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ABSTRACT
This paper discusses a whole-field measurement technique that is capable of simultaneously sizing and
positioning multiple transparent droplets on a plane from scattered light features that are independent of laser
beam intensity and obscuration. Light scattered by reflection and refraction from droplets immersed in a laser
sheet is recorded holographically to yield the smallest possible probe volume and the correspondingly largest
number density. The holographic images of the droplets may be reconstructed at their image or focused plane, in
which case the droplets appear as two spots, sometimes referred to as glare points whose separation is
proportional to the droplet diameter. The holographic images may also be reconstructed at an out-of-focus plane,
in which case the droplet images appear as fringe patterns whose frequency is related to droplet size. The choice
of reconstruction plane is predicated on the resolution of the medium and by convenience. The technique would
yield the distribution of droplet size versus position on the measurement plane. The two imaging planes (without
reference beam) are shown in Figure 1.

Figure 1. Left: Shadowgraph of droplet in laser light sheet illustrating the focused spot mode. The reflected
(left) and refracted (right) spot can clearly be seen. Right: Fringe-mode recording of droplet. The two
spherical waves generate a pattern of fringes whose number is related to particle size.
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1.

INTRODUCTION

The ability to measure the size distribution of droplets on a plane would be valuable in spray combustion and
other applications. Laser sheets have been used for decades to illuminate particle fields and the size of the
particles has been estimated from the amount of light scattered by each particle. Unfortunately, nonuniformity of
the laser sheet intensity and the complexities associated with Mie scattering impose serious limitations to the
usefulness of this technique. A preferred approach is to measure the droplet size from features that are intensityindependent therefore making the measurement immune to laser beam intensity and obscuration. Glover et al.
(1995) presented an elegant solution to this problem. Their interferometric laser imaging droplet sizer (ILIDS)
captures photographic images of the far field fringe pattern associated with each droplet. The number of fringes
within each image is related to droplet size. They applied the ILIDS technique to sparse sprays to limit the
overlap among droplet images. As they pointed out in their paper, the images could be quite large in order to
measure the large number of fringes associated with large particles. To mitigate this problem of image
overlapping, Maeda et al. (2000) used cylindrical optics to compress the signal in one direction. An alternative
and possibly a more versatile approach is to use holography to record the scattered light features. Thus, the
reconstruction of the images could be made at a plane that optimizes image size and particle size information.
The first paper based on the holographic technique was presented in Lisbon, Hess (1998). The present work
discusses the implementation of digital holography in this application. For a discussion of digital holography
refer to Kreis and Jüptner (1997) and Kebbel et al. (1999). Digital holography is real holography where the
object and reference wavefronts are recorded on a CCD sensor producing an intensity pattern from which
diffracted wavefronts can be later reconstructed mathematically. This results in access to a third dimension that
gives the user the option to reconstruct the object at a convenient plane. For the present application the object
consists of scattering features from droplets, which can be reconstructed at a plane where particle overlapping
can be avoided or filtered out.
The holographic technique was originally called Planar Image Particle Analyzer (PIPA). The general
configuration of PIPA is given in Figure 2. A laser sheet illuminates the particles and their scattered light (the
object beam) is collected by a receiver of f-number (f/#) placed at a collection angle θ. A beamsplitter mixes the
reference beam with the object beam to form the hologram.
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Figure 2. Schematic of PIPA.
Each of the transparent droplets immersed in the laser sheet will scatter light that is refracted and reflected thus
yielding either a fringe pattern (fringe mode; defocused particle images) or two distinctive spots (spot mode;
focused particle images) for each particle. The two phenomena (without reference beam) are shown in Figure 1
above.
The fringe count or fringe frequency and/or the separation between the two spots yield the droplet size. Because
of the 3-D capability of holography one can choose to reconstruct the scattered light to show either the fringe
pattern or the two spots, depending on the resolution of the recording medium and filtering requirements to
avoid the overlapping of particle images. Unlike photography, holography permits recording signals in the far
field with subsequent reconstruction and analysis of the complex wavefront at any convenient plane.
In PIPA, focused particle images appear as two point light sources that are separated by approximately 90% of
the particle diameter. If the resolution of the recording medium is not adequate to record two closely spaced
spots, the measurement strategy can shift to recording the scattered light away from the image plane where the
light emanating from the two spots interferes to produce a fringe pattern. Thus, at an out–of–focus plane, the
particles appear as a fringe pattern. Size information can subsequently be obtained from the fringe frequency.
With photography, one can only record and examine one measurement plane. The problem of measuring the
out–of–focus plane with photography is that for high particle concentration, the areas corresponding to
individual particles overlap, making the fringe analysis difficult at best and impossible under some conditions.
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2.

VALIDATION OF THE METHOD BY OPTICAL HOLOGRAPHY

At the initial stage of this research, we conducted experiments with an optical holographic setup to validate the
technique and compare the spot-mode and fringe-mode analysis.
2.1 Experimental setup
An off-axis optical holography system has been set up as shown in Figure 3.
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Figure 3. Schematic diagram of optical layout for optical holography PIPA. Laser: Continuum Surelite II (532
nm); M1, M2, M3 and M4 are folding mirrors; BS, beam splitter; L1 and L2: vertical beam expander –
50 mm cyl/300 mm cyl; L3 and L4: horizontal beam condensor, 560 mm cyl/–40 mm cyl; L5 and L6:
beam expander, –50/500 mm; L7: CCD camera lens, f=55 mm. CCD camera or eyepiece is used in
reconstruction mode to evaluate data.
2.2 Single glass bead
A controlled experiment with a single 250 ± 3 µm glass bead placed in the probe volume was run under the
following conditions: Collection angle θ = 30°, receiving f# = 4.85, magnification = 5, and the holographic film
perpendicular to the optical axis of the lens. Results:
•
•
•

The separation between spots at the image plane was measured with an eyepiece to be 1 mm.
The number of fringes contained within the interference area was estimated to be 79.
The particle diameter of a glass bead was calculated from both the spot separation and from the number of
fringes according to the following relationships:
d =1.24spot separation/Magnification =1.241mm/5 = 248 µm
d =1.24#fringesf#λ =1.24794.850.532 = 253 µm
For water droplets at θ = 30°, the first factor changes from 1.24 to 1.15 due to difference in index of refraction.
2.3 Calibrated glass reference spheres
A series of holography experiments with 40 µm
2.8 µm NIST traceable glass micro-spheres was conducted
by injecting a stream of the glass reference spheres into a 650 µm thick probe volume made from a pulsed YAG
laser operating at 532 nm. A laser diode intersecting the light sheet orthogonally was used to trigger the laser
pulse for the holographic exposure. By using the holographic technique, both the spot mode and the fringe mode
of particle measurements could be performed on the same particle and compared. The holograms of the glass
reference spheres were developed using conventional darkroom processing. The holography plates were
processed, dried, and then returned to the plate holder used in recording for evaluation. A 10 mw DPSS laser
was used for the reconstruction of the hologram. Its wavelength matches that of the recording laser. The
holographic data from the glass particles were then analyzed. The measurement of the spot separations was done
by imaging the focused spot pairs on a CCD camera. To obtain accurate calibration against a known distance
standard, a 1951 USAF resolution target was then placed in the probe volume and digitized.
The spacing between the two spots showed very little deviation between the particles. All of the spot separation
measurements were within the ±7% specification of the micro-spheres. We then converted the spot separation
into an actual particle diameter, yielding a mean value of 39.9 µm with a minimum of 38.9 µm and a maximum
3

of 42.4 µm. Figure 4 shows the reconstructed images largely at the image plane where each particle appears as
two spots.

Figure 4. 40 µm calibrated glass spheres in the spot mode.
The same particles were then analyzed using the fringe mode. To do this, the CCD camera was moved back until
the defocused spots created interference fringes. The maximum displacement in the out–of–focus direction was
used to obtain large fringe spacing, the limits being the images becoming too dim or overlapping with
neighboring particles. We counted between 10.5 and 13 fringes in the out–of–focus images. Note that some
extrapolation is necessary as fringes often end between cycles. Figure 5 shows a fringe-mode image.

Figure 5. 40 µm calibrated glass spheres in the fringe mode, showing fringe counts. Expected number of fringes
is 11.4 fringes ±0.8 fringes.
The mean diameter computed from the number of fringes was 41.1 µm with a minimum of 36.9 µm and a
maximum of 45.7 µm. Figure 6 summarizes these results.
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Figure 6. Size measurements of 16 calibrated glass spheres by holographic technique in the spot mode and the fringe
mode.
These results are very encouraging. They show that a very versatile droplet sizing technique is possible with
holography. However, the processing and reconstruction of holographic films still takes an amount of time and
work that may make the technique impractical for industrial inspection. Also, to get a good exposure, we could
not work at the optimum observation angle of θ=68º, since the laser pulses were not strong enough; a
commercial system would therefore need a very powerful, expensive, and heavy laser. For these reasons, we
went on to explore the possibilities of recording the holograms directly on a CCD sensor and reconstructing
them numerically in the desired plane. The test data are then available in digital form from the very beginning
and tremendous benefits can be expected with respect to processing time; the obvious drawback is the much
lower resolution and dynamic range of CCD cameras; also, the digitization of data can be expected to raise new
questions.
3.

DIGITAL HOLOGRAPHY

When an interference wavefield is recorded on a CCD sensor, we obtain the intensity distribution h(ξ ,η), where
h stands for hologram, and ξ and η are the hologram-plane coordinates. The reconstruction process is performed
by multiplication of the stored h(ξ ,η) with the numerical description of the reference wave r(ξ ,η) and numerical
reconstruction of their interference at a certain plane with a distance d' , Goodman and Lawrence (1967),
Kronrod et al. (1972), Kreis and Jüptner (1997).
Care must be taken to keep the spatial frequencies within the resolvable range. Holographic emulsions can
record up to 5000 line pairs/mm and put virtually no restraint on the allowable angle between the object and
reference waves; but with CCD cameras, the resolution goes down to ¥ 60 lp/mm. The maximum permissible
angle between the object and reference wave, θmax , is calculated according to

θ max = 2 arcsin

λ ,

2P

(1)

where λ is the wavelength and P is the period of interference fringes, which must be ¾ 2 pixels on the camera
used. For a pixel spacing of 7.4 µm, typical of a high-resolution CCD camera, we obtain θmax ¥ 2º.
The diffracted field b'(x', y') in the image plane (reconstruction plane of the real image) is given by the RayleighSommerfeld diffraction formula
b' ( x ' , y ' ) =

1
iλ

∫∫ h(ξ , η )r (ξ , η )g ( x' , y' , ξ , η ) cos θ dξ dη ,

(2)

where λ is the wavelength, and g(x',y',ξ,η) is the impulse response function. The obliquity factor, cos θ, can usually
be set to cos θ =1 due to the small angles between the optical axis and the rays from the hologram to the image
points.
The impulse response function is
g ( x ' , y ' , ξ ,η ) =
5

exp(ikρ )

ρ

cos θ ,

(3)

where k = 2π/λ denotes the wave number and

ρ = d ' 2 + (ξ − x' ) 2 + (η − y ' ) 2 ,

(4)

with d' being the reconstruction distance, as mentioned above. Various approaches for the evaluation of the
integral in Eq. (2) have been proposed by Kreis et al. (1997). We have mostly used the convolution approach:
Eq. (2) becomes a two-dimensional convolution of h(ξ,η)r(ξ,η) with g(x',y',ξ,η) if we express
exp ik d ' 2 + (ξ − x' ) 2 + (η − y ' ) 2 


g ( x' , y ' , ξ , η ) = d '
= g ( x'−ξ , y '−η ) ,
2
2
2
d ' + (ξ − x' ) + (η − y ' )

(5)

that is, the impulse response is space invariant. We can then write and implement the diffraction integral as
b' ( x' , y ' ) = F −1 {F {h ⋅ r} ⋅ F {g}} ,

(6)

where F denotes a forward and F–1 an inverse Fourier transform; the convolution in the spatial domain is carried
out as a multiplication in the frequency domain, and all Fourier transformations are calculated as FFTs. This
approach is very useful in practice because it greatly speeds up the calculation (bear in mind that the integral in
Eq. (2) must be evaluated for each and every point of the image plane). The final inverse Fourier transform
brings the convolution result back to the spatial domain, whereby the reconstructed pixel size becomes
independent of d' and one can conveniently focus the reconstruction at different depths without re-scaling issues.
The theory of digital holography is well understood, and numerous useful applications have been demonstrated. Let
us consider some of the requirements for particle analysis.
4.

PRACTICAL IMPLEMENTATION

When using digital holography in a particle analyzer, several technical questions pertaining to optimal data
recording and evaluation have to be solved before we can begin with the analysis of realistic sprays. For imaging
of water droplets, we will obtain optimum contrast of the particle fringes when θ = 68º. This means of course
that we need to observe the Scheimpflug condition if we are to focus all particles in the field of view
simultaneously (or defocus them all by the same amount). The controlling of fringe densities is very important
because spatial frequencies above the Nyqvist limit are not acceptable; various recording geometries can be used
to achieve this. In addition, the comparatively low resolution and dynamic range of CCD sensors necessitate a
study of the influence of particle-image overlap and particle brightness on the hologram's quality.
4.1 Scheimpflug imaging
In order to focus or defocus all particles simultaneously, we tilt the CCD with respect to the optical axis, which
accommodates the tilt of the object plane with respect to the optical axis. This is commonly referred to as the
Scheimpflug condition, sketched in Figure 7.
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Figure 7. Recording geometry of digital holograms at the Scheimpflug angle. Transformation of coordinate
systems: see text.
In optical holography the particle images would be reconstructed with a reference wave that impinges on the
hologram at the same angle as the recording reference wave; this is, however, not possible in digital holography.
The tilt between reference and object wave is θmax, so that the interference can be resolved; but the tilt
between the sensor plane and the reference wave is much larger than θmax and at the moment this cannot be
represented mathematically. Instead, it must be aligned to make an angle θmax with the sensor plane so that its
phase can be properly defined. This, then, does not account for the shrinking of the pixels in the direction
perpendicular to the tilt axis; hence, the diffractive structures do not have the proper scale, and the
reconstruction will become astigmatic, as shown in Figure 8.
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Figure 8. Astigmatism in reconstruction of digital holograms that were recorded with a tilt against the optical
axis. Solid lines: original geometry; dashed lines: numerical geometry.
The focal lengths in x- (in the plane of the drawing) and y-direction (perpendicular to the plane of the drawing)
of the numerical reconstruction will be different because the size of the pixels in the x-direction is not the same
in recording and reconstruction. The solution to this problem is a rescaling of the pixel size by a coordinate
transformation. The modified impulse response function g (x’, y’, ξ’, η’) is generated as follows:

ξ '− x' = (ξ − x) ⋅ cos(ϕ )
η '− y ' = (η − y ) ⋅ cos(ϑ ) + (ξ − x) ⋅ sin(ϕ ) ⋅ sin(ϑ )
d ' = d − (ξ − x) ⋅ cos(ϑ ) ⋅ sin(ϕ ) + (η − y ) ⋅ cos(ϑ ) ,

(7)

where ϕ and ϑ are the angles of tilt about the y-and x-axis, respectively (in our case, ϑ =0), and the coordinates are
as labeled in Figure 7. The method was tested with a resolution target as the tilted object; the results are shown in
Figure 9.

Figure 9. Effect of sensor tilt on digital reconstruction. Left, uncorrected reconstruction in the y-focal plane;
horizontal features are defocused. Center, uncorrected reconstruction in the x-focal plane; vertical
features are defocused. Right, reconstruction from transformed hologram data: the focal length in xand y-direction is now the same.
4.2 Sampling and resolution
We have seen from Eq. (1) that the maximum angle between the object and reference beams is limited by the
resolution of the CCD chip. This means that we need to find a recording geometry that keeps the spatial frequencies
low. If we position the CCD camera at a distance ddefoc away from the image plane, we will record a fringe-mode
image with an additional fringe pattern from interference with the reference wave. This is shown on the left in
Figure 10 for an in-line recording geometry with a plane reference wave. The concentric fringes become denser
toward the edges of the particle image, which makes it necessary to control the image size so that no undersampling
occurs. In other words, the opening angle of the particle's light cone must not be too large, so that there is a
restriction on the f-number that we can use.

7

Figure 10. Left: typical digital particle hologram, recorded with on-axis plane reference wave; the particle's
fringe pattern is mixed with the concentric pattern that forms the hologram. Right: digital
reconstruction at d' = ddefoc , displayed in logarithmic intensity scale; the primary image (two-spots)
comes to a focus and the conjugate image (with fringes) forms a spread-out background which is twice
as large as the original particle hologram.
On the right, a digital reconstruction at d' = ddefoc is displayed; as known from optical on-axis holography, the
primary and the conjugate image appear together. Note, however, that the undiffracted or zero-order term is not
present: it has been filtered out digitally, which is very easy and convenient to do with digital holography. It will
be worthwhile to eliminate the conjugate images, since they will generate a significant noise background with
denser particle sprays. This can be done by, e.g. off-axis holography, even though the off-axis angle is restricted
to ¥ 2º in digital holography.
We subsequently used an off-axis geometry to eliminate the conjugate images. The small angle between the
reference wave and the optical axis does not permit to separate the primary and conjugate images in
reconstruction space; but since the images are separated in frequency space once we have introduced an off-axis
fringe frequency, we can digitally manipulate the hologram's frequency spectrum in a way that leads to
reconstruction of the primary image only. This is demonstrated in Figure 11.

Figure 11. Left: off-axis digital particle hologram; center: reconstruction from unfiltered hologram; right:
reconstruction from frequency-filtered hologram. Those spatial frequencies that reconstruct the
conjugate image have been cut out, and the conjugate image is eliminated.
In this type of digital holography, no closed fringes appear on the particle images, which is the necessary
condition to separate the primary and the conjugate image in frequency space. Consequently, we can separate off
the conjugate images and reconstruct the primary images alone. Also in this case, however, care must be taken
to keep the fringe frequencies within the sampling limit. It is well known from holography that the advantage of
off-axis holography comes at a cost in bandwidth. In our case, we have to stop down the aperture to increase the
f-number and keep the fringe patterns resolvable.
4.3 Dynamic Range
Consider first the case of a single particle generating reflected and refracted beams that mix on a detector with a
reference beam. For simplicity, we shall assume that the reflected and refracted beams are of equal intensity I p .
The reference beam compresses the dynamic range of the recorded signal by means of the familiar heterodyne
mixing effect. If I r represents the reference beam intensity, the maximum possible intensity I t at a point on
the detector, when all beams are in phase, is

It = Ir + 4I p + 4 Ir I p
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.

(8)

We can derive various quantities of interest from known or given experimental constraints in the following way.
In terms of the beam ratio B, defined as B = I r / I p , Eq. (8) becomes I t = B + 4 + 4 B . For the smallest
Ip
min

min

particle, I t and I p take their minimum values, I t

and I p

, and B is at its maximum, Bmax , say.

Therefore,

I tmin
min
= B max + 4 + 4 B max , where B max = I r / I p , so that
min
Ip
I pmin =

I tmin
+ 4 + 4 B max

B max

.

(9)

But, B max = I r / I pmin . Hence,

Ir =

B max

B max I tmin
+ 4 + 4 B max

.

(10)

Denote by R the ratio of the intensity of the light scattered by the largest particle to that scattered by the smallest,
and, for the largest particle, let I

max
p

represent either the reflected or refracted beam intensity. Then

I pmax
I pmin

=R

and hence, from Eq. (9),

I pmax =

B max

RI tmin
+ 4 + 4 B max

.

(11)

Finally, from Eq. (8), I tmax = I r + 4 I pmax + 4 I r I pmax , giving

 B + 4 R + 4 B max R 
I tmax = I tmin  max
 .
 B max + 4 + 4 B max 

(12)

Experiments have been conducted to determine the largest value of the beam ratio, which would still yield
acceptable particle reconstructions. It was found that beam ratios as high as 100 gave tolerably good results.
Hence, we shall take Bmax = 100 . A practical particle-sizing instrument should have the capability of
measuring a range of sizes spanning at least an order of magnitude. Our goal here is to measure particles from 5
µm to 250 µm in diameter, which for a square relationship corresponds to an intensity range of 2500:1. Thus we
max
take R = 2500. With these values, we find from Eq. (12), I t
= 84 . 03 .
min

It

For a detector with a pixel depth of 8 bits ( I tmax = 255 ), I tmin = 3 .035 . Thus, we conclude that the dynamic
range of the camera is sufficient to measure particles in the size range 5 to 250 µm.
max

From Eq. (11), we find I p

= 52.69 and I pmin = 0 . 0211 , and the reference intensity is I r = 2 . 107 .

The contrast C = 4 I r I p

takes the values of C = 0.385 for the smallest particle and C = 0.198 for the

Ir + 4I p

largest. For this case, involving two particle beams and a reference, the contrast has a maximum value of unity
opt

when I r = 4 I p . Denote this optimum particle beam intensity by I p , and the corresponding diameter by

d opt . Assuming again that I ~ d2,
 d opt

 250

2

I popt B max

 = max
=
= 0 . 01 , from which we find d opt = 25 µm.
I
R
4

p
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4.4 Particle Overlap
In the last section, we discussed the case of a single particle and a reference beam generating a three-beam
interferogram. Two particles overlapping yield a five-beam interferogram, and so on. This means that with more
and more particles overlapping, the image will become brighter and brighter, and, if sufficient particles are
involved, will eventually exceed the camera saturation level. With certain assumptions, we can make an estimate
of when this will occur.
For N equal particles, each generating a reflected and a refracted beam, Eq. (8) can be generalized to the form
It = Ir + 4N 2I p + 4N

(13)

IrI p

Suppose the experimental parameters are those chosen for the single-particle case considered above, and that the
particle diameter has the optimum value (25 µm) calculated there, for which I r = 4 I p = 2.107. Then

I t / I p = 4 ( N + 1) 2 . Setting I t equal to the maximum allowable value of 255, we find N = 10.
5.

EXPERIMENTS WITH DIGITAL HOLOGRAPHY

The laboratory system was set up as shown in Figure 12. The camera was a MASD ES 4.0 with digital 8-bit
output, and the laser was a Continuum Surelite II operating at 532 nm. The camera and frame grabber were
triggered by the "flashlamp sync" output of the laser, so they ran in synchronization with the laser pulses. Even
though we set θobj to 68º in this setup, we were mostly able to operate the laser in the lower-energy region due to
the high sensitivity of the CCD sensor.
θobj = 68º

M

VBE

BD

θimg = 39º

HBC
CAM

CL
EL
M
BS

NDF

BC

BE
M

M

Laser

Figure 12. Digital holographic PIPA system. Abbreviations: M, mirrors; BS, beam splitter; BC, beam
combiner; NDF, neutral density filters; BE, beam expander; VBE, vertical beam expander; HBC,
horizontal beam condensor; BD, beam dump; CL, camera lens; CAM, camera. Observation angle θobj
is 68º; Scheimpflug imaging angle θimg is 39º. Drawn in red: EL, expanding lens that can be inserted in
the collimated reference beam for "pseudo-collimated" setup.
The magnification of the setup is ¥ 2. The necessary Scheimpflug angle of the camera for this geometry is
¥ 39º. The field of view in this setup is approximately 6.5(h)7.8(v) mm². To generate realistic sprays and a
range of droplet sizes, we used an ultrasonic humidifier, a hand sprayer and a pressure-tank garden sprayer. We
modified the pressure-tank sprayer by puncturing the standpipe; this led to a mixed air-water spray with much
higher particle densities.
5.1 Digital focusing capability
We used the off-axis technique to record the holograms; a portion of one of them is shown in Figure 13. (It must
be said that we have successfully applied digital holography to much denser particle sprays, but we chose a
simpler image for this demonstration.)
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Figure 13. Left: digital hologram of particle spray (portion) at ddefoc = 26 mm and f# = 24; center:
reconstruction in the spot mode (logarithmic intensity display); particles in the white circles are
analyzed separately below. Right: reconstruction in the fringe mode at d' = –26 mm (linear display).
The figure clearly shows that a good-quality depth scanning can be achieved with digital holography; in the
center, more spots can be seen than defocused particle images in the original hologram. On closer inspection on
a screen however, a fringe pattern – though weak – has been found for each reconstructed particle. This
emphasizes that even very weak signals can lead to good particle reconstruction. The accuracy of droplet sizing
in the reconstructed spot mode, and in the fringe mode, has been verified with particles from a Berglund-Liu
generator. For lack of space however, we show real spray data here to emphasize the practical issues of spray
analysis.
5.2 Digital filtering
The right-hand picture of Figure 13, shows the presence of multiple overlapping particles. These cannot be
analyzed in the fringe mode in one go, but the digital data format gives us the capability to select particles in the
reconstructed image plane by masking out everything but the particle of interest, and then re-reconstructing the
isolated fringe pattern by another numerical diffraction calculation. For this to function, the complex data field
(i.e., the real and the imaginary part) must be used; this is another instance where digital holography
demonstrates its strength in that it reconstructs wavefields, i.e., amplitudes and phases. This makes digital
holography superior to fringe-mode photography where once the photographed images overlap, they cannot be
separated and analyzed anymore. We reconstructed fringe patterns from the three particles that have been circled
in Figure 13. The results from these operations are shown in Figure 14.
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1
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Figure 14. Filtered reconstructions of isolated particles. Top row: filter functions applied to wavefield in spot
mode (black: multiplication by 0, white: multiplication by 1); bottom row: resulting fringe-mode
reconstructions at d' = 26 mm.
The out-of-focus fringe images of particles 1 and 2 are overlapping in the original recording, as well as in the
unfiltered fringe-mode reconstruction; their reconstructed fringe patterns are very similar to the ones that are
discernible in the left picture of Figure 13. The filtering offers the additional benefit of fringe smoothing: as long
as the two spots are completely within the filter window, the filtering destroys no information at all; rather, it
makes the fringe patterns more easily accessible to automated fringe counting and/or fringe spacing analysis.
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5.3 Utilization of the Scheimpflug angle
Due to the necessity of a Scheimpflug tilt, the holograms are recorded with a pronounced anisotropy. This offers
an interesting and possibly very useful variation of the evaluation method: one can choose not to correct for the
Scheimpflug tilt, i.e., to omit the coordinate transformation. This will result in the images being focused in one
dimension and not in the other. Thereby we can emulate the effect of a cylindrical lens; it has been demonstrated
in Maeda et al. (2000), Kawaguchi et al (2002) that this can be very helpful for data analysis in the fringe mode,
because the particle images are compressed in the vertical direction, which drastically reduces their area, and
thereby the overlap with other particle images. When applied to the hologram in Figure 13, this yields the
reconstruction shown in Figure 15 on the left.

Figure 15. Left: reconstruction of hologram with ϕ = 39º and ϑ = 0º without correction at d' = 26 mm. Right:
reconstruction of the same hologram at d' = 14 mm with no correction for ϕ and an entry of 45º for ϑ.
The images are now vertically focused but still in the fringe mode horizontally. However, the resulting fringes
may be too dense to analyze. In this case, a digital trick can be applied to make the fringes wider in the xdirection: by applying the coordinate transformation for a tilt about the x-axis that did not actually exist, the yfocal length of the hologram becomes shorter, so that the fringes become broader in x-direction. The right-hand
picture in Figure 15 shows the improvement: the overlap is still very small but the broadened fringes can be
better analyzed.
6.

SUMMARY AND PROSPECTS

Holography is a versatile technique to analyze scattering features from transparent particles immersed in a laser
sheet to obtain their size and position. Using optical and digital holography, we have demonstrated the recording
and numerical reconstruction of wavefronts corresponding to single droplets both in the two-spot and the fringe
mode regimes, and shown a way to get rid of the conjugate reconstructions.
We have investigated the effect of imaging at the Scheimpflug angle and found that it creates an astigmatism
that can be either numerically corrected or utilized to compress the images during data analysis. By analysis of
the expected range of intensities in a hologram of droplets from about 5 µm to 250 µm size, we found that the
recording can be done with an 8-bit CCD camera. The greatest problem in digital holography is the limited
resolution of CCD sensors: the spatial frequencies become unresolvable very quickly, and great care must be
taken to avoid aliasing in the digital hologram. In its present configuration (magnification of 2X), the test
instrument measures one fringe for a particle with a diameter of about 5 µm. This limitation stems from the
relatively large pixel size of current CCD sensors. We are exploring alternative configurations to increase the
collection aperture to collect more fringes and thus be able to measure smaller particles. The simplest way to do
so would be to increase the magnification; but this reduces the field of view below what might be considered a
practical limit.
The strength of digital holography lies in the numerous possibilities for digital data manipulation and filtering:
we can analyze images with multiple particles overlapping without any problem by selecting and masking
particles. Of course, some care must be taken to minimize the number of reconstructions that are necessary to
analyze the whole spray field. A pragmatic approach would be to reconstruct only two planes: the image plane
with two spots per particle and an out-of-focus plane showing the fringes in compressed, elongated mode. The
instrument would then select the optimum plane for each particle based on measurement resolution.
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