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Given the need for a simple and fieldable diagnostic that can enable the study of ultrahigh-speed phenomena in
three dimensions, this work presents experiments and simulations to optimize and demonstrate a digital in-line
holography system with an acquisition rate of 1 million frames per second. The system is used to study the collision
of a supersonic projectile and its bow shock with 1 mm diameter water droplets. The holograms acquired are three-
dimensionally reconstructed and de-twinned to analyze shock wave phenomena in these supersonic impact events
and demonstrate the potential of ultrahigh-speed digital holography as a robust technique to probe complex shock
wave dynamics and droplet breakup. ©2021Optical Society of America

https://doi.org/10.1364/AO.417304

1. INTRODUCTION

Since the late 1960s, holography has been the most promising
imaging tool for dynamic three-dimensional (3D) particle
fields where details of small disperse objects in large volumes are
required [1]. Holography makes it possible to essentially freeze
a volume of space, enabling the microscopic study of dynamic
events in three dimensions at an instant in time. Advances in
electronic imaging systems, computers, and memory have led to
the advent of digital holography [2] that offer many advantages
associated with digital media. Holograms can now be recorded
on small lightweight charge-coupled device (CCD) or comple-
mentary metal–oxide semiconductor (CMOS) arrays at very
high rates and can be processed in real time.

Digital holography offers many variations for the study of
dynamic events in 3D. These include in-line [3,4] and off-axis
holography [5], a wide range of both temporal and spatial
resolutions, single shot, simultaneous multiple shot [6], and
high-speed video [7]. In-line (Gabor) holography is the sim-
plest of the methods in terms of implementation, while off-axis
holography offers the benefits of better signal-to-noise ratio.
Image holography, in which lenses are employed to manipulate
the effective position of the hologram, can help reduce recording
distances [8], albeit at the expense of optical aberrations. Various
types of optical filtering, such as coherence filtering and ballistic
imaging, enable viewing deep within extremely dense volumes
that can be almost optically opaque [9]. The out-of-focus twin
image that occurs in digital reconstructions limits the infor-
mation that can be extracted from a holographic record and
can be removed using experimental [10] and numerical [11]
methods. Every technique enhancement comes with a trade-off
in complexity and cost.

Recent breakthroughs in electronic imaging sensors [12]
have enabled extremely fast acquisition rates [13] to study

high-speed dynamic events. These technologies combined
with novel imaging techniques have led to the development of
various ultrahigh-speed imaging systems suitable for a variety of
applications. For example, Gao et al.[14] demonstrated a com-
pressed ultrafast photography (CUP) imaging technique that
can capture 350 frames of a dynamic scene in a single camera
exposure without active-illumination at 100 billion frames per
second (fps). CUP works by encoding the spatial domain with a
pseudo-random binary pattern, followed by performing a shear-
ing operation in the temporal domain using a streak camera with
a fully opened entrance slit. This technique was improved by
integrating compressed sensing with the Radon transformation
[15] to perform 10 trillion fps compressed ultrafast photography
(T-CUP) in a single camera exposure. An even higher capture
rate (70 trillion fps) and sequence depth (1000 frames) has been
demonstrated by synergizing spectral encoding, pulse splitting,
temporal shearing, and compressed sensing in a method called
compressed ultrafast spectral photography (CUSP) [16]. This
technique performs spectral dispersion in the direction orthogo-
nal to temporal shearing, or spectro-temporal compression, to
further improve capture rate. In another study [17], multiple
CCD cameras have been employed to produce a 15 trillion fps
capture rate without the need for fast-response or fast-scanning
components. This was achieved by a method termed framing
imaging by noncollinear optical parametric amplification
(NCOPA) where a noncollinear arrangement of multistage
optical parametric amplifiers pumped by a sequential laser pulse
train allowed the conversion of information in the sequential
frames into spatially separated idler images. An overview of the
main techniques developed to perform ultrahigh-speed imaging
at up to trillions of fps can be found in the work of Faccio and
Velten [18].
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Advances in high-speed imaging technology and illumina-
tion systems have created opportunities for developing ultrafast
digital holography systems. Such systems can be a very powerful
tool for 3D object and particle field measurements [19,20]
in multiphase processes occurring in supersonic, hypersonic,
and explosive environments [21,22]. The first high-speed dig-
ital holographic interferometry system was reported in [23]
employing a continuous wavelength laser and a high-speed
CMOS camera to acquire 4000 fps videos at 512� 512 pixel
resolution. Various high-speed digital in-line holography (DIH)
systems using continuous wavelength lasers and high-speed
cameras since then have been introduced with acquisition
speeds of 6200 fps [24], 20,000 fps [25], and 100,000 fps
[26,27] and large sequence depths to study drop evaporation,
impact fragmentation, and aero-breakup processes. The 3D
morphology of liquid drops in similar events has also been
investigated [28,29] using a double-pulsed particle image
velocimetry (PIV) laser synchronized with a double-exposure
camera setup. These systems provided a pair of holograms with
interframe times of several microseconds.

A few studies have been able to produce ultrahigh-speed
digital holography systems for time-resolved, 3D measurements
in hypersonic environments. In situ quantification of explosively
generated metal fragment fields was performed in [30] using
a DIH system with two PIV lasers and cameras (four pulse
configuration). This system captured a pair of 2048� 2048
pixel holograms with an interframe time of 200 ns (5 million
fps) at each sensor. 3D particle field measurements in debris
clouds created by hypervelocity projectile impacts in a two-stage
light-gas gun were investigated in [31]. Here an 8 ns pulse width
laser and a CMOS camera sensor were synchronized to capture
a single hologram of a 2.5 km/s debris cloud at 4872� 3248
pixel resolution. An ultrahigh-speed tomographic holographic
particle image velocimetry (TDHPIV) system was developed
in [32] that captured a 102 consecutive frames at 500,000 fps
to study the 3D flow kinematics of solid particles in a super-
sonic under-expanded jet flow. Here digital in-line holograms
were recorded from different viewing directions to overcome
the depth-of-field limitation otherwise imposed by the digital
recording array resolution in conventional DIH. With advances
in pulse-burst laser technology [33], a megahertz-rate phase
conjugate digital in-line holography (PCDIH) technique was
introduced in [34] to study explosively generated hypersonic
fragments and laser-spark plasma-generated shock waves. In
this setup, a coherent beam was passed through the test area,
reflected off a phase conjugate mirror and passed back through
the test area to minimize imaging distortion from phase delays.
Holograms were then captured using a high-speed-camera at up
to 5 million fps by operating a pulse-burst laser at 5 MHz. Such
lasers, however, are extremely complex, expensive, and difficult
to maintain, which can drive the cost of operation very high.

Given the need for a simple and cost-effective diagnostic
that can capture ultrahigh-speed phenomena in 3D, the overall
objective of this work is to develop and demonstrate an ultrafast
digital holography system that can perform high-speed time-
resolved measurements and that is fieldable in various types of
large-scale ground-test facilities such as shock tubes, ballistic
ranges (light-gas guns), and wind tunnels. Experiments and
simulations are performed to inform the design of a DIH imag-
ing system that can maximize the field-of-view with sufficient

resolution to perform sub-millimeter digital reconstructions
with de-twinning capabilities. This system can deliver a total of
128 consecutive frames with a resolution of 400� 250 pixels at
a capture rate of up to 1 million fps. The setup is used to probe
complex shock wave dynamics in an ultrahigh-speed event: the
collision of a supersonic projectile with 1 mm diameter water
droplets. Digital reconstruction with de-twining is used to show
the creation of elliptical shock waves from individual projectile-
drop impacts, which superimpose to form a complex shock
wavefront and interfere with the projectile’s bow shock. Since
these 3D physical features are observed only in digital recon-
structions, the diagnostic will serve as an extremely important
tool and capability to aid in future developments of hyperveloc-
ity flight technology including investigations of hydrometeor
demise during aero-breakup and corresponding flow-fields near
the vehicle surface that cause hypersonic erosion.

2. APPROACH

Since the object field is expected to be mostly transparent in
these experiments, we employed an in-line holography con-
figuration where light passing through unscattered acts as the
reference wave. The ultimate choices of the laser and camera,
however, are critical decisions since these determine the cost and
capability of the system. We chose the Shimadzu HPV-X2 as
our ultrahigh-speed camera for its capability to capture at a rate
of 1 million fps with a 400� 250 pixel resolution and a 32 �m
pixel size. While these specifications, particularly pixel size, are
extremely good for delivering light sensitivity at ultrahigh frame
rates, they become a limitation in holographic measurements
where the resolution must capture at least one diffraction fringe
of the object covering an area equal to or greater than one pixel
for digital reconstruction. Thus, while sensors with smaller
pixel sizes and high resolution are optimal for digital hologra-
phy, binning them to form larger pixels with a lower resolution
is important to achieve low-light temporal resolution. This
low-light sensitivity is essential since the camera ideally works
with a Cavilux HF high-speed illumination, which is a pulsed
diode laser light source producing 640 nm, low-coherence
light with a 50 ns minimum pulse width at 1 million pulses per
second. Given coherent illumination is extremely important
in digital holography, determining the amount of light that
can be sacrificed at the expense of spatial filtering to increase
spatial coherence and have sufficient luminosity remaining to
perform megahertz-rate imaging is another challenge. These
trade-offs lead to a number of design parameters required by an
ultrahigh-speed digital holography system:

1. The maximum frame rate possible while having suffi-
cient pixel resolution to perform sub-millimeter digital
holographic reconstruction.

2. The maximum field-of-view possible at this resolution as
well as the optics required to provide resolution, to increase
field-of-view at reduced resolution, and to accommodate
stand-off distance in larger facilities.

3. The spatial coherence of the high-speed illumination device
chosen to produce interference patterns for digital holo-
graphic reconstruction, and improvements such as spatial
filtering that leave sufficient light to record at 1 million fps.
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A. Conceptual Systems Analysis and Design

To determine the maximum field-of-view possible for an in-
line holography setup using the Shimadzu HPV-X2 camera
with enough resolution to perform digital reconstruction, we
employed practical algorithms [35] to simulate holograms of
a spherical drop subjected to a plane wave. By definition, the
object wave and reference wave share the same optical axis in in-
line holography. Figure 1 displays an in-line holography scheme
of a point source with plane waves. Part of the incident wave is
scattered by the object, producing the object wave O while the
unscattered part creates the reference wave R . The object and
reference waves interfere behind the object plane .x ; y / creating
an interference pattern that is recorded as the hologram by the
detector plane .X ; Y / at a given distance, z. The distribution
of the incident wave can be represented by Uincident.x ; y /, and
the object can be described by a transmission function [36] such
that

t.x ; y /D exp.�a.x ; y // exp.i�.x ; y //; (1)

where a.x ; y / represents the absorption and �.x ; y / the phase
distribution as the wave is scattered. The incident wave remains
unchanged where there is either no object or where a.x ; y / and
�.x ; y /D 0 such that the transmission function t.x ; y /D 1.
If the object transmission function is described in terms of a
perturbation Qt.x ; y / imposed on the reference wave such that

t.x ; y /D 1C Qt.x ; y /; (2)

the wavefront distribution beyond the object can be represented
mathematically using separate contributions from the reference
and object waves as [35]

Uexit.x ; y /DUincident.x ; y / � t.x ; y /

DUincident.x ; y /CUincident.x ; y / � Qt.x ; y /. (3)

A plane wave can be represented by a complex-valued dis-
tribution exp.i.kx x C ky y C kzz//, where kx , ky and kz

are its vector components (k D 2�=�, where � denotes the
wavelength) [35]. kx D ky D 0 for an optical axis along the plane
wave propagation, and choosing zD 0 at the object location, we
get Uincident.x ; y /D 1. The exit wave using Eq. (3) then follows
as Uexit.x ; y /D t.x ; y /.

Wave propagation from the object plane (x , y ) toward the
detector plane (X , Y ) can be described by the angular spectrum
method [37], or in other words, the propagation of its spectrum.
The scattering vector components given as

Ek D
2�

�
.cos ’ sin �; sin ’ sin �; cos �/; (4)

where ’ and � are the azimuthal and polar angles in the
spherical coordinate system, respectively, correspond to the
Fourier domain coordinates .u; v/ as cos’sin� D �u and
sin’sin� D �v. .�u; �v) are the directional cosines of the
vector Ek and, thus, follow .�u/2 C .�v/2 � 1. The propaga-
tion of the exit wave to the detector plane can be carried by the
following transformation [37]:

Udetector.X ; Y /D FT�1

�
FT.t.x ; y //

� exp

�
2� i z
�

q
1� .�u/2 � .�v/2

��
; (5)

where the term exp
�

2� iz
�

p
1� .�u/2 � .�v/2

�
has to be simu-

lated.
The achievable lateral resolution imposed by the diffraction

limit in DIH is defined as [38]

RTheoretical D
�z

N1
D
�z

S
; (6)

where N denotes the number of pixels, 1 is the pixel size, and
S D N1 is the hologram side length. In reality, the achiev-
able resolution is governed by the mechanical stability of the
optical setup, which can be evaluated by analyzing the Fourier
spectrum of a hologram [39]. If the highest frequency umax

noted in the Fourier spectrum occurs at pixel P from the spec-
trum center, its coordinate is given by umax D1 f P , where
1 f D

1
N1 D 1=S is the pixel size in the Fourier domain. Using

the classical Abbe criterion [40] given by R D �
2sin�max

, where
�max is the maximum possible angle of the scattered wave and the
expression sin�max D �umax, we get [35]

RSystem D
1

2umax
D

S
2P

. (7)

Fig. 1. In-line hologram of a point source with plane waves.
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Fig. 2. Object and simulated in-line hologram of a spherical 1 mm diameter drop by a plane incident wave for different demagnifications in a
lens-less system.
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Therefore, the lateral resolution of a hologram can be deter-
mined by locating the highest visible frequency in its Fourier
spectrum.

The first fringe in the diffraction pattern occurs when the
scattered and unscattered ray differ in pathlength by one wave-
length. In order to perform digital reconstruction, the resolution
of the hologram should at minimum be able to capture at least
one interference fringe. A larger number of fringes recorded will
translate to a better depth resolution in digital reconstruction.
As a minimum threshold for our reconstruction purposes, we
choose to capture at least four interference patterns herein,
beyond which the view observed by each pixel becomes larger
than the interference fringe width.

For small �, tan � D sin � D �, so yn D .n�z/1=2 (see Fig. 1).
The distance between consecutive fringes can be represented by

ynC1 � yn D T..n C 1/�z/
1
2 � .n�z/

1
2 U. (8)

The maximum number of fringes nmax recorded on the imag-
ing sensor from the center of the hologram are then given by the
value of n, where

.ynC1 � yn/�1. (9)

In-line hologram simulations of a 1 mm diameter spheri-
cal object subjected to a plane incident wave are presented in
Fig. 2. The simulations are conducted using the angular spec-
trum method for 640 nm wavelength planar light falling on a
400� 250 resolution Shimadzu HPV-X2 camera sensor having
a pixel size of 32 �m. The object-to-hologram distance is set to
1 m, and the demagnifications are varied from a 1:1 to 7:1 ratio
in incremental steps [Figs. 2(a)–2(g)]. The position of the high-
est frequency visible in the Fourier transform of these simulated
holograms are used to determine the system resolution [Eq. (7)],
which along with the theoretical diffraction limit resolution
[Eq. (6)] and maximum number of fringes captured [Eq. (9)] are
given in Table 1.

As observed in Fig. 2, the fringes become difficult to capture
as demagnification is increased. Fine fringes on the outer edges
and the object shape itself are particularly affected by the change
in effective resolution as early as a 3:1 ratio is captured. The
hologram resolution (RSystem) as expected becomes increasingly
coarser with demagnification while the maximum number
of fringes captured decrease. In order to record at least four
fringes as a criterion for digital reconstruction purposes, the
Shimadzu HPV-X2 can be used to capture approximately a
75 mm diameter field-of-view for holographic imaging. This

Table 1. In-Line Hologram Simulation Results for
Different Demagnifications

Demagnification
Lateral

Field-of-View (mm)
RTheoretical

(�m)
RSystem

(�m) nmax

1:1 12.8 50 98.5 156
2:1 25.6 25 121.9 39
3:1 38.4 16.7 153.6 17
4:1 51.2 12.5 196.9 10
5:1 64 10 228.6 6
6:1 76.8 8.3 256 4
7:1 89.6 7.1 280 3

corresponds to a maximum demagnification of 6:1, beyond
which the fringes become extremely difficult to record.

It is noteworthy to mention that this prediction assumes that
the light being used has a high coherence in a lens-less system.
In reality, the coherence of light will be lower, and using lenses
to observe a larger area may introduce aberrations that reduce
the ability to create sharp interference fringes and, hence, recon-
struct accurately. The actual maximum field-view that can be
captured by the Shimadzu camera for holographic reconstruc-
tion will be lower than this theoretical estimate. The resolution
of depth reconstruction depends on the number of fringes
captured and, therefore, may be low at this limit for the system,
which can be increased at the expense of lower demagnification.
The user will, therefore, have to determine the trade-off between
the maximum field-of-view captured and resolution of depth
reconstruction according to the nature of the problem being
investigated.

3. OPTICAL BREADBOARD EXPERIMENTS

A. Laser Coherence

The light source used in digital holography plays a critical role
in the quality of the interference pattern produced, affecting the
ability to perform high quality reconstruction where a certain
degree of coherence is needed to produce sharp reconstructed
images. We performed preliminary spatial coherence exper-
iments with the Cavilux HF high-speed laser illumination
system to evaluate its use in digital holography.

Figure 3 shows the experimental setup used to observe the
diffraction pattern produced by a human hair. For spatial fil-
tering to improve spatial coherence, light produced by the
Cavilux HF laser is focused onto different pinhole sizes using a
20� microscopic objective. The diverging rays are collimated
by a 4 in. diameter bi-convex lens before they interact with an
approximately 80 �m thick human hair. The holograms are
captured using the Shimadzu HPV-X2 camera 1.5 m away at a
rate of 1 million fps with a 80 mm macro lens.

The average cross section intensity distribution of the inter-
ference pattern can be used to measure the degree of spatial
coherence from fringe visibility [41] given as

�D
Imax � Imin

Imax C Imin
; (10)

where Imin is the minimum valley value and Imax is the neighbor-
ing maximum. The value of � accordingly ranges between 0–1,
where 0 represents spatial incoherence and 1 a complete spatial
coherence.

Figure 4 shows interference patterns produced by a human
hair for light spatially filtered by 300 �m and 100 �m diameter
pinhole sizes at a 1 million fps capture rate. The fringe pat-
tern improves significantly using the smaller pinhole. Spatial
coherence values obtained from the corresponding normal-
ized intensity distribution reveal �D 0.147 for a 300 �m
pinhole and �D 0.223 for a 100 �m pinhole. Although the
spatial coherence increases with the decrease in pinhole size,
the minimum pinhole size that can be used for ultrahigh-speed
holography is limited by the amount of light incident on the
camera sensor. Figure 5 shows that fringes recorded using a
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Fig. 3. Experimental setup for hair diffraction experiments using Cavilux HF high-speed illumination. Close-up of hair is shown on the right.

Fig. 4. Interference pattern produced by spatial filtering using 300 �m and 100 �m diameter pinhole sizes with normalized average cross section
intensities on the right.

100 �m pinhole enable acceptable digital reconstruction of the
hair strand.

Two different methods were further investigated to deter-
mine if the laser coherence could be further increased. The first
method involved removing the optic guide on the Cavilux HF
laser to capture light directly from the laser diodes. Although the
energy wasted in the optic guide could be recovered in this man-
ner, the spatial coherence reduced significantly as the array of
diodes on the laser head became visible and were recorded in the
image background. This made reconstruction extremely noisy
even after subtracting the reference beam. The second method
involved capturing more light by increasing the field-of-view.
Since a higher sensor illumination was achieved in this way,

the smallest usable pinhole size could be reduced to a 50 �m
diameter producing even sharper interference patterns and,
thus, a higher spatial coherence.

B. Twin-Image Problem

While in-line holography can be used to perform 3D mea-
surements, a major drawback of the technique is the so-called
inherent twin-image problem, which adds noise to the recon-
structed image and limits the information that can be extracted
from a holographic record. This occurs due to symmetric rea-
sons where the reconstruction process always includes two
images, the first being a real, orthoscopic image of the object and
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Fig. 5. Digital construction of the hair strand.

the second being a virtual, pseudoscopic image of the object,
also known as the twin image. The twin image is out of focus
in the real image plane while the real image is out of focus in
the twin-image plane. Therefore, the real image reconstruction
is always obscured by its out-of-focus twin image. This effect
can be noted in Fig. 5 where the image of the reconstructed
hair strand is superimposed with an out-of-focus interference
pattern apparent in the original hologram.

The twin and object image can be separated experimentally
by employing off-axis holography [42] or additional lenses [43]
and subtracting a second hologram created from the recon-
struction [44]. Such setups, however, are difficult to employ in
facilities with large stand-off distances, like gas guns or shock
tubes, which this study aims to use in the future. Furthermore,
the use of additional lenses in holography should be avoided
as they introduce unwanted optical aberrations. An alternative
experimental method to suppress the twin-image problem
entails capturing holograms at different wavelengths [45] but
also poses significant challenges in implementation. Most
numerical methods proposed so far to diminish the twin-image
problem are confined to purely absorbing objects [46,47] and
neglect corresponding phase shifts to give a crude estimation of
physical reality. We employ an iterative numerical scheme [36]
that calculates the field propagation between the detector and

object plane to update the phase value of the complex-valued
wavefront in the detector plane. This technique to remove
unwanted artifacts caused by the twin image is superior to
previous methods since it allows numerical reconstruction of
holograms without making any assumptions about the object.

The following steps are employed herein to suppress the twin
image in holographic reconstructions [36]:

(i) The amplitude A0.X ; Y / is obtained from the square
root of the normalized hologram, and the phase �.X ; Y /
is initially taken as that of the known reference wave to
form the complex input field as Ci .X ; Y /D A0.X ; Y /
exp.i�.X ; Y //.

(ii) Ci .X ; Y / is propagated to the object plane using the
angular spectrum method to give ti.x ; y /D FT�1�
FT.Ci .X ; Y // exp

�
2� i z
�

p
1� .�u/2 � .�v/2

��
, where

ti .x ; y / is the complex-valued transmission function.
(iii) The object absorption is extracted as ai .x ; y /D
�ln.jti.x ; y /j), and the phase shift is extracted as
�i .x ; y /D arg.ti .x ; y //.

(iv) Since absorption cannot lead to increased amplitude in a
scattering process following the principle of energy conser-
vation, a constraint can be applied on the amplitude such
that ai .x ; y /� 0. Therefore, negative values of absorption
resulting from interference between the twin image and
reference wave are replaced by zeros to give an updated
absorption a 0i .x ; y /. Phase values are not changed such that
�0i .x ; y /D �i .x ; y /.

(v) The absorption and phase distribution are recombined to
produce a new transmission function for the object given by
t 0i .x ; y /D exp.�a 0i .x ; y // exp.i�0i .x ; y //.

(vi) This transmission function is used to calculate the complex-
valued wavefront in the detector plane as C 0i .X ; Y /D

FT�1
�
FT.t 0i .x ; y // conj

�
exp

�
2� i z
�

p
1� .�u/2 � .�v/2

���
.

(vii) The updated phase value is then extracted as �iC1 D

arg.C 0i .X ; Y //. This is used as the input phase for the
next iteration cycle to eventually reach its true value with
increasing iterations.

Iterative reconstructions of the normalized hair diffraction
hologram to remove the twin image are shown in Fig. 6. The
reconstructed amplitude obtained using the conventional
angular spectrum method is shown in Fig. 6(a) while those
obtained after the first and fifth iteration of the twin-image

Fig. 6. Iterative twin-image suppression in holographic reconstructions of a hair strand. (a) Reconstruction using the angular spectrum method of
the normalized hair hologram. (b) Reconstruction after first iteration. (c) Reconstruction after fifth iteration.



Research Article Vol. 60, No. 9 / 20March 2021 / Applied Optics 2679

numerical scheme are given in Figs. 6(b) and 6(c), respectively.
As observed, the differences are dramatic just after the first
iteration where the superimposed interference patterns caused
by the out-of-focus twin image are removed to a large extent. By
the fifth iteration, the amplitude distribution becomes almost
free from twin-image disturbances. This produces a sharper hair
image with better contrast where intrinsic hair features such as
the individual scales become noticeable. These results indicate
that the iterative numerical scheme implemented can be used
to suppress the twin image in holographic reconstructions and
obtain unobscured 3D information of an object from just a
single hologram record.

C. Droplet Generation

The megahertz-rate digital holography system was then used
to perform a series of experiments imaging a high-speed event
where the collision of a supersonic projectile and its bow shock
with water droplets was investigated in 3D as a case study.

To produce water droplets of a selectable size (�1 mm),
we constructed a Dabora generator [48]. A schematic of the
Dabora-type droplet generator device constructed for pro-
ducing large droplets is shown in Fig. 7(a). A vessel of water is
pressurized by a compressor to provide a feed flow into a droplet
generator chamber that has multiple small tubes through which
water jets are produced. A loudspeaker is attached to the droplet
generator chamber and vibrates it with a sine wave of selectable
frequency. Vibrating capillary devices producing single streams
of uniform drops are based on the instability of capillary jets.
The frequency for maximum instability following Rayleigh’s
criterion [49], also known as the optimum frequency, to form
drops of uniform size is given by

fopt D
V j

4.508D j
; (11)

where V j is the jet velocity and D j is the jet diameter that is equal
to the inner tube diameter in this study. The minimum velocity
required to form a capillary jet is given by [50]

Fig. 7. (a) Schematic of shock wave-droplet interaction experiments. (b) Images of droplets produced by Dabora-type droplet generator for various
oscillating frequencies (D j D 0.50 mm).
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Fig. 8. Mean droplet diameter versus oscillation frequency. Error
bars represent standard deviations.

V j D

�
8�

�D j

�1=2

; (12)

where � and � are the surface tension and density of the liquid,
respectively. The droplet diameter produced at the optimum
oscillation frequency for a given volume flow rate through the
tube, Q, is then given by [51]

Dd D

�
6Q
� f

�1=3

. (13)

Images of droplets produced by the Dabora-type drop-
let generator with an inner tube diameter of 0.50 mm for
increasing driving frequencies are shown in Fig. 7(b). The
optimum frequency in theory to produce regular sized drop-
lets from Eqs. (11) and (12) at the corresponding minimum
jet velocities is 468 Hz. As noted qualitatively, the drops are
noticeably distorted at 350 Hz, show a bipolar size distribu-
tion at 400 Hz and become uniformly sized at 450 Hz near the
optimum frequency. The variation in size and shape of droplets
increases as the frequency is further increased. Investigating
this phenomenon quantitatively, Fig. 8 shows the mean and
corresponding standard deviation of droplet sizes with respect
to increasing oscillation frequencies. As expected, the devia-
tion in droplet sizes decreases close to the optimum frequency.
The droplet sizes produced have a mean diameter of 0.97 mm
at 468 Hz. These are in good agreement with the theoretical
prediction of 0.96 mm diameter droplets at fopt D 468 Hz for
D j D 0.50 mm.

4. RESULTS

We performed in-line holography experiments imaging at
1 million fps to capture the collision of a supersonic projectile
with 1 mm diameter water drops produced by a Dabora gener-
ator. A schematic diagram of this arrangement is presented in

Fig. 9. (a) Front and (b) side views of the experimental setup for shock wave-droplet interaction experiments. (c) View of the Dabora generator
chamber.
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Fig. 10. In-line holograms of the supersonic projectile, its bow shock, turbulent wake field, and falling droplets captured at 1 million fps. (b) Close-
up view of the in-line hologram at tD 0 �s.

Fig. 7(a). Front and side views of the experimental setup and
a close-up of the Dabora droplet generation chamber are also
shown in Figs. 9(a)–9(c), respectively. The air rifle fires a super-
sonic 4.5 mm diameter projectile (4.5 mm caliber projectile)
traveling at 375 m/s that is preceded by a bow shock. A sensitive
microphone placed close to the path of the projectile senses the
change in pressure as the bow shock passes by and relays the
signal to the trigger generator. The trigger generator then sends a
5 V TTL signal to the Shimadzu HPV-X2 camera at which point
recording at 1 million fps commences to capture a total of 128
frames at 400� 250 pixel resolution. The total duration of the
video recorded is accordingly 128 �s. The projectile passes close
by or collides with 1 mm diameter droplets generated by the
Dabora chamber being oscillated at 658 Hz by the loudspeaker.
The chamber is pressurized via a PVC tube connection to a
pressurized tank, which is operated using an air compressor. A
wooden back stop prevents the projectile from traveling beyond
the experimental area. The Cavilux HF laser produces 50 ns
pulses of 640 nm wavelength light at 1 MHz pulse frequency.
Spatial filtering is performed by focusing the beam on a 50 �m
diameter pinhole with a 20X microscope objective. A pair of
4 in. diameter achromat convex lenses collimate the beam and
demagnify the imaging sensor’s field-of-view. The stand-off
distance from the light source to the drops is 75 cm, from the
drops to the imaging sensor is 105 cm, and from the drops to the
focal point of the convex lens is 18.79 cm. The images recorded
are compared with simulation results and digitally reconstructed
at different depths.

Figure 10(a) presents a series of in-line holograms at a 5.82
demagnification ratio captured by the Shimadzu HPV-X2

Fig. 11. Comparison of an experimental 1 mm diameter drop holo-
gram (taken from Fig. 10) and a simulated hologram for a 5.82 demag-
nification ratio lens system.

camera at 1 million fps of a projectile traveling at approximately
375 m/s, its bow shock, turbulent wake, and the 1 mm diameter
falling droplets. A close-up view at t D 0 �s is also presented
in Fig. 10(b). As observed, multiple interference fringes can
be noted in the hologram around the drops, projectile, its bow
shock, and trailing shocks. To investigate the hologram of an
individual drop in more detail, Fig. 11 presents a comparison
between an experimental and simulated hologram for the lens
system used. As observed, both holograms show excellent agree-
ment in terms of the overall fringe patterns formed and the
object projection. The validation shows that these simulations
can be used to produce hologram reconstructions for differ-
ent system specifications with good accuracy. The number of
fringes observed in the experimental hologram, however, are
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Fig. 12. Digital reconstruction of the in-line hologram presented in
Fig. 10 (tD 0 �s) at (a) 195.8 mm, (b) 201.1 mm, and (c) 205.7 mm
from the convex lens focal point. Angular spectrum reconstructions are
on the left (see Visualization 1 for reconstructions spanning a duration
of 128 �s.). Twin-image suppressions are on the right.

significantly lower in comparison to the simulated result. This
is expected since the quality of interference fringes produced in
reality is affected by the coherence of light and lens aberrations,

which the simulations here do not account for. Hence, although
the theoretical estimation of nmax is 9, the maximum number
of fringes actually recorded for the drop is 4. This still meets our
criterion for digital reconstruction purposes. The experimental
hologram is also less bright than the simulated result since spa-
tially filtering the laser beam to improve coherence leaves light
available for ultrahigh-speed imaging.

Fig. 12 shows reconstructions of the in-line hologram in
Fig. 10(b) at different depths using the angular spectrum
method (left) and de-twinning numerical scheme (right). The
angular spectrum method reveals different features of the bow
shock, trailing shock, and turbulent wake field to become appar-
ent over the depth range reconstructed since these structures
span much larger volumes as compared to the drops and the
projectile for this field-of-view setup. The projectile comes
into focus at a distance of 195.8 mm from the convex lens focal
point while the drops come at 205.7 mm. Different vortical
structures meanwhile can be observed in the turbulent wake
field between 195.8� d � 205.7 mm. Since these reconstruc-
tions are superimposed with their out-of-focus twin image, they
include additional interference patterns that do not correspond
to the objects being examined. For example, there are multiple
fringes present around the bow shock where the second and
third fringe from the projectile head reveal an increasing axial
separation near the shock tip with increasing radial distance
from its axis of symmetry. These unwanted fringes obscuring the
bow shock can be suppressed using the twin-image numerical
scheme, which is also noted to highlight the presence of multiple
compression waves branching out from the projectile’s surface
with an increase in cross-sectional area.

Figure 13 presents a series of in-line holograms, reconstructed
images, and twin-image suppressions in the droplet plane to

Fig. 13. Series of holograms and reconstructions showing the impact of a supersonic projectile with a 1 mm diameter droplet. (a) In-line holo-
grams, (b) reconstructions using the angular spectrum method, and (c) twin-image suppressions in the droplet plane (205.7 mm depth). The red
arrows in (c) indicate the interaction of the elliptical shock waves (created by drop impact and fragmentation) with the bow shock.

https://doi.org/10.6084/m9.figshare.14040254
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Fig. 14. Angular spectrum reconstructions (left) and twin-image suppressions (right) in droplet plane before and after initial impact for an off-axis
collision with two drops. The time of impact is taken as the reference frame (tD 0 �s).

Fig. 15. Inter-shock distance between the bow shock wavefront and
drop impact shock wavefront with time.

analyze a collision event with the supersonic projectile. The pro-
jectile makes contact with its curved surface along the horizontal
axis and behind the front view at t D 0 �s. The drop fragments
into a fine mist during this event that emanates from the point of
contact on the projectile surface. The impact and fragmentation
creates an elliptical shock wave that interferes with the bow
shock as early as 4 �s from impact (see red arrows in Fig. 13).
This drop impact shock advances into the bow shock appearing
as a distinct bulge with time. The ability to observe such features
in the digitally reconstructed images [Figs. 13(b) and 13(c)]
demonstrates the potential of digital holography as a robust tool
to understand complex shock wave dynamics.

To analyze the ensuing interaction of the drop impact shock
and projectile bow shock, Fig. 14 presents angular spectrum
reconstructions and twin-image suppressions from an off-axis

collision between the projectile and two closely spaced drop-
lets. Again, the droplets fragment upon impact into a fine mist
appearing as a dark region on the recording sensor. The individ-
ual drop impact shocks produced, however, first superimpose
with each other to form a complex shock wave shape (t D 7 �s).
A 3D scan of this event created by reconstructing the hologram
at several depth planes is shown in Visualization 2. This shock
wave advances toward the bow shock with time until the net
effect of super-positioning impedes further growth of the drop
impact shock relative to the bow shock. This causes the bulge
resulting from the drop impact shocks to recede while the shape
of the bow shock becomes more conical. By tracking the posi-
tion of the drop impact shock wavefront in Fig. 14 with respect
to the bow shock wavefront from reconstructions in the projec-
tile plane, we can determine the inter-shock distance between
the two phenomena with respect to time in Fig. 15. The inter-
shock distance ahead of the projectile decreases to a minimum
of�0.5 mm at t D 9 �s from impact following which the drop
impact shock becomes relatively slow. These results indicate that
the bow shock-layer thickness can be affected momentarily in
projectile-drop impact events and that the flow trailing close
behind the bow shock (up until�0.5 mm in this study) is very
dense.

5. CONCLUSION

This study presents experiments and simulations to optimize
and demonstrate a megahertz-rate DIH system. Spatial filtering
of a low-coherence monochromatic pulsed light source (Cavilux
HF) is performed by focusing light onto different micrometer-
sized pinholes. The trade-off between increase in coherence to
produce sharp interference patterns and light sacrificed at the

https://doi.org/10.6084/m9.figshare.14040287
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expense of spatial filtering is used to determine an optimal aper-
ture size that can allow holographic acquisition with light levels
sufficient for digital imaging at up to 1 million fps. Simulations
based on the angular spectrum method are performed for vari-
ous demagnifications to inform the design of a DIH system that
can maximize the field-of-view with sufficient pixel resolution
to perform sub-millimeter 3D digital reconstructions. An excel-
lent agreement is obtained between experimental and simulated
holograms in terms of the overall fringe pattern formed, thereby
validating the technique in producing and reconstructing holo-
grams for different system specification with good accuracy.
The number of fringes observed in experiments, however, is
lower in comparison to simulated results since the simulations
do not account for lens aberration issues and the degree of light
incoherence. The in-line holograms are digitally reconstructed,
and the inherent out-of-focus twin images are suppressed using
an effective de-twining algorithm. The DIH system developed
is used to analyze the collision of a supersonic projectile, its bow
shock, and trailing expansion shocks with a 1 mm water drop
produced using a Dabora generator. The drop fragments into
a fine mist upon colliding with the projectile. This creates an
elliptical shock at the point of contact. Digital reconstructions
with de-twinning show how the drop impact shock propagates
into the bow shock until the two waves superimpose, changing
the overall shape of the bow shock in the process. Given these
features are observed only in the reconstructed holograms indi-
cates the potential in using ultrahigh-speed digital holography
as a robust tool to understand complex shock wave dynamics.
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