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In extreme supersonic, hypersonic, or explosive environments, the presence of gas-phase
shocks cause coherent imaging distortions and inhibit object tracking. In this work, we aim to
remove these distortions by measuring the relative phase of the light using digital phase-sensitive
holography techniques including a two-step phase-shifting technique and a single-shot polar-
ization phase-shifting technique. Once the phase of the shock-wave is acquired, the distortion
is numerically canceled from the image and the un-distorted object image is recovered. This
work discusses the theory, provides simulation results, and presents preliminary experimental
data showing how this concept can be applied to remove shock-wave phase distortions created
by supersonic air jets.

I. Introduction
IGITAL holography includes a class of quantitative techniques [1, 2] for object sizing and three-dimensional object
tracking in multiphase flows [3-9] and combustion systems [10—13]. As the conditions become more extreme in
supersonic, hypersonic, or explosive environments [[14], however, the shock-waves and other density gradients begin to
distort coherent images, as illustrated in Fig. [Il. This, in turn, makes it more difficult to image objects of interests, such
as droplets, particles, explosively generated fragments, or other objects.

One interesting technique that has been applied to remove these distortions is phase-conjugate digital in-line
holography (PCDIH) [15-17]. In this technique, the imaging beam is passed through the object, shock-wave distortion,
and a phase-conjugate (PC) mirror. The PC mirror reflects light with the conjugate phase. When this light passes back
through the shock-wave distortion, the phases cancel and the distortion is significantly reduced. The minor distortions
that remain in the image are associated with light refraction from the edges of the shock-wave and the shock-wave
motion during the laser light time-of-flight back and forth from the PC mirror [16]. Although PCDIH works well for
single-shot in situ phase distortion cancellation, it has a high degree of complexity, utilizes nonlinear four-wave-mixing
phenomena, requires high laser energies, and is difficult to scale to ultra-high repetition rates [16]. Therefore, alternative
techniques need to be explored for phase distortion cancellation.

One possible approach for phase distortion cancellation is to measure the phase directly and then numerically cancel
the distortion. There are several existing methods for measuring phase with holography; these are typically used for
microscopy or for examining biological systems. One method for measuring phase is the angular spectrum method,
which uses filtering of the angular spectrum to measure and reconstruct the amplitude and phase numerically [18]. Han
et al. [[19], utilize a different two-step phase-shifting method that requires four interferograms recorded sequentially on
two cameras to calculate phase for image reconstruction. While this method and other similar methods work well on
stationary objects [20, 211, they are ill-suited for high-speed applications. A separate class of parallel phase-shifting
techniques or polarization phase-shifting techniques [22-30], utilize a single polarization-imaging camera to record
several holograms at different polarizations simultaneously. Phase-shifting algorithms are then used to construct the
amplitude and phase. In addition, it is also possible to collect phase information by tilting the reference beam with
respect to the object beam (off-axis configuration [31-36]) to generate tight interference fringes. Separate images with
different phases are then generated from different locations within in the interference fringes. While these techniques
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Fig.1 Shock-waves and other phase distortions in coherent imaging applications, like digital in-line holography,
tend to distort images of absorptive objects. A) In the simplified setup, B) the refocused hologram of a vertical
wire (only the wire is shown) can be C) distorted by a laser-spark plasma-generated shock-wave [15].

provide methods for measuring phase, there has been little work on utilizing the phase measurements for numerical
distortion cancellation. Sdnchez-Ortiga et al. [37], for example, utilize a pure-optical phase canceling technique with a
telecentric lens architecture. However, this type of technique used to cancel known imaging system distortions cannot
be used to cancel shock-wave phase distortions that can change from test to test.

The digital phase-sensitive holography techniques described earlier have a few advantages over PCDIH approaches.
First, high laser energies are not needed, since digital phase-sensitive holography utilizes linear optical phenomena.
Therefore, the measurement techniques tend to be more scalable for multiple views and ultra-high repetition rates.
Second, direct phase measurements enable estimation of density distributions inside a shock-wave. Digital phase-
sensitive holography, however, also has several disadvantages including high precision positioning requirements, image
registration requirements across multiple cameras, or image interpolation requirements when using a polarization
camera. PCDIH is inherently an in situ technique, which means that successful distortion cancellation can be viewed
immediately but also means that there will be significant laser-light time-of-flight effects. Phase holography does not
suffer from laser-light time-of-flight effects, which can potentially lead to more complete distortion cancellation.

In this work, we outline the theoretical foundations for phase-sensitive holography techniques and demonstrate
simulations that show how phase disturbances can be numerically cancelled. Different topologies including a two-step
phase-shifting technique and a single-shot polarization phase-shifting technique are discussed. The techniques are
compared with the aim of achieving digital phase distortion cancellation with a single laser shot, minimizing setup
complexity, and increasing phase measurement signal-to-noise. Finally, experiments are conducted to illustrate
application of digital phase-sensitive holography for the removal of phase distortions generated by supersonic air jets.

I1. Digital In-line Holography

A. Propagation and Refocusing

In digital in-line holography (DIH), a reference laser beam with an electric field of R(x,y) = A, (x,y)e'**7¢! is
passed through a field containing amplitude or phase objects of interest. Here, k = 27/ A is the wavenumber, A is the
wavelength, and w is the frequency. Each object has a transmission function #(x, y) = e~ @X-¥)+14(.Y) with absorption
a(x,y) and phase ¢(x, y) properties. When the light diffracts off of the particles forming the object wave, the propagation
of light follows the Fresnel-Kirchhoff diffraction function [38] that can be approximated as,

O(X,y, Z) = (R(-x’y> : t(x’y)) ® gf(X, Y, Z)' (1)

Here, ® is the convolution operator, gr = F 71 (G), and G is the kernel defined in Eq.(). The electric field of light
contains both amplitude and phase information. However, the electric field cannot be directly measured. The intensity
of the interference pattern I.(x,y) = |O(x, y, z..)|* representing the raw hologram collected downstream at z.., however,
can be measured with a digital in-line holography topology [1, 2]. In DIH, the intensity images can be numerically
refocused in z to produce three-dimensional holograms from two-dimensional raw images using,

Eh(.X,y,Z) = [IC(x’y)R*(x’y)] ®gb(x’y,Z)’ (2)

where EJ, is the reconstructed amplitude, R*(x, y) is the planar conjugate reference wave, and g, = FT~'(G*). The
refocused images can then be visualized using the amplitude A;, = |Ey|. While Ej, is complex, it does not provide a
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Fig. 2 Simulated results utilizing traditional digital in-line holography algorithms (Eq.(2)) are demonstrated.
A) The raw intensity hologram taken at the camera imaging plane and B) the numerically refocused image at
the wire image plane showing shock-wave distortions are illustrated. The simulation contains a wire at z = 0 mm,
spherical shock-wave at z = 20 mm, and camera at z = 40 mm.

true reconstruction of O(x, y, z) because it contains symmetric twin holograms at +z and —z and does not preserve the
original phase information from the object wave.

The z-location of each absorptive or scattering object can be found when edges come into focus. Numerically, this
can be done by optimizing a focus metric that minimizes amplitude and maximizes edge sharpness [39]. Additional
algorithms can then be used to determine particle size, improve dynamic range, track particle velocity, and correct
biases [40—42]. Overlapping objects are very difficult to quantify as the diffraction patterns from one object will tend to
obscure the diffraction patterns from another object. In these cases, multiple imaging beams [8, 43] can potentially be
used. If a phase object overlaps with an absorptive object, however, the phase delays will severely distort the edges of
the absorptive object making it difficult to determine the shape and z-depth [[15]. Thus, when working with both phase
and amplitude objects, alternative numerical techniques are needed.

B. Digital In-line Holography Simulations

For the initial simulations, a vertical wire and a spherical shock-wave generated by a laser spark are utilized as the
amplitude and phase object, respectively [16, 38]. The former is created as a thin wire and the latter is created as a
constant-density spherical shock-wave phase distortion (generated as a phase disk located at a single fixed z-plane
surrounded by light refraction at the edges, which is modeled as absorption), both placed at different distances from the
camera. Here, the wire is located at z = 0 mm, the shock-wave is located at z = 20 mm, and the camera located at
z = 40 mm. The MATLAB simulations for the raw hologram captured at the camera plane is illustrated Fig. 2. When the
raw hologram is numerically refocused via traditional DIH algorithms using Eq.(2) to the wire image plane, as shown in
the right-most image of Fig. 2, some distortion of the wire can be seen along with the out-of-focus spherical shock-wave
phase distortion. From this set of images, it is clear that traditional DIH algorithms cannot be used to separate the
contributions of the shock-wave from the wire. This simulated configuration, however, serves as an excellent test-case
for alternative numerical phase cancellation techniques and allows results of different techniques to be compared.

I11. Two-step Phase-shifting Digital Phase Holography

One promising technique for measuring phase distortions is a two-step phase-shifting method originally proposed by
Han et al. for cell microscopy [19]. In this method, two separate cameras at different z-positions are used to capture two
images each at different phase shifts (four images total). Using this method, it is possible to reconstruct the electric
field of the original object wave, and thus extract the phase contributed by the shock-wave distortion. Because the
original method requires two images per camera, it is ill-suited for single-shot applications. However, it can be expanded
for use on stationary phase distortions, such as stationary shock-waves. Alternatively, it can also be modified into a
single-shot four-image technique. This can be implemented using four cameras or by mapping four holograms onto the
same camera.
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Fig. 3 Experimental setup for the two-step phase-shifting method is shown. (HWP-half wave plate; PBS—
polarizing beam splitter; L1-50 mm focal length lens; L.2—400 mm focal length lens; BS—beam splitter)

A. Experimental Setup

A two-camera, two-step phase-shifting setup is illustrated in Fig. 3. In this arrangement, 532 nm coherent laser light
is passed through an attenuator to control the intensity and polarization. Then the beam is spatially filtered, expanded,
and collimated into a Mach-Zehnder interferometer. One of the legs of the interferometer is used as the reference beam
while the other leg contains the object area, where a variety of phase distortions can be measured. With this arrangement,
two pictures must be captured by each camera, camera A and camera B. For the two-step phase-shifting method, the
image planes for the two cameras need to be placed at different distances from the vertical wire and shock-wave. This can
be done by adjusting the camera lens focus or by physically shifting the camera z-location for lens-less implementations.

B. Simulation Results
To calculate the phase disturbance from the collected holograms, a two-step phase-shifting numerical algorithm [19]
is implemented. In this method, four interferograms represented by Eqs.(3)), (@), (8)), and (6) are implemented as,

La(x,y.21) = 0(x,y.20)]* + [RI* + (0(x,y.21)) R* + (01" R, 3)
Ip(x,y.21) = [0(x,y.20)]* + [RI* = (O(x,y.21)) R* = (021" R, @)
ha(x,y.22) = [0(x,y.2)* + |R* + (0(x,5.22)) R* + (02" R, )
Dy(x,y.22) = [0(x,y,22)]* + [RI* = (0(x,5.22)) R* = (O2") R. (©)

The first two equations represent images taken with camera A at distance z; from the camera to the shock-wave
using different w-phase shifts. The second two equations represent images taken with camera B at distance z, using
different w-phase shifts. In the case of simulations done in this work, the object wave O is the same as the one shown
previously in the DIH simulations prior to conversion to intensity (Fig. 2). The intensities of these four interferograms
are shown in Fig. 4. Next, the original object wave at the shock-wave plane is estimated using Eq. (7)) and the diffraction
kernel in Eq.(8) such that,

FT{L, — hp}G(~21) = FT{l14 — I1,}G(~z2)

FT{O(x,y, ZS)} = Z(G(Zz — Z]) - G(Zl - ZZ)) ’

N

G(z) = £27iz/ D) 1—(,1u)2—(/1v)2. )

Here, u and v represent spatial coordinates in the frequency domain. By taking an inverse Fourier transform of
Eq. (7), the original object wave can be calculated containing the amplitude and phase components located at the
shock-wave plane z;. The reconstructed object image at the wire-plane and the calculated phase for O at the shock-wave
plane are shown in Fig. 5. The figure on the left shows the in-focus shock-wave edges and the out-of-focus wire. The
right image shows the phase measurement at the shock-wave plane. With additional numerical processing and advanced
phase unwrapping techniques, it is possible to use this method for phase measurements of the density gradient in the
shock-wave.
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Fig. 4 Four simulated interferograms collected via the two-step phase-shifting method are illustrated. Inter-
ferograms A) and C) are collected at a distance of z = 40 mm (z; = 20 mm) using camera A and are shifted from
each other by a factor of 7. Interferograms B) and D) are collected at a distance of z = 45 mm (z; = 25 mm)
using camera B and are also shifted by a factor of 7 from each other.

i A Refocused Phase

Fig.5 A) Numerically refocused hologram from the two-step phase-shifting simulations using O at z = 20 mm
is shown. B) On the right is the numerically refocused simulated phase distribution of the object wave O at
z = 20 mm.

IV. Single-Shot Polarization Phase-Shifting
Another method for capturing the phase uses the single-shot polarization (parallel) phase-shifting technique, which
involves collecting multiple interferograms simultaneously from a single polarization camera [23]. This technique is
easier to apply in high-speed environments where objects or phase distortions move quickly. Polarization phase-shifting
digital holography has been used to obtain time-resolved images of compressed gas flow [23], which indicates its



potential for dynamic shock wave imaging. In this technique, a polarization-imaging camera is used to record multiple
holograms simultaneously. The holograms are extracted from the camera and interpolated before phase-shifting
algorithms are used to reconstruct the object wave.

A. Experimental Setup

An experimental setup which utilizes a polarization camera for phase-sensitive digital holography is shown in Fig. .
Similar to the setup shown in Fig. 3, 532 nm coherent light is passed through an attenuator to control intensity and
polarization. This beam is also spatially filtered, expanded and collimated into a Mach-Zehnder interferometer. One leg
(reference beam) of the inferometer is passed through a half wave plate, while the other leg (object beam) passes through
the object area containing a wire and a stationary air jet. By passing the reference beam through a half wave plate, a
7/2 phase shift is generated. The object and reference beams then recombine and pass through a quarter wave plate to
induce a 7/4 phase shift, producing clockwise and counterclockwise polarizations. The polarization camera, which has
alternating pixels with different polarization orientations, captures four inter-laced holograms with four different phases.

B. Simulation Results

To reconstruct the object wave, a parallel phase-shifting numerical algorithm is used. Similar to the two-step
phase-shifting numerical algorithm, this method requires four interferograms represented by Eqs.(9), (10), (11]), and
(12). Here, the intensity at each pixel can be calculated as,

Io(x,,20) = 10(x,y,2) - € + R, ©)
Is(x.y.2) = 10(x,.2) - €' F + RI', (10)
Le(x,y,2¢) = |0(x,y,2) - €™ + R[’, (11)
I (x.y.20) = 0. y.9) - ¢ F + R, (12)

where z is the image plane of the camera. Each of these interferograms represents an intensity image separated by a
phase shift of 7, as simulated in Fig.[7. The interferograms are comprised of the sum of the original object image with
the phase shift and a reference beam. Individually, each interferogram only contains intensity information from the
object wave. However, using all four interferograms, the reconstructed object wave can be found using Eq. (13),

5(x,y,Zc)=(Io—1n)—i(I%—13%). (13)

The resulting reconstructed object wave (O) now contains both the intensity data and the phase data of the hologram.
While the object wave can be reconstructed using fewer than four images [28, 29], these alternative techniques require
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Fig. 6 Experimental setup for the single-shot polarization phase-shifting method is shown with a polarization
camera. Images are taken with a pixel array with alternating polarization orientations as seen above. (HWP-
half wave plate; QWP-quarter wave plane; PBS—polarizing beam splitter; L.1-50 mm focal length lens; 1.2-400
mm focal length lens; BS—beam splitter)
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Fig. 7 Four simulated interferograms collected via the single-shot polarization phase-shifting method are
illustrated. Each interferogram is a raw simulation image taken at the camera imaging plane (z, = 40 mm).
Each interferogram is separated by a phase shift of 7 and governed by Eqgs.(9), (10), (11), and (12).
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Fig.8 Numerically refocused images from the single-shot polarization phase-shifting simulations using Eqgs. (13)
and (14) are illustrated. The image on the left shows the in-focus shock-wave edge as well as the out-of-focus wire
(z = 20 mm). The image on the right shows the measured phase of the shock-wave and the phase contributions
of the out-of-focus wire (z = 20mm).

more complex relatively intensity calibrations. In this technique, the phase of the object wave collected at the camera
image plane can be calculated by using,

_ In—1
o(x,y,2¢) = tan™' [ L= |, (14)
112{ - 1377(



In Fig. 8, the image on the left shows an out-of-focus vertical wire and an in-focus circle representing light loss due to
refraction from the shock-wave edges. In this plane (which can be determined by finding where the shock-wave edges
come into focus) the phase distortions only exist in the phase image and not in the amplitude image. However, if we
were to propagate forward or backward away from this plane, the phase distortions would propagate into the amplitude
images, which is the root cause of the distortions. The phase shown in the right image of Fig. [§ contains both the
circular phase disk and the phase generated by the out-of-focus wire. In the future, the phase contributions of the wire
can potentially be removed to show only the contribution of pure phase objects, like shock-waves or density gradients in
the air. While the mathematical process used to generate the object wave in this example is different from the two-step
phase-shifting procedure, the resulting amplitude and phase are similar.

V. Phase Cancellation via Conjugate Multiplication

While previous work has focused on quantifying the phase disturbances in holograms, little effort has been made to
cancel these phase distortions in a extreme environments. Using the reconstructed object waves from the two techniques
discussed above, both phase and amplitude data is now available. Because phase data is retained (and not lost in the
case of absorption), phase cancellation is possible if the object wave is known.

One method for phase cancellation utilizes conjugate multiplication. In this technique, the electric field is numerically
refocused to the center of the shock-wave plane, where it is multiplied by its conjugate, as shown in Eq. (15). This
technique and other similar methods do not require the user to know the shape or density distribution in the shock-wave,
only the location of the shock-wave plane (typically located where the shock-wave edge comes into focus) needs to be
known. The resulting electric field contains a constant phase at the plane of the shock-wave distortion such that,

Onp=0"-0, (15)

where Oy p is the object hologram without any phase disturbance and the object wave O derived from any technique
can be used (O or 0). Once these phase distortions are removed from the shock-wave plane via cancellation, they will
not propagate distortions to the wire plane, which then produces undistorted wire images.

The conjugate multiplication process illustrated in in Eq. (16) shows how the the transmission function of the
reconstructed object hologram #(x, y) = e~¢XY)+1(.¥) and its conjugate can be combined into a new transmission
function containing twice the absorption and no phase elements,

tnp(x,y) = e~ HENTIOEY) | gmaloyIrig(xy) — p=2a(xy), (16)

This result is similar to the physical processes occurring in PCDIH [16] where the conjugate wave passes back through
the distortions. In the case of PCDIH, passing the beam back through the object area doubles the absorption losses but
removing any phase disturbances. However, in this numerical distortion removal process, a single-shot image can be
taken to replicate this process without any time-of-flight delays.

Fig. 9 Simulated holograms are refocused to the wire focal plane. This data shows successful distortion
cancellation from data gathered using A) the two-step phase-shifting method and B) the polarization phase-
shifting method.



While this method for distortion cancellation is simple, it assumes that the phase distortion can be approximated as
located in a single plane. Additionally, it also removes some phase contributions from the wire, which is undesirable.
For more complex shock-wave and object configurations, more advanced alternative methods for calculating and
correcting the object wave should be used. Nevertheless, the reconstructed images showing successful shock-wave
distortion removal via phase-sensitive hologram acquisition (two-step phase-shifting and polarization phase-shifting)
and conjugate multiplication are shown in Fig. 9. No phase distortions from the shock-waves can be seen on the wires in
this figure, which is a direct contrast to Fig. 2B. The visible rings from losses at the shock-wave edges (modeled as
absorption), however, are still visible. Although the implementation of the two phase-shifting methods differ, the final
phase-distortion-cancelled images are similar.

VI. Experimental Results
Preliminary digital phase-sensitive holography experiments were conducted by imaging a vertical wire through an
underexpanded supersonic air jet produced by a 1.5 mm (design Mach number = 1) nozzle at 90 psig. The single-shot
polarization phase-shifting experimental setup shown in Fig. [6 was used for this experiment because it is less sensitive
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Fig. 10 A) The raw hologram of a vertical wire with a stationary shock-wave distortion in front as collected by
a polarization camera is shown. B) The four interferograms at 0, 7/2, 7, and 37 /2 that are obtained through
cubic interpolation of the original raw image are also illustrated. C) This is used to reconstruct the object wave
using Eq. [13/and is shown as an amplitude image.
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Fig.11 Numerical refocusing is illustrated using DIH (top) and phase-sensitive holography (bottom). The DIH
images at both the shock-wave and wire plane appear significantly distorted while the phase-sensitive holography
images that were corrected using conjugate multiplication appear distortion-free in both the shock-wave plane
(Mach disk is visible) and the wire plane (wire edges are un-distorted).



to misalignment (requires less precision) and can be captured with a single shot. Using a 532 nm continuous wave
laser, single-shot images were captured with a FLIR Blackfly S Polarization Camera (pixel pitch of 3.45 um) with an
exposure of 72 us. The camera has four-directional polarizers that splits a group of four pixels into grids with four
different /2 phase shifts, as shown in Fig. f. To compile the interferograms seen in Fig. 10B, all the pixels from a
specific polarized state are grouped together. The missing pixels in between are filled in using two dimensional cubic
interpolation [23]. Using the reconstruction method outlined in Eq. [I3] the electric field in Fig. [I0C containing both
intensity and phase information is calculated. Applying conjugate multiplication phase correction to the reconstructed
field at the center of the Mach cone yielded the distortion-free vertical wire in the bottom row of Fig. [I1|.

In order to determine the effectiveness of the distortion removal technique, DIH images in Fig. [[ 1] were acquired for
comparison. The DIH images were captured by blocking the reference beam, only allowing the object beam to reach the
camera (DIH is a self-referencing technique). Refocusing the hologram to the wire location reveals a distorted wire edge
where the shock-wave distortion intersects, as shown in Figure I 1. From initial qualitative analysis, the edge of the wire
for the DIH images appear significantly more distorted than that of the images where conjugate multiplication phase
correction was applied. The images obtained through phase-sensitive holography also have the distinct advantage over
DIH of having a clear, in-focus shock-wave edge (Mach disk is clearly visible) when the image is propagated to the
shock-wave image plane, as shown in Figure [T1.

VII. Conclusion

In this paper, phase-sensitive holography techniques were explored as a method for numerical phase distortion
removal. By using 7/2 shifted interferograms, the electric field containing both intensity and phase data was found.
By propagating the electric field to the shock-wave distortion plane and applying conjugate multiplication, the phase
distortions were effectively canceled. This distortion correction method was effectively applied to simulations for
polarization (parallel) and two-step phase-shifting topologies. Preliminary experimental results gathered using a
polarization (parallel) phase-shifting experimental setup and a polarization camera showed the ability to numerically
remove the distortions cause by a stationary supersonic shock-wave. Conjugate multiplication was applied at the
shock-wave plane to generate these results.

This technique has the potential to open avenues for three-dimensional tracking of supersonic multi-phase flows
without the use of a complicated and expensive PCDIH setup. This is especially applicable to supersonic, hypersonic,
and explosive environments. Ultimately, further experimental results in more extreme conditions are needed to determine
the advantages and disadvantages of this numerical distortion removal technique.
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