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INTRODUCTION

Particle field measurements are of interest over a vast and diverse range of applications. The need to
obtain accurate measurements of particle size distributions, veolcities and concentration is associated
with monitoring pollutant emissions, evaluating and improving combustion, meteorological investiga-
tions, agricultural applications, including irrigation and pesticide dispersal, and innumerable industrial
applications. In the electronics industry, the presence of particles in clean rooms must be carefully
monitored since minute amounts of contaminants can cause failures, for example, in integrated circuits
and disk drives. Recent research and development primarily in the optical methods have addresed these
recognized needs for satisfactory diagnostics.

Whether seeking a method for possible commercial development or selecting an instrument to fulfill
certain measurement requirements, a number of selection criteria need to be considered. Perhaps of first
importance is the anticipated particle size range to be measured. Light scatter detection methods can
detect a wide range of particle sizes from submicron to several millimeters in diameter. Imaging methods
are limited to particles larger than approximately 5 microns. The particle morphology is also an important
parameter to be considered. For example, some light scatter detection methods are relatively insensitive
to particle shape or composition whereas others can produce erroneous results. In generat, imaging
methods have the capability of determining the shape of large particles and obtain size determinations
mdependent of the particle composition. However, the automation of the image analysis remains as a
serious limitation.

Optical methods currently in use or under development generally perform the measurements in situ and
nonintrusively. Over the past decade, sampling methods have been shown to be unreliable and are used
only when no other alternative exists. Some optical methods are semi-intrusive. That is, the optical probe
has a limited working range and, thus, must be inserted into the process being measured. Such methods
also present questions regarding the biasing produced by the disturbance to the flow field.

Recent research and development in particle sizing instrumentation has placed notable emphasis on the
parallel developments in lasers, electronics, microprocessors, and computers. This is especially true of
the light scatter detection methods. Light scattering codes can be run on personal computers at
insignificant cost. Hence, the effects of the various scattering parameters may be investigated in detail. In
the implementation of the methods, state-of-the-art electronics have been used to increase the accu-
racy, speed and dynamic range of the signal processors. Personal computers serve to provide conven-
ience and speed in data management and storage. The use of signal validation logic developed in the
software is providing greater accuracy and confidence in the measurements.

The papers given in this proceedings volume describe some of the recent developments in the particle
sizing technology. Both imaging and light scatter detection methods are described. It is significant that
meanifigful comparisons of results obtained by different methods were presented. For one who has
worked in this area for a number of years and has endured some of the attendant frustrations and
disappointments, the presentation of measurements in realistic environments and the agreement in the
results is most encouraging.

William D. Bachalo
Aerometrics, Inc.
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Obtainina particdle velocity and displacement distributions from
double-exposure holograms using optical and digital processing

P. H. Malyak, B. J. Thompson

‘The Institute of Optics, College of Engineering and Applied Science
University of Rochester, Rochester, NY 14627

Abstract

A double-exposure far-field hologram contains particle displacement and velocity
information for all particles within a given sample volume. The optical Fourier transform
of such a hologram contains a set of fringes which are dependent on the probability
density function (pdf) that characterizes the distribution of particle displacements or
velocities. It is demonstrated that intensity data measured in the transform plane of a
doubly exposed hologram may be processed to yield this pdf for particle motion in one
dimension, In the 2-dimensional case, the marginal pdf's may be obtained when the
orthogonal components of displacement are independent. Experimental results for 1- and 2~

dimensional distributions are presented and good agreement between theory and experiment
is observed.

Introduction

Far-field holography has been used extensively over the past 20 years for counting
and sizing small particles, The first practical application involved the study of
naturally occurring fog droplets having a range in size from 4um to 200um,1,2 Since the
initial application, a wide variety-of particle fields have been analyzed holographically
including aerosols, marine plankton and gas bubbles in liquids. The literature describing
holographic 6particle analysis is. rather . extensive and has been reviewed on several
occasions;3-6 the references contained in these articles provide a reasonably complete
bibliography of the field up to 1982, From 1982 to the present, hew results and
applications have continued to appear in the literature (see, e.g., Ref. 7-10).

A natural extension of the holographic technique is to record a double-exposure
hologram of a dynamic particle sample so that particle velocity information may be
obtained.3 Clearly, each particle in the sample volume will produce two images when the
double-exposure hologram is reconstructed. - Hence, measuring the displacement between the
image-pairs related by translation and dividing by the time interval between exposures
will yield the velocities of the individual particles.

Manual readout of both single-exposure and double-exposure holograms can become
tedious and time-consuming when the sample consists of a large number of particles. As a
result, there is a need for automated readout. One technique for automated readout
involves the use of digital image processing to obtain the required data from the
holographic reconstruction of the particle sample. The apparatus used for digital readout
typically includes a TV camera, an image digitizer, an x-y-z translator on which the
hologram (or TV camera) is mounted and, of course, a computer. The reconstructed sample
volume is scanned automatically by operating the translator under computer control while
the image digitizer allows the computer to "see" that portion of the reconstruction which
is' imaged onto the vidicon. Individual particle images will go in and out of focus as the
sample volume is scanned; hence, it is necessary to include software that allows the
computer to determine when a particle image is brought into focus. Once the particle
image is in focus, the computer can be used to obtain the parameters of interest, i.e.,
particle size, position and displacement. A number of authors have successfully applied
digital readout methods in the analysis of particle field holograms. For example, Bexon
et al.ll describe a system, based on the Quantimet 720 Image Analyzing Computer, for
measuring the size and position of the particle images obtained from an in-line far-field
hologram, Payne et al.l2 applied digital analysis to obtain particle velocities from a
sequence of far-field holograms, The size, shape and position of the particle images from
each hologram were determined with the help of 'a computer. The particle displacements
were then obtained by tracking the individual particle images from frame to frame.

Another method of automated readout, first reported by Ewan,13,14 involves forming
the optical Fourier -transform of a doubly exposed far-field hologram. The intensity data
measured in the transform plane is then processed digitally to yield the particle velocity
information. The optical-digital (or hybrid) system described by Ewan is fuyndamentally
different from the digital approach described above. Whereas the displacements of the
particles are individually computed when using the digital technigue, the hybrid system
allows the distribution of displacements to be determined without directly considering the
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individual particle displacements. As a result, the hybrid system is inherently faster
than the digital readout method when the sample contains a large number of particles. A
further advantage of the hybrid system, as compared to the manual and digital readout
methods, is that it is not required to determine which particle image-pairs are related by
translation. (Pairing up the images can be difficult when the number density of particles
is 1large.): Since the operation of the hybrid readout system depends on the
autocorrelation function of the composite particle field,l3 the velocity distribution may
be obtained without having to determine which image-pairs are related by translation,

In this paper, the properties of the optical Fourier transform of a double-exposure
far-field hologram are briefly reviewed, An algorithm is then developed for obtaining the
probability density function (pdf) that characterizes the distribution of particle
displacements for the l-dimensional case. Measuring 2-dimensional particle displacements
is also addressed and experimental results are presented.

The optical Fourier transform of a double-exposire far-field hologram

The configuration used for recording an in-line far-field hologram is shown in Fig,
la. For thé purpose of illustration, the object shown consists of a single particle that
is illuminated with a collimated beam of coherent 1light. The recording (or hologram)
plane’ is located a distance z away from the object where 2z satisfies the far-field
condition (i,e,, z >> d2/) where d denotes the particle diameter and A is the wavelength
of the incident beam). -

The Fourier transform of the doubly exposed hologram is obtained optically as shown
in Fig. lb. It may be shown that the éxpected value of the intensity in the transform
plane <Ig(u,v)> is given bylS :

/4 v 2 2 nz(u2+v2) N 27
<IF(LI;V)> = [A(x‘f ’ ')\‘f)l [ofe 1] T 2 l[l + cos TE(L\AEn*‘VAnn)] ’ (1)
n=

where u and v are the coordinates in the transform plane, XA denotes the wavelength of the
illuminating beam, f is the focal length of the transform lens, 2z is the object-to-
hologram separation and N is the total number of particles in the sample. In obtaining
the above expression, it was assumed, for simplicity, that all particles in the sample are
located in the £,n-plane. The horizontal and vertical components of particle displacement
are represented by AE, and Anp, respectively. It was also assumed that the particles of
interest are opague, in which case, the quantity X(:) represents the Fourier transform of
A(E,n) where A(f,n) describes the cross-secticnal shape of a typical particle. As
indicated by the summation term in Eq. (1), each particle image-pair related by
translation contributes a set of cosinusoidal fringes of a particular. frequency to the
total diffraction pattern. The fringe frequency and orientation are directly related to
the magnitude and direction, respectively, of the displacement of a given particle,

Typically, the particle displacementé in Eq. (1) are random and may be characterized

in terms of a probability density function p(sj,s;). For a large number of particles, the
summation term in Eq. (1) may be approximated by an integral involving p(sy,s), i.e.,

<Ip(u,v)> = I (u,v){1 + [ p(s;,8,) cos[%’%(us1 + vs,)] ds,ds,} , (2)

where

. i _.
Ipu,v) = [AGE » Xp|? cos® BERy) . (3)
A

If the particle motion is confined to one direction, a l-dimensional pdf p(s;) will be
sufficient to describe the distribution of displacements. Thus the intensity in the
transform plane may be written as

oo 2nus,
<Ip(u,v)> = Tg ({1l + [ p(sy) cos(—5g-) dsy} . (4)

To illustrate how a distribution of displacements affects the transform pattern, it
is helpful to consider a specific distribution. For example, if the distribution of
displacements is characterized by a Gaussian pdf, the intensity in the transform plane is
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given by

: ' 2,22
<Ip(u,v)> = I, (u,vj{l + expl- 33;;;;-] cos E 1, (5)

[ 1 -

where u denotes the mean displacement and o denotes the standard deviation. The above
expression indicates that a set of cosinusoidal fringes are present in the transform plane

- where the fringe frequency is determined by the mean particle displacement. It is
observed that the cosine term in Eq. (5) is modulated by an exponential function whose
width is determined by the .standard deviation of the Gaussian pdf. Thus, for a given
value of u, fewer and fewer fringes are observed as o increases.

Finally, it should be pointed out that Egs. (1) - (5) do not accurately describe the
intensity near the origin of the transform plane, Since a significant portion of the
incident light is undiffracted by the hologram, a narrow, intense distribution of light
(vhich is the Fourier transform of the aperture of the optical system) will be observed at

the origin of the transform plane,
' " A _method of obtaining 1-dimensional displacement and velocity distributions
from Iintensity measurements in the transform plane of a ZOUSIe—exposure hologram
An expression for the intensity in the transform plane of a double-exposure far-field
hologram is given by Eq. (4) where it is assumed that the particle displacements can be

characterized by a l-dimensional pdf p(s)). Clearly, p(si) is the desired quantity; the
goal is to develop a means of obtaining it from the measured intensity data <IF(u1v)>.

The first step in obtaining p(s)) is to divide both sides of Eq. (4) by Ig(u,v), yielding
\ <IF(u,\()> ? Zﬂusl
I'(u) = —IGTUI_VT— = 1 +_w p(Sl) cos8 (——rf—) dsl. ‘ (6)

For the present discussion it will be assumed that Ig(u,v) is known; a method of obtaining
this ?uantity is described in this paper, -It should be recalled that Ig(u,v) contains a
zone lens term (i.e., cos2(.) in Eqg. (3)) which exhibits numerous zeros In the u,v-plane.
Thus there appears to be a problem in dividing Bg. (4) by Ig(u,v) due to the zeros of the
zone lens, In practice, however, there-is no difficulty since the zone lens may
effectively be removed from the transform pattern by increasing 1its frequency (by
increasing the object-to-hologram separation z) beyond the resolution 1limit of the
detector used to measure <Ip(u,%}>. Alternatively, off-axis holography may be used to

eliminate the zone lens entirely.l5 :

" The density function may be obtained from Eg. (6) by taking the Fourier transform of
I'(wy, i.e., . )

Flrt(u)} = [ I'(u) expl[-i2muajdu , 7

where @ is the transform variable. Substituting the right-hand side of Eq. (6) into the
above expression yields

»

A E

5 % pirfo) , (8)

F{i'(u)} = §@@) + Az p(-Afa) +

where 8(a) is the Diraa.delta function. The above result indicates that the desired pdf
can be obtained by properly processing intensity data measured in the transform plane, It
.should be noted that the pdf p(-{ appears twice in the above expression (i.e,, once with
the argument +>f® and once with -Afa) as a result of the 180° ambiguity in determining the
direction of particle motion from a double-exposure hologram,

Measuring 2-dimensional velocity and displacement distributions

If the particle motion is characterized by a 2-dimensional distribution of
displacements (where the particle motion is confined to a plane parallel to the hologram
plane), the displacement information is displayed in the optical transform plane in
accordance with Eq. (2). Thus it appears that a 2-dimensional distribution of
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displacements may be measured by an appropriate generalization of the l-dimensional data
processing method described in the previous section. This generalization would, in fact,
be possible if the quantity <Ip(u,v)> in Eg. (2) could be measured accurately throughout

the transform plane. It must, however, be remembered that the strong component of
undiffracted light prevents us from obtaining <Ip(u,v)> in the vicinity og the origin of
the transform plane. Since «<Ig(u,v)> cannot be determined near u = v = 0, the two-

dimensional pdf p(si1,s2) cannot be accurately obtained in general. Of course, this
problem does not exist in the l-dimensional case since only a l-dimensional scan of the
intensity pattern in the transform plane is required to compute p(sj). This scan may be
taken at some distance away from the origin; hence, the undiffracted light does not cause
any serious difficulties.

Two-dimensional velocity and displacement distributions can, however, be measured
when the horizontal and vertical components of displacement are statistically independent.
In this case, the joint density function p(sj,s3) may be expressed as a product of the
marginal density functions,l6 Ti.e., p(s1,82) = p1(si1)p2(s2). Substituting the above
expression into Eq. (2) yields, after dividing both sides of Eq. (2) by Ig(u,v),

I'(u,v) = 1+ [f pj(s;)p,(s,) coslZL(us) + vs,)] ds,ds, . (9)

If the intensity pattern is sampled along a line parallel to the u-axis and at a distance
vg from the origin, the above expression becomes :

I'(u,v) = 1 + {£ pl(sl)pz(sz) cost%%(usl + "ofz’] dslds2 . (10)

(By scanning the transform pattern away from the origin, the problems associated with the
undiffracted component of 1light are virtually eliminated.) Transforming the above
equation with respect to the variable u yields

Af ° mvgSy; .
F{I'(u,v)} = &(a) + =3lp; (-2 fa) + P, (Afa)] J p,y(s,) cos —5F 98, iy

where o is the transform variable, Since vy is a constant, the integral in Eq. (11)
evaluates to a constant. Thus the above expression indicates that the marginal density
function may be determined (to within a constant factor) from data obtained in a 1-
dimensional scan of the intensity pattern. The ambiguity introduced by the unknown
constant factor may be resolved by using the fact that the area under the pdf is egqual to
unity by definition. Finally, pj(s;) may be determined in a similar fashion by processing
the data obtained from a scan parallel to the v-axis at a distance ug from the origin.

Data acquisition

A system consisting of a TV camera, an image digitizer and a computer (PDP-11/23) was
used to acquire and process the optical data (i.e., the intensity distribution in the
transform plane of the doubly exposed hologram). The digitizer (Video Frame Store 274 D,
manufactured by Colorado Video, Inc.) converts a given frame of analog video information
to a digitized image consisting of 512 x 512 pixels with 256 gray-levels. The digitized
image is retained in the memory of the frame store and the PDP-11/23 may then be used to
access any desired pixel or group of pixels from the frame store. Once the required data
is in the computer, it is processed to yield the particle displacement information,

Experimental results

It would be desirable to record a hologram of a particle sample for which the
velocity distribution of the particles is known in advance since this hologram may then be
used as a test input to the optical-digital (or hybrid) system described above. The
particle displacement information determined by the hybrid system may be compared to the
known displacements, thereby indicating whether or not the system is performing as
expected. Unfortunately, it 1is difficult in practice to produce a double-exposure
hologram of a dynamic sample for which the distribution of particle displacements is known
a priori. As a result, a method for simulating a double-exposure hologram was developed.
The first step in producing such a hologram was to plot a random array of dots using a
graphics plotter operating under computer control. The random array consisted of dot-
pairs which were uniformly distributed over the plotting area; the spacing between the
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dots comprising a given dot-pair was determined by a Gaussian random number generator to
simulate a Gaussian distribution of displacements. The random array was then photo-
reduced; the resulting black discs (~ 40ym in diameter) on the otherwise transparent
photographic plate form diffracting objects which simulate particles, (A similar
procedure for producing a random array of dots has recentl{ been reported in connection
with the study of fringe visibility in speckle velocimetry.l7) A far-field hologram of
the simulated particles was then recorded to provide a test input to the hybrid system,
Results obtwined by using far-field holograms of random arrays are presented in Figs, 2-9
and are described below. ' '

The intensity profile Iy in the transform plane of a hologram of a random array of
discs is shown in Fig. 2a; the intensity profile was obtained by using the [TV camera and
image digitizer as described above. (An Argon-ion laser operating at 5145 A was used in
recording the hologram and in forming the woptical Fourier transform.) In this example,
the separation between disc-pairs is characterized by a Gaussian pdf where , = 460 ,m and
g = 30ym.. The measured intensity in Fig. 2a is plotted on a relative scale of 0 to 255,
corresponding to the 256 gray-levels provided by 'he image digitizer. Furthermore, the
intensity pattern was sampled at 128 intervals along a direction perpendicular to the
fringe pattern. Thus, the position along the horizontal axis is expressed in terms of
integers ranging from 0 to 127 where each integer corresponds to a particular pixel; the
actual width of the diffraction pattern represented by Fig. 2a is approximately l4mm.

It should be recalled that the first step in obtaining the required density function
from the measured intensity profile is to determine the particle-size-dependent envelope
Ig so that the guotient Ip/Ig may be evaluated. The envelope may be obtained directly
from the measureg intensity data by recognizing that the envelope itself is rather slowly
varying while the term carrying the velocity information is rapidly varying. Hence, if
the measured intensity profile is passed through a suitable low-pass filter, the output
would be the envelope I3, The filtering operation is demonstrated in Figs. 2b - 3b. The
first step is to evaluate the fast Fourier transform (FFT) of the measured intensity
profile; ‘'Fig. 2b shows the magnitude of the FFT as a function of the discrete transform
variable n. The origin of the frequency axis in Fig, 2b was shifted from n=0 to n=64 to
produce a symmetrical plot, thus the low frequency information is centered about the point
n=64. The filtering is performed by setting the magnitude of the FET to zero for all
points except those in an interval about n=64; the values of the FFT within this interval
remain unchanged (see Fig. 3a). The inverse transform of the filtered data is then
computed, yielding the envelope function (Fig. 3b)}.

The next step in determining the required pdf is to compute Ip/Ip; the result of
performing this division is shown in Fig. 4a. Since Iy and Iy assume small values near
n=0 and n=127, small fluctuations in Ip will be greatly amplified whe.. Ip/Ig is computed
(see Fig. 4a). To obtain accurately the pdf that characterizes the distribution of
particle displacements, it is necessary to remove these random fluctuations by setting
Ip/1p to unity over the appropriate intervals (see Fig. 4b). Computing the FFT of the
curve shown in Fig. 4b then yields the required pdf (Fig. 5a); the portion of the curve in
Fig. 5a that represents the density function is redrawn in Fig. Sb where the peak value of
this curve is normalized to unity for convenience. To compare the shape of the
experimentally obtained curve with the theoretical curve, the theoretical Gaussian pdf was
plotted so that its peak value coincides with that of the curve obta‘ned experimentally
(see Fig, 5b). It is observed that the agreement betwen the two curves is quite good.

The results shown in Pigs. 6-8 were also obtained by applying a far-field hologram of
a random array of discs as input to the hybrid system and processing the data as outlined
above. 1In this case, the separation between disc-pairs was again determined by a Gaussian
random number generator but with y = 490uym and o = 70um. The relatively large value used
for g was selected to demonstrate the ability to measure a relatively wide distribution,
The measured intensity profile Ip is shown in Fig. 6a and a plot of Ip/Ig is given in Fig.
6b. (The filtering operation is not shown here because it is very similar to that shown
in the previous example.) Since o is large in comparison to that of the previous example,
the interval over which displacement~dependent fringes are observed is relatively small,

-(Clearly, this result is expected from Eq. (5).) Outside of this interval, random

fluctuations primarily due to speckle noise are observed, As demonstrated in Figs. 7 and
g, it is necessary to remove the fluctuations that lie outside the aforementioned interval

to obtain the desired pdf accurately. In Fig. 7a, a significant portion of the
fluctuations were reémoved and, as a result, the computed pdf is in good agreement with the
theoretical pdf (see Fig. 7b). In Fig. 8a, a relatively small portion of the random

fluctuations were removed and the pdf that results does not agree very well with the
theoretical pdf. .

In the case of a 2-dimensional distribution, it was indicated that the marginal pdfs
may be obtained if the orthogonal components of displacement are statistically
independent. That is, taking two orthogonal scans in the transform plane and processing
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the data as outlined above will yield the marginal density functions. To demonstrate, a
random array of opaque discs was once again used to simulate particles in motion. In this
case, however, the displacement between the discs which comprise a typical disc-pair was
random in two dimensions; i.e.,, the horizontal and vertical components of displacement
were both determined by a Gaussian random—number generator, The mean and standard
deviation of the horizontal component of displacement is denoted by u1 and o3,
respectively. Similarly, the parameters for the vertical component are given by uz and ¢
where o = p1 = 450um and g5 = ¢1 = 35um. The resulting system output is given in Fig. 9
which shows the measured pd? along with the theoretical result. It is observed that the
agreement betwen the two curves is quite good. \\

Finally, the velocity distribution of particles falling in water was measured to
demonstrate that the hybrid system for automated readout may be applied in practice. The
distribution was obtained by allowing 79um corn pollen particles to fall in water, and a
chopped cw laser beam (Argon-ion operating at 5145 K) was then used to record a double-
exposure hologram of the particle sample. After measuring the intensity profile in the
transform plane of the hologram and processing the data in the prescribed manner, the
density function shown in Fig. 10 was obtained. It is observed that the distribution is
Gaussian-like with a mean speed of approximately 2.5 mm/sec.

Conclusions

Double-exposure holography together with the hybrid readout system offers a fast and
reliable method for measuring particle velocity distributions. 1In fact, if a suitable
hologram can be recorded in real time, the entire velocity measurement process can, in
principle, be carried out in real time. While the displacement and velocity information
is readily obtained in the transform plane of the hologram, the spatial information of the
individual particles is effectively lost. However, the reconstructed holographic image of
the sample volume can be examined to yield the individual particle locations, if
necessary. ‘

Finally, it should be noted that if the particle displacements are characterized by a
wide pdf (i.e., o is large), displacement-dependent fringes will not be observed in the
transform plane (see Eg. (5)). Thus, the techniques described in this paper cannot be
used to determine the distribution of displacements. However, it should be possible to
handle relatively wide distributions by dividing the hologram into sections. Each section
may then be analyzed individually, presuming that the distribution represented by each
section is sufficiently narrow.
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that comprise the rando% array is characterized by a 2-dimensional Gaussian pdf where
= 354m
2 .

T O Usth]

-




7 O (MM

1.0}

p (v)
o
w

0.0+ .
0.5 2.5

v (mm/sec)

Fig. 10.

4.5

Plot of the experimentally obtained density function which characterizes the

velocity distribution of 79 um pollen particles falling in water.
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