
PARTICLE CHARACTERIZATION WITH DIGITAL HOLOGRAPHY

Matthew BERG1,*, Nava SUBEDI 1 and Nicholas FOWLER 2

1 Department of Physics & Astronomy, Mississippi State University, Mississippi State, MS, 39762, USA
2 Department of Physics, Kansas State University, Manhattan, KS, 66502, USA

*Corresponding author: matt.berg@msstate.edu

Abstract
This work describes the design and application of an

apparatus to image aerosol particles using digital
holography in a flow-through, contact-free manner.
Particles in an aerosol stream are illuminated by a
triggered, pulsed laser and the pattern produced by the
interference of this light with that scattered by the particles
is recorded by a digital camera. The recorded pattern
constitutes a digital hologram from which an image of the
particles is computationally reconstructed using a fast
Fourier transform. This imaging is validated using a
cluster of ragweed pollen particles. Examples involving
mineral-dust aerosols demonstrate the technique’s in situ
imaging capability for complex-shaped particles over a
size range of roughly 15-500 micrometers.

1 Introduction & Background
The in situ characterization of small particles is a

persistent objective in applied physics and engineering
contexts.  Examples include the determination of
atmospheric aerosol compositions for climate modeling
and the detection of biological weapons agents for defense
applications.  Countless measurements and calculations of
single and multiple-particle scattering-patterns can be
found in the literature.  The overall goal of such work is to
infer information relating to the particles' physical form,
such as size and shape, by analyzing the angular structure
of these patterns [1].  Unfortunately, a fundamental
limitation of this approach is the absence of an
unambiguous quantitative relationship between a pattern
and the corresponding particle properties, i.e., the so-
called “inverse problem.” Consequently, the inference of
these properties from the patterns has proved to be very
difficult in practice, except for the simplest of cases.

Ideally, one would prefer to image the particles directly,
thus eliminating the complexity and ambiguity associated
with interpretation of the scattering patterns.   However,
the typical particle size range of interest for many
applications is roughly 0.1 to 10 micrometer [1,2].  Because
of this, direct images are possible in part of this range only
with high numerical-aperture (NA) optics and
correspondingly small focal volumes.  This typically
requires collection and immobilization of particle samples,
and thus, such imaging is not a practical technique for
particle characterization in applications requiring high

sample thru-put or images of the particles in their
undisturbed form, i.e., in situ images.

Holography is an alternative technique that combines
useful elements of both conventional imaging and
scattering.  Fundamentally, this is a two-step process: First,
an object is illuminated with coherent light and the
intensity pattern resulting from the interference of this
light with that scattered by the particle is recorded.  This
pattern constitutes the hologram, from which an image of
the object is reconstructed.  Traditionally, holograms are
recorded with photographic film due to the film's high
resolution, which is required to capture the finer features
of the interference pattern.  The subsequent chemical
development of the film is costly and time consuming, and
this greatly limits the practical utility of the technique.  For
this reason, Charged Coupled Device (CCD) detectors are
used to record the interference pattern digitally.  The
resulting digital hologram can then be computationally
processed, rather than chemically, to reconstruct an image
of the object.

2 Digital Holography
Recent work by the authors demonstrates the viability

of a holographic technique to image aerosol particles in
situ in a flowing sample-stream [3]. This is done by
digitally recording a hologram of a particle using the
arrangement shown in Fig. 1 below. An aerosol stream is
delivered via a nozzle to a measurement volume where an
optical trigger senses the presence of a particle. When
sensed, a pulsed laser fires, illuminating the particle and
forming a hologram on a Charged Coupled Device (CCD)
sensor. Here, the triggered laser is a 70 ns pulsed Nd:YAG,
frequency doubled to 532 nm. After passing through a
linear polarizer (a), the beam is focused onto a 50 micron
diameter pinhole (c) followed by an iris (d), which
improves the beam's spatial coherence and the subsequent
hologram. The beam is then re-focused several mm from
the nozzle outlet. Thus, the particle is illuminated by
(approximately) a diverging spherical wave emerging
from the beam waist. Then the expanding beam interferes
with the particle's forward-scattered light across the sensor
to produce the hologram, .holoI
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Figure 1 Apparatus developed to capture digital holographic images of flowing aerosol particles in situ. The inset shows the aerosol
nozzle, trigger beams, and eduction tube. Plot (a) shows the measured contrast hologram conI for a ragweed pollen-cluster, which is
processed via Eq. (1) to yield the image in (b). For validation, the same cluster is imaged with an optical microscope in (c).

From ,holoI the particle-free background, or reference
intensity ,refI across the sensor is subtracted to yield a
contrast hologram .conI This step removes most
imperfections in the illumination-beam profile and greatly
improves the particle image. To obtain the image, the
particle's forward-scattered wave amplitude, K, is
computationally reconstructed, inclusive of its phase
information, using the Fresnel-Kirchhoff (FK) diffraction
integral:
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where ,2 k  is a constant, and S, is the two-
dimensional sensor data-set [4]. Here, the coordinate
origin is located at the nozzle outlet in Fig. 1, ),( yx is a
point on the reconstruction plane and ),(  is a point on
the sensor S. A particle is illuminated along the
axisz and the particle-sensor separation is .Lz  If Eq.

(1) is evaluated at a distance of ,2Lz  the particle's near-
field wave is regenerated. Taking the absolute square

,|| 2K then yields an unambiguous image of the particle
analogous to that obtained from conventional light-
microscopy [5].

Figure 1 also shows a demonstration of this imaging
involving a cluster of ragweed pollen particles on a
microscope slide at the intersection of the trigger beams.
Other particle types were investigated, but were done in

aerosol form, i.e., with no slide, to establish the flow-
through, on-the-fly capability of the technique. Examples
here include Tunisian and Saharan sand fragments and are
shown in [3]. More recently, this technique has been
successfully extended to utilize backscattered light [6].

3 Applicatons
The ability of Eq. (1) to reconstruct a particle's near-field

wave amplitude creates the possibility to do more with the
hologram than imaging alone. For example, consider the
particle's extinction cross section extC . This quantity
represents the combined effect of scattering and
absorption resulting in a loss of energy flowing along the
forward direction in a beam. More precisely, this
redistribution of energy is a consequence of the interference
between the incident and scattered waves. Recent work by
the authors in [7] shows that extC can be directly related
to this interference pattern around the forward direction.
But, this pattern is exactly what is measured in the digital
contrast hologram. Thus, the hologram need only be
integrated to obtain an estimate for .extC In this
presentation, we will describe how the cross section can be
extracted from an particle’s hologram simultaneous with
an image of the particle. We will also discuss the
possibility of extracting other scattering observables from
digital holograms.
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