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Abstract
Inclusions in a suspended water droplet are

investigated using digital in-line holography. Holograms
are numerically reconstructed by using the two-
dimensional fractional-order Fourier transform (2D-FRFT).
The reconstructed images are analyzed to extract the size
of the particles and their 3-D locations within the droplet.
Using a long exposure regime, some trajectories of the
inclusions are further experimentally extracted.

1 Introduction
The study of water droplets with inclusions is very

important in many areas. In atmospheric and climate
science, water droplets in atmosphere can contain small
aerosol particles. In biology, small organisms in a liquid
coat can be considered as droplets with inclusions.

In this work, we study inclusions within a suspended
millimetric water droplet. The inclusions that we consider
are calibrated spherical glass particles (of diameters 2, 5, 10
or 20 micrometers). We use digital in-line
microholography [1] to record the diffraction patterns
created by the inclusions present inside the droplet. From
theoretical point of view, the intensity of the diffracted
field in the plane of the CCD sensor is derived
theoretically under Fresnel approximation using the
generalized Huygens-Fresnel integral formalism based on
optical transfer matrices which describe the whole imaging
system. Using a long exposure time, we further show that
we can reconstruct directly some portions of the
trajectories of the inclusions inside the droplet.

2 Results
The experimental set-up is as follows: calibrated

particles are located within a millimetric droplet. The
incident beam is a Gaussian beam emitted by a
Continuous Wave laser (wavelength 642nm). The beam
propagates through an optical system and is focused with
a microscope objective within the suspended water
droplet. A CCD camera is positioned at the output of the
droplet. Digital reconstruction of the holograms is realized
using the two-dimensional fractional-order Fourier
transform (2D-FRFT). The numerical reconstruction can be
viewed as a numerical refocusing on the diffracting
element (particle inside the droplet in this study) [2].

Fig. 1 (a) and (b) show simulated and experimental
holograms of 20µm particles dispersed within a
millimetric water droplet, respectively. Using an optical
transfer matrices based-model, we can evaluate the
optimal order of reconstruction of a particle versus the
distance between the corresponding particle and the CCD
sensor. The optimal order of reconstruction is indeed
linked analytically to the position of the inclusion within
the droplet [2]. Different planes of reconstruction
correspond to different fractional orders. The holograms of
Fig. 1(a) and (b) have thus been numerically reconstructed
by using the 2D-FRFT. Fig. 1 (c) and (d) are the
reconstructed images of (a) and (b) with optimal fractional
orders equal to 0.5 and 0.48, respectively. The calibration
curve giving the longitudinal position of the inclusion
versus the order of reconstruction is given in figure 2.

.
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Figure 1 Simulated (a) and experimental (b) holograms of 20µm
particles. (c) and (d) are the reconstructed images of (a) and (b),
respectively. (e) and (f) are the intensity profiles along x of a
reconstructed particle (from (c) and (d))
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Figure 2 Optimal fractional order of reconstruction versus the
distance between the inclusion and the CCD sensor.

The diameter of each particle can be finally measured
by plotting the intensity profile of the reconstructed
particles as shown in Fig. 3 (a) and (b).

(a) (b)

Figure 3 (a) and (b) are the intensity profiles along x of a
reconstructed particle (from Fig 1 (c) and (d) respectively).

When the exposure time is much longer than the time
necessary for grabbing the particle at one location, the
diffraction pattern is spread along the trajectory of the
particle [3]. Fig. 4(a) shows an experimental hologram
recorded when the exposure time is 0.20s. After optimal
reconstruction, we can further observe the trajectories of
different inclusions in different longitudinal planes (Fig. 4
(b)-(d)), which correspond to the different axial positions
of the inclusions from the CCD sensor. The axial positions
of the reconstructed particles in Fig. 4 (b), (c), and (d) are
13.81mm, 13.76mm, and 13.60mm, respectively. From the
trajectory of the particles and the value of the exposure
time, we can finally evaluate the transverse velocity of the
inclusions.

3 Conclusion
By using digital in-line holography, the 3D-position and

the trajectory of particles inside a droplet can be obtained.
This technique should allow the 3D vizualisation of the
capture of particles by droplets in real-time in the future.
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Figure 4 (a) is the hologram of 20µm particles inside a
millimetric droplet, with a long 0.20s exposure time. (b),(c), and
(d) are the reconstructed images in different longitudinal planes
corresponding to the fractional orders 0.73, 0.735, and
0.75,respectively.
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