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Abstract

In digital holography, the optical numerical apperature (NA) islimited by the relatively large pixel size of
the CCD camera. Thisresultsin arelatively large depth of focus of the system. Additionally, the
anisotropic light scattering behavior of the seeding particles tends to further reduce the effective NA. This
paper shows numerically and experimentally that this additional reduction of the NA can be suppressed by
applying appropriate Fourier filtering. This filtering comes with an acceptabl e reduction of the hologram
exposure.

The measurement setup and the method of numerically reconstructing the images of seeding particlesin a
volume are described. The light scattering pattern of the seeding particlesis measured and its relevance for
the design of an optimal Fourier filtersis described. Then, the performance of three Fourier filtersis
anayzed numerically and experimentally. As shown in figure 1, by optimizing Fourier filtering, the depth
of focusisimproved by afactor 10 without a significant increase in the diffraction limit. Finaly,
measurements indicate that the holographic setup is able to successfully reconstruct a particle's 3-
dimensional position.
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Figure 1. On the |eft side are slices through three reconstructions of a seeding particle. During the
recording of these particles, three different Fourier filters were used, as shown on the right side of the
figure. They consist of a concentric opaque disk and a circular aperture. The diameter of the opaque disc
ischosen at 1 mm, 10 mm and 20 mm. The diameter of the aperture is constant, 24 mm.



1 Introduction

Digital Holographic Particle Image VVelocimetry (DHPIV) is becoming increasingly popular [1-5, 8, 9]. It
provides many practical advantages by avoiding the time-consuming steps of Optical Holographic Particle
Image Velocimetry (OHPIV). However, as a consequence of the relatively large CCD pixel size (about ten
times larger than the typical wavelength of the illumination) the performance of aDHPIV setup islimited.
Only a setup with asmall optical Numerical Aperture (NA) can lead to successful recordings. An object
with asize of afew tens of microns has atheoretical depth of focus of typically more than one millimeter.
The accuracy with which a particle's position can be determined along the optical axisistherefore
relatively poor. The maximal NA allowed by thisrestriction is called the nominal NA.

Various approaches have focused on improving the low nominal NA. Stereoscopic holography can
successfully remove the uncertainty along one axis by viewing from another (perpendicular) direction [1]
[2][3][4]. Pan and Meng[5] studied the use of the phase of the reconstructed light wave (only available in
digita holography) to increase the accuracy of the reconstructed particle's depth coordinate.

Next to the limiting effect of the CCD chip on the NA, anisotropic forward scattering behavior of the
seeding particles tends to further reduce the NA. Most of the scattered light travelsin the forward direction
in avery narrow cone, asisclearly illustrated in figure 2, [6] and [7]. This effect makes the effective NA
even smaller than the nominal NA. Although recording 90°-side-scattering would improve isotropy, the
extreme reduction of light intensity (figure 2) makesthis an unfavorable solution.
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Figure 2. Scattering light intensity as a function of the scattering angle. This figure illustrates that most of
the light that scatters from a 20 mm-particle travelsin the forward direction. Note that the scaleis
logarithmic and that forward scattering is about 1000 times stronger than scattering at 20 degrees!
(Source: www.philiplaven.com/miepl ot.htm)

This paper reports on numerical and experimenta results that show how this NA-reducing effect of particle
forward-scattering behavior can be suppressed by applying appropriate Fourier filtering. It is shown that
the effective NA can be increased towards the nominal NA. Thisimprovement comes with an acceptable
reduction of the hologram exposure of afactor 10.

Applying Fourier filtering to an optical (non-digital), off-axis holographic PIV setup to improve the NA
has been proposed before [8]. Improvement of the NA was investigated only numerically for asingle
Fourier filter. This paper, however, focuses on digital holographic PIV and analyzes multiple Fourier filters
both numerically and experimentally.

2. Measurement set-up & Data analysis

Our DHPIV setup essentialy combines scattered light from seeding particles with a reference beam to
form fringes on a CCD camera. The various elements of the setup and the reasons for certain design
choices are described in this section. Also, the steps of the digital reconstruction of the hologram are
described in this section.



During the description of the measurement setup, the terms 'transverse direction’ and 'longitudinal
direction’ will be used. The first term implies the direction perpendicular to the optical axis, or x- and y-
direction. The second term implies the direction along the optical axis, or z-direction.

Theillumination is generated by a diode-pumped continuous-wave 150 mW laser (Coherent, Compass
315M-150), and has awavelength of 532 nm. The laser beam is expanded, collimated and then split into an
object beam and a reference beam. The first beam illuminates the object, consisting of several 60 nm-
seeding particles. Although the final goal of the system is to perform flow measurements, currently,
holograms are recorded of stationary seeding particles. The stationary particles are suspended in atank
filled with resin. Thisalows for full control of the position of the particles and hence for calibration
measurements on the system. The experiment makes use of the forward-scattered light, the so-called in-line

set-up.
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Figure 3. Optical configuration for recording a digital hologram. O isthe recorded object. L is a plano-
convex lens. FF isan optical Fourier filter. BSis a beam splitter. M is a high-power mirror. P isa linear
polarizer and CCD the digital CCD camera.

The scattered light goes through a positive plano-convex lens with afoca length of 300 mm and a diameter
of 50 mm, through an optica Fourier filter and through a second identical positive lens. The two lenses are
separated by twice their foca distance. The particles near the left focal plane of the left lens have areal
image near the right focal plane of the right lens. The coinciding focal plane of both lensesis the Fourier
plane. A position in this Fourier plane correspondsto a spatial frequency of the light traveling away from
the object plane. Therefore, the intensity pattern as afunction of the scattering angle (figure 2) appearsin
the Fourier plane as afunction of a spatial coordinate, x and y. An optical filter can be placed in the Fourier
plane to transmit, block or attenuate a certain spatial frequency of the light scattered from the object. A
further detailed treatment of Fourier opticsisfound in Goodman [10]. The choice for the foca length of
the lensesis closaly related to the combination with the Fourier filter. As shown further in this section, the
camera should not register scattered light traveling with an angle of more than 2.3 degrees from the optical
axis. Thereforeit isdesirable that the Fourier filter can transmit (and possibly filter) light traveling with an
angle less than 2.3 degrees. Due the cylindrical symmetry, the area on the Fourier filter where filtering
should be possibleisacircle with radius:

R= Lfocal - tan(f cut-off) «y

For the given focal length and angle, the radiusis 12 mm. A potential way to filter the light may be by
passing the light through a suitably exposed negative of a standard 35 mm-film. The dimension of such a
negative is 35 x 24 mm. The above described circle with radius 12 mm fits exactly on this negative.
Therefore the foca length should not be chosen larger than 300 mm for this setup. Choosing the focal
length much smaller could result in an impractically small Fourier filter.



The Fourier filter in this set-up consists of a concentric opague disc and alarger aperture. Because this
setup consists of a separate object beam and reference beam, a Fourier filter is applied to remove the
irrelevant, bright, unscattered object beam from the relevant scattered light. In order to realize this, an
opaque discis placed on the optical axis, in the Fourier plane. This disc blocks the unscattered beam if its
sizeislarger than the diffraction limit in the Fourier plane, or 4 mm. Furthermore, an appropriate size of
this disc can enhance the effective NA of the system, asis shown in section 4.

As shown further in this section, scattered light that travel swith an angle larger than 2.3 degrees from the
reference beam (and the optical axis) should not be able to reach the CCD camera. For this reason, an
aperture with (an earlier calculated) diameter of 24 mm is placed in the Fourier plane.

Thefiltered light is combined with the reference beam by a beam splitter and then travels through alinear
polarizer. Asaresult of thismeasure, al light that reaches the CCD is polarized in the same plane. Light
that is scattered from the seeding particles could lose part of its polarization. If the light that reaches the
CCD isnot polarized in one plane, it would have a negative effect on the contrast of the fringesin the
hologram.

The combined beams form a hologram on the CCD chip of alens-lessdigital camera (Sensicam 690LL).
The CCD chip has 1376 x 1040 pixelswith a pixel size of 6.7 m. The reference beam and the object beam
propagate towards the CCD camera along the same axis, the so-called on-axis set-up. According to the
Nyquist sampling criterion, the smallest wavelength of the fringe pattern on the CCD camera should be
larger than twice the CCD-pixel size, making the maximum angle with which the scattered object light and
the reference beam can travel towards the CCD chip,
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where| isthe wavelength, 532 nm, and L ;,,, isthe pixel spacing, 6.7 nm. The resulting maximum
interference angle is 2.3 degrees. These calculations assume pixel swith finite spacing and an infinitely
small light-sensitive area, or azero percent fill-factor. In thistheoretical case, aliasing on the CCD chipis
avoided by keeping the interference angle smaller than 2.3 degrees. In practice, the fill-factor isfinite, and
keeping the interference angle roughly below 2.3 degreesis sufficient for an optimal signal-to-noiseratio
in the reconstruction.

To make a successful hologram, attention should be paid to the position of the CCD camera. The camera
should be positioned about a centimeter in front or behind the real image. If the CCD is closer to the real
image, the virtual image in the reconstruction could be about as bright asthe real imagein the
reconstruction, preventing a successfully read out of a particle's position. On the other hand, if the CCD
camerais positioned too far from the real image, another problem occurs: The 3-D image of a particle
looks like a cone aong the optical axis. The narrow point of this cone coincides with the particle position.
If the camerais placed to far backward, possibly, only a part of the cross section of the cone falls onto the
camera. Thiswill negatively effect the depth of focus, because only the combination of all the light rays of
the cone contains accurate information about the particle position. Thisisillustrated in figure 4.

Then, on a personal computer (CPU: AMD 2.5 GHz; OS: Linux), using Matlab, a reconstruction volumeis
derived from the digital hologram. The following numerica steps are performed by a smulation: A
selection of 1024 x 1024 pixelsis taken from the original hologram to improve calculation speed. A kernel,
K(x,y), representing the Fresnd approximation of alight wave from a point source, is defined:

ik Xy (3)
K [ A
Xy &P 2z
wherei istheimaginary unit, k is the wavenumber of the light, x and y are the transverse coordinates and z
isequal to the distance from the CCD chip to a parallel reconstruction plane. The reconstruction imagein
this plane is obtained from the convolution of the recorded hologram and the above-described kernel. The
reconstruction volume is constructed by placing the reconstruction planesin front of each other.



The signal-to-noise ratio of thisvolume isfurther improved: A reference volume is defined numerically
that contains the light intensity pattern of one particle moving through its real image as shown in figure 4.
Theresult is a cone along the optical axis. This synthetic reference volume is correlated with the volume
determined in the previous paragraph. The result is a volume containing an accurate reconstruction of the
seeding particles. With 1.5 Gbytes of memory, these cal culations take typically 4 hours per reconstructed
volume.
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Figure 4. The 3-dimensional light intensity of a particle going through focus. The scale of the transverse
axis does not correspond to the scale of the longitudinal axis.

3 Particle scattering

When designing aDHPIV setup it is very important to be aware of the light-scattering behavior of the
seeding particles. For example, in section 4, the effect of various Fourier filters on the optical performance
of the system is analyzed numerically. For a correct analysis, the light scattering pattern from a seeding
particle must be known. Also, the light scattering pattern from a seeding particle must be known to
reconstruct a hologram with an optimal signal-to-noise ratio. Further, as said in the introduction, ignoring
the light scattering pattern can result in an effective NA of the setup that is lower than the nominal NA of
the optical system. Finally, ignoring the anisotropy of the light scattering can also result in a diffraction
limit that is not optimal. For these various reasons, experiments are performed to study the scattering
behavior of the seeding particles.

Additionaly, it is studied whether single-particle-scattering (and not multiple-particle-scattering) occurs. In
the case of multiple particle scattering, some light that has scattered from afirst particle becomes useless
because it falls onto a secondary particle and does therefore not contribute to the signal of the hologram.
This suppresses the signal-to-noise ratio. Also, light that falls onto a secondary particle does not have a
clear phase throughout space, resulting in arelatively poor signal. For these reasons, single-particle-
scattering is desirable for successful hologram recording, limiting the size and the density of the seeding
particles in the measurement volume.

In this experiment, the power of the scattered light was measured as a function of two variables, the angle
and the seeding density. The two following graphs (figures5 left & right) show the same measurement
results. Thefirst graph clearly shows the decrease of light intensity with an increasing angle. If examined
more closdly, this graph also shows that for larger angles the light intensity increases with an increasing
seeding density. For smaller angles however, the amount of scattered light reaches a maximum at a certain
seeding density and then decreases if the seeding density is further increased. It is expected that this
maximum represents the transition region between single-particle-scattering and multiple-particle-
scattering. (Single-particle-scattering occurs at lower seeding density, while multiple particle scattering at
higher seeding density.) The maximum is more clearly visible in the second graph.
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Figure 5. The measured light power as a function of the scattering angle and the seeding density. Both
graphs show the same measurement data set. The value on both vertical axesisthe'In' of the measured
power divided by a reference power. Thisreference power, p0, is practically chosen 1 nW.

Because our imaging system is based on an in-line geometry, the light intensity pattern below 2.3 degrees
ismost relevant. However, the performed measurements only cover angles of 2.5 degrees and larger,
because the presence of the bright unscattered beam prevented us from acquiring data at smaller angles.

For thisreason afit was made to the Img/10ml data. The fit is then extrapolated towards smaller angles. It
is expected that this extrapolation towards small valuesis, for 60 nm-particles, valid until 0.25 degrees, the
estimated width of the main forward lobe. Thisangle can be derived in a short calculation where two light
raystravel at an equa angle, 60 mm away from each other and their path length difference is one half of the
wavelength. It isexpected that at scattering angles larger than 0.25 degrees, the scattering intensity isa
smooth continuous line. The data of 1mg/10ml is taken because this seeding is in the single-particle-
scattering regime.

A fitinalog-log plot resultsin straight line, as shown in figure 6. The suggested formula of thefit is:
Intensity ("W) = A - (f )" 4

whereA4\ and B should be determined. A fit resulted in A = N
4.01:10 nW and B = 1.95. Both the 1mg/10ml measurement D
data and the fit are shown in the figure 6. If the concept of
particle-scattering is compared to light diffracting from a square-
shaped aperture, it is expected that the light intensity patternisa =

squared sinc as a function of atransverse spatial coordinate. ~

Since the envelope of a squared sinc function is one divided by AN

the spatial coordinate squared, B is expected to be close to 2. N :
This supports the measurement result. AN

Formula (4), with the measured values for A and B can be used N
to study how the scattered light from a particle is affected by the -
presence of different Fourier filtersin the DHPIV setup.

Figure 6. The 1mg/10ml measurement data and the fit are
shown in this graph.

4 Optimizing Fourier Filtering.

The Fourier filter has alarge influence on the NA, the depth of focus and the diffraction limit of the
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Figure 7. A numerical analysis. Figuresa), €), i) show 3 Fourier filtersthat can be included in the setup.
Black is opaque, white is transparent. The light intensity that passes through the filter as a function of the
transverse coordinate, X, is shown in figure b), ), j). Figuresc), g), k) show thelight intensity of the real
image as a function of the transverse coordinate x, representing the diffraction limit. Figures d), h), I)
show the light intensity of the real image as a function of the longitudinal coordinate z, representing the
depth of focus. The fringesin figure g and k are visible because the simulation uses an infinitely small pixel
size. An optimized simulation, that accounts for the CCD pixel size, would show a smoother, bell-shaped
curve.

system. This section shows that these optical parameters can be optimized by choosing an appropriate
filter. Three different Fourier filters, consisting of a concentric opague disc and a circular aperture are
anayzed numerically and experimentally. The diameter of the opaque disc is chosen at 1 mm, 10 mm and



20 mm. The diameter of the circular aperture is constant, 24 mm.

The effect of these filtersis numerically analyzed by placing one scattering particle on the optical axis, in
the far left focal plane. The particle scatters anisotropicaly (as determined earlier), and the particleis
regarded as a point-source. Due to the particle's strong anisotropic scattering, most of the light is
concentrated near the central disc. For thisreason, the central disc has a strong influence on the effective
NA of the system. For the Fourier filter with the smallest diameter, the intensity profile in the Fourier
plane is extended somewhat further towards zero degrees than the limit of 0.25 degrees described in the
previous section. This may have a small effect on the results corresponding to the smallest filter.

Asaresult from this numerical analysis, the Fourier filter with the smallest diameter has a diffraction limit,
or transverse resolution with an acceptable size. The depth of focusis relatively poor. Althoughin this
numerical analysisthe peak-position can be accurately determined, the large val ue of the side-tails could
result in inaccurate z-position measurements if noiseis present in the system.

Q

H
® S
3 3
N
S
s

@
3

N
3
Light intensity (-

Light intensity (-)
Light intensity (-)

&
3

50

100 40 200
35
80
30 150
> < >
60 Zas ]
2 g ]
= = = 100
E =20 -
) 5 5
I 40 =t 3
15
2 10 50
5

S a0 @0 20 10 0 10 20 30 40 50 8 a0 B0 20 10 o0 10 20 30 40 50 50 40 30 -20 10 0 10 20 30 40 50
Depth (pixel)(L pixel = 100 um) Depth (pixel)(L pixel = 100 um) Depth (pixel)(1 pixel = 100 um)

c f i

Figure 8. An experimental analysis. Figures a), d) & g) show the three applied Fourier filters, black is
opaque, white isfully transmitting. Figuresb), €) & h) show the light intensity near the reconstruction of
seeding particles as a function of the transver se coor dinate x, averaged for several particles. Figuresc), f)
& 1) show the light intensity near the reconstructed seeding particle as a function of the longitudinal
coordinate z, averaged over several particles. (The units on the intensity axis are random. Comparison
between different graphs has no physical meaning.)

In the numerical analysis, the second Fourier filter shows alarger diffraction limit, but with avalue smaller
than the particle diameter. The profile of the depth resolution hasimproved greatly. The light intensity,
however, has decreased by afactor 10.

In the numerical analysis, the third Fourier filter shows an unacceptably large diffraction limit. Because the




diffraction limit is related to the depth profile, it also resultsin a poorer depth of focus. Additionally, the
light intensity has been reduced by afactor 200 when compared to the first filter.

In the experimental analysis, the graphs of the transverse intensity profile clearly illustrate an increasing
diffraction limit for a narrower Fourier filter. This result matches the numerical expectation in figure 7. The
third row verifies the numerical expectation that the intermediate 10mm-Fourier filter gives the best depth
of focus.

The numerical and experimental results both indicate that the 10mm-Fourier filter shows an optimal
performance.

It isalso possible to construct more complicated filters that compensate for the anisotropic scattering

(where the transmission is a smooth function of x and y), but preliminary cal cul ations show that such filters
barely perform better than the simpler filters already described.

5 Measurement results

Because the whole success of a DHPIV set-up depends on the accuracy with which a particle’ s position
can repeatedly be determined, an experiment is performed to determine this accuracy: Seeding particlesin
resin are placed in the location of the measurement volume. The particles are accurately moved along the
optical axiswith steps of 1 millimetre. During each step, a hologram is recorded, and the particle's 3-
dimensional image reconstructed.

The picture below shows five dlices through the five 3-dimensional images. Each dlice correspondsto a
different particle position along the optical axis. The particle's position is expected to shift 1 millimetre
between each dlice, this expectation isillustrated by the white diagonal line.

Figure 9. Five dices through five reconstr uction volumes showing a seeding particle at five different
locations along the optical axis. The grey shade represents the light intensity. The particle is expected to
move 1 millimetre between each step, an expectation illustrated by the white line.

To analyse the above step sizes, a 3-D parabolic fit is made on the 7 points nearest to the maximum light
intensity. The maximum of this 3-D parabolais determined. The location difference between two maxima
should result in five longitudinal shifts of O nm, in four shifts of 1000 mm, three shifts of 2000 nm, two
shifts of 3000 nm and one shift of 4000 mm. The results are shown in the graph below.



Figure 10. The measurement results of the particle shifts. The line representsthe real longitudinal shift.
The points represent the measured longitudinal shifts.

The longitudina component of the shift is on average larger than the expectation. This effect is probably
caused by a small magnification by the two lenses of the Fourier filter.

The parabolic fit also results transverse components of the shifts. These transverse components were
reconstructed with an inaccuracy of afew microns.

6 Conclusions & Future work

This paper shows that the effective NA, the depth of focus and the diffraction limit of aDHPIV system can
be optimized by applying appropriate Fourier filtering.

First, the experimental setup and the method for the numerical three-dimensional reconstruction are
described. A cone-shaped reference volume is defined and successfully applied to optimize the signal-to-
noise ratio of the reconstruction.

Further, in section 3, the relevance of the particle scattering pattern was explained and the patternis
determined by measurements. For the used particles, the light intensity depends on the scattering angle via
the power-law given in formula (4). This power-law indicates that the forward scattered light is much
stronger than the sideward scattered light. Therefore, to reach the highest hologram exposure, the near-
forward-scattered light is used to record a hologram.

An optimal Fourier filter is designed and applied to the set-up, as described in section 4. It is shown that
the intermediate Fourier filter, with an inner diameter of 10 mm shows an improved optical performance.
Figure 1 confirms that the depth of focus is optimal for the 10-mm-Fourier filter and that there is no
significant increase of the diffraction limit.

With this knowledge, we expect that there is possibly room for NA-improvement in other recently
published DHPIV systems. Some publications have described experimental setupswith small high-pass
filters[1][2], and some with no Fourier filtering at all [3][5][9].

Although roughly 10 times less light reaches the CCD camera with the 10-mm-configuration compared to
the 1-mme-configuration, successful recordings can still be made. During the exposure time of 500 rrsec, the
continuous wave 150 mW laser delivers 75 mi to the system. A pulsed laser could easily deliver 75 mJ per
pulse. Hence, the reduction in hologram exposure due to the improved Fourier filter can easily be



compensated by using an appropriate laser.

As shown in section 5, the accuracy with which a particle position can be reconstructed along a transverse
axisisin the order of afew microns. The accuracy with which a particle position can be reconstructed
along the longitudinal axisisafew hundred microns. These inaccuracies are close to the reported
inaccuracies of optical holographic PV systems using high-resolution films. The transverse field of view
in DHPIV however, remains limited with the current CCD chip size.

Finally, future work includes the optimization of the seeding particle size. The current particlesin the setup
have a diameter of 60 mm. It is expected that, while the particle size islarger than the diffraction limit of
the system, roughly 30 mm, the transverse size and longitudinal size (= depth of focus) of the particle
image both scale proportional to the particle size. In order to further reduce the depth of focus, particles
with adiameter of 30 nm will be implemented in the future.
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