axis (u,v) yields the scaling coefficient related to a, and is
proportional to A,. Thus the estimation of the required parameters in Eq. (5) is robust. In
addition, the derivative axes are exactly determined, whatever the experimental configurations
when recording the reflection holographic grating (corner MP3 in Fig. 2(c) does not require
any precise localization).
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Fig. 5. Derivatives axis in the Fourier domain, each color is related to axis that are numbered 1
to 6; illustration of the angle y, with order n°3 and angle ys.

Table 1 gives the parameters attached to these spectral orders (a,,u,,v,,7,) and the related
derivative axis x,.

Table 1. Parameters of the useful parameters for the “kite” configuration

q 0y (ug,vg) Angle y, for derivative axis x,
1 1.0078A0 (+ 1.075u0, -0.0249u0) 1.4144°

2 AO (0, + u0) 90°

3 3.6353A0 (+2.481300,-2.6567u0) -46.9549

4 1.4021A0 (+1.0075u0, + 0.9751u0) 44.0655

5 2.9836A0 (+2.4813u0, -1.6567u0) -33.7298

6 3.0183A0 (+ 1.4776u0, -2.6318u0) -60.6885

6. Experimental results and comparisons with digital holographic interferometry

This section presents experimental results obtained with the “kite” configuration for the case
of the analysis of the supersonic flow of a small vertical jet, at Sbar injection pressure. In
order to get quantitative phase imaging of the phenomenon under interest in the test section,
the experimental process is as follows: “reference” interferogram (without flow) and
“measurement” interferogram (with flow) are recorded by the sensor. First, 2D fast Fourier
transform is computed for the reference hologram in order to localize the useful interference
orders. The phase is extracted and processed for each selected order. Then, the
“measurement” interferogram is processed according to the same scheme. Subtracting the
reference data to the measurement data gives a modulo 2m map of the phase gradient
difference caused by the flow, for each selected order. Modulo 2w phases are unwrapped
before injecting in Eq. (5).

Figures 6(a) and 6(b) show respectively the reference and the measurement interferograms
recorded at a pressure of Sbar when Jz = 11.2mm. Figure 6(c) shows a zoom of Fig. 6a
exhibiting the microscopic fringes of the interferogram. Figures 6(d) to 6(i) show the phase
derivatives extracted from the filtering of the useful orders in the interferogram spectrum
along derivative axis 1 to 4, 1’ [Fig. 6(h)], and 2’ [Fig. 6(1)].
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Fig. 6. Recorded interferograms, and maps of modulo 2z phase gradients obtained for the six
interference orders, (a) reference interferogram recorded without flow in the test section, (b)
interferogram recorded with the micro jet the test section, (c) zoom of the measurement
interferogram exhibiting the structure of the microscopic fringes, (d) phase gradient along g = 1
(order 1 in Fig. 4(d)), (e) phase gradient along ¢ = 2 (order 2 in Fig. 4(d)), (f) phase gradient
along g = 3 (order 3 in Fig. 4(d)), (g) phase gradient along ¢ = 4 (order 4 in Fig. 4(d)), (h)
phase gradient along ¢ = 5 (order 1’ in Fig. 4(d)), (i) phase gradient along ¢ = 6 (order 2’ in
Fig. 4(d)); the gray scale refers to the phase maps.

Each diffraction order in the power spectrum of the interferogram is selected successively
and filtered with a circular binary filter with radius R, = 10mm™" (reduced spatial frequency at
0.0365mm™"). So, the spatial resolution in the reconstructed image is about 50um. By using
the unwrapped phase gradient differences in the selected derivative directions, the
reconstruction of the integrated phase map is possible. For this processing, Eq. (5) is
implemented with the useful data. Then, the integrated optical phase is converted into optical
thickness. Figure 7(a) shows the optical thickness obtained from the experimental set-up and
the use of the 6 useful derivatives extracted from the four-wave mixing interferogram. The
fidelity of the measurement can be appreciated by comparing it with those obtained from two
other interferometric architectures. These architectures use a reference beam, unlike the
proposed method. Figure 7(b) shows the optical thickness measured with a Michelson
interferometer in which the test section is crossed twice [14]. This interferometer is sensitive
to external perturbations. Figure 7(c) shows the optical thickness measured with a “Z”
interferometer based on polarization interferometry and the use of two Wollaston prisms [18].
In this set-up, the test section is crossed only once and the interferometer is quasi-common
path set-up, leading to a reduced sensitivity to external perturbations. The color bar for the
optical thickness is the same for the three results (maximum at 1.2 um). Figure 7 shows that
spatial locations of the structures of compression and expansion waves are similarly
positioned in the three measurements and that they are in good agreement with the knowledge
on this topic [18].
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Fig. 7. Comparison of experimental results obtained for three different interferometric

techniques for a pressure at P = 5 bars, (a) proposed method, (b) Michelson set-up, (c) “Z”
architecture.

7. Conclusion

This paper discusses a shearing interferometric set-up to provide quantitative phase imaging
that was applied to analyze flows. The experimental set-up is based on the use of a high
resolution holographic grating for generating a four wave shear interferogram. The high
resolution holographic grating is designed in a “kite” configuration so as to avoid parasitic
mixing of diffraction order. The selection of six diffraction orders in the Fourier spectrum of
the interferogram allows reconstructing phase gradients along specific directions. The
integration of the phase derivatives yields the absolute phase and the optical thickness.
Demonstration of the proposed approach is carried out for the case of the analysis of the
supersonic flow of a small vertical jet, 5.56mm in diameter. Experimental results were
compared with those obtained with digital holography. First a Michelson set-up, with a twice
crossing of the test section, was used, and last “Z” architecture with only one crossing of the
test section. The experimental results of the three approaches exhibit a very good agreement.
So the proposed approach is able to yield high quality quantitative phase imaging. The
reference-free set-up offers a reduce sensitivity to external perturbation and vibrations; in
addition, 2D Fourier processing of the interferogram provides a real-time capability to the
method. The parameters required for the reconstruction process are robustly evaluated from
the spectral analysis. So, the derivative axes are exactly determined whatever the
experimental configurations of the reflection holographic grating.
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