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57 ABSTRACT 
A new class of methods for characterizing particles is 
described along with associated apparatuses. These 
methods are called modulated dynamic light scattering 
(MDLS) methods because they utilize time and space 
modulations of the incident or scattered light as well as 
modulations caused by random Brownian motions of 
the particles, for example, to measure particular proper 
ties. The autocorrelation function of the scattered light 
signal from a particle is measured to provide a highly 
resolved signature even when the signal is buried in 
noise. The dynamics of the scattered light signal from a 
suspended particle undergoing random Brownian trans 
lations and rotations is analyzed to obtain the relation 
ship of the particle's properties to its autocorrelation 
function signature. By comparison of the theoretical 
and measured functions, properties of a particle sus 
pended in a (1) liquid, (2) gas, or (3) rarefied gas can be 
determined. In cases (1) and (2) the general shape cate 
gory, velocity, and translational friction coefficient of 
the particle and in case (3) these properties and the mass 
of the particle are determined. The particle charge and 
charge-to-mass ratio can also be determined in cases (2) 
and (3). In addition, other analytical techniques can also 
be used to determine information about the chemical 
and biological nature of the particle. Distributions of 
particles over one or more properties, singly or jointly, 
can then be precisely determined from a large number 
of individual particle measurements and particles of a 
species having a unique set of properties can be individ 
ually identified. 

19 Claims, 7 Drawing Sheets 
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1. 

CHARACTERIZATION OF PARTICLES BY 
MODULATED DYNAMIC LIGHT SCATTERNG 

This is a continuation of application Ser. No. 5 
07/244,965, filed Sep. 15, 1988 now abandoned. 
TECHNICAL FIELD OF THE INVENTION 

The present invention is directed to methods and 
apparatuses for determining several property values of 10 
at least one particle by utilizing the light or other radia 
tion signal scattered from a particle in an intensity mod 
ulated illumination field or by utilizing the modulated 
scattered signal from at least one particle in a field of 
uniform illumination. 

BACKGROUND OF THE INVENTION 

Measurement of molecules and particles (simply de 
noted particles hereafter) by light scattering methods is 
frequently preferred over other methods because light 
scattering provides the advantages of convenient, fast, 
sensitive, non-destructive, in situ or even in vivo mea 
surement. However, the inference of particle properties 
from static light scattering (SLS) signals can be ex 
tremely complex, depending strongly on particle index, 
size, shape and homogeneity, properties which are not 
generally known a priori. Measurement of particles by 
dynamic light scattering (DLS) techniques retains the 
advantages listed above while eliminating complexity in 
inferring properties including particle size and shape, 
since these inferences do not require detailed knowl 
edge of the optical properties of the particles. 
One strength of DLS techniques is their ability to 

measure a weighted mean value of a dynamic particle 
property (translational or rotational diffusion coeffici 
ent, electrophoretic mobility, . . . ) for a suspension of 
particles. However, this strength is sometimes a liability 
as the weighted mean value accessible is frequently not 
the one of interest and, except in special cases, the latter 
cannot be obtained from the former because these meth 
ods do not provide the distribution of particles over any 
property. Were a distribution provided, a number of 
moments of the distribution or the mean value of a 
number of properties of the suspension could be calcu 
lated. 

Consider photon correlation spectroscopy (PCS) as 
an example of a DLS method. A PCS measurement of 
a suspension of spherical particles illuminated by a co 
herent light source provides, after some manipulation, 
the autocorrelation function of the electric field of the 
light signal scattered from the suspension. This function 
has the form of the Laplace transform of the product 
A(T)F(T) 
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where T is the delay time, T =K2D the linewidth vari 
able for a particle having diffusion coefficient D=kT/f, 
k the Boltzmann's constant, T the absolute temperature, 
f=37tmd the particle's friction coefficient, m the viscos 
ity of the medium, d the particle diameter, K the magni 
tude of the scattering vector, A(I) the light scattering 
cross-section and F(T) the number distribution density 
(per unit f) of particles of linewidth T. 

In principle, measured autocorrelation functions to 
gether with Equation (1) can be used to provide esti 
mates of F(T) which can be transformed into a size or 
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2 
other distribution function. However, precise extraction 
of A(T)F(T) from Equation (1) is not trivial since this 
Fredholm integral equation of the first kind has the 
property that the A(f)F(T) extracted is very sensitive 
to noise in C(t). Moreover, because A(T) is strongly 
dependent on particle size, the signal from any suspen 
sion of particles having significant breadth in its size 
distribution will be dominated by the signal from the 
fraction of particles having large A(T) while the re 
maining particles contribute only slightly to C(t). Fi 
nally, C(t) dependence on other properties such as 
particle shape can also contribute to the imprecision 
with which a one-dimensional distribution can be deter 
mined since such dependence can lead to (apparent) 
noise in C(T) and to the non-uniform weighting of 
A(T)F(T) in Equation (1). 

Because of these fundamental limitations in the PCS 
method in particular and in many DLS methods in 
general, improved methods are perused. The method of 
the present invention involves modulated dynamic light 
scattering (MDLS). In this method, a suspension of 
particles may be precisely characterized by individual 
measurement of many particles which provides precise 
distributions over one or more particles properties, 
singly or jointly. This strategy removes the limitations 
on precision associated with the inversion of a Fred 
holm integral equation, the simultaneous measurement 
of strong and weak signals and the measurement of 
particles distributed in an undetermined manner over 
additional properties. However, the methodology intro 
duces its own limitations, namely, the longer time re 
quired to individually measure a large number of parti 
cles and the inability to measure particles that are too 
small to be individually detected. In spite of these limi 
tations, the MDLS method will often provide more 
complete and precise information. 

SUMMARY OF THE INVENTION 

The method and apparatus of the present invention 
operates upon the signal, such as an electrical signal, 
derived from a suitable sensor that is positioned and 
oriented to detect the scattered signal from at least one 
particle illuminated by an acoustic or electromagnetic 
field suitably modulated such that the illumination in 
tensity varies periodically in both time and space over a 
volume within which the particle(s) is measured. 
The electrical signal is measured in time to obtain the 

time history of the signal or the sequence of time inter 
vals at which some feature of the signal recurs or is 
processed to obtain the autocorrelation or other func 
tion of the signal in order to capture information in the 
frequency and amplitude modulation of the signal due 
to the translational and rotational motions of the parti 
cle(s). 
The information so captured is used together with an 

appropriate analytical expression or analytical method 
to determine the mean square displacement (o) of the 
particle in one dimension and the mean square rotations 
(o,2s) of the particle about at least one of three mutually 
perpendicular axes through the particle as it depends on 
the delay time interval T. Since the o2 history depends 
on the time average value of the particle friction coeffi 
cient and, under certain conditions to be described be 
low, the particle mass, the measured or history can be 
used to determine the particle friction coefficient and 
/or the particle mass. Likewise, since the o2 histories 
depend on the time average values of the rotational 
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friction coefficients of the particle and, under the same 
certain conditions, the mass moments of inertia of the 
particle about the three axes, the measured o.2 histories 
can be used to determine the particle rotational friction 
coefficients and/or mass moments of inertia about the 
three axes. 

Moreover, a shape category of the particle is readily 
determined from the general form of the measured or 
processed signal such that the particle can be classified 
as to its general shape category, for example, spherical, 
slightly non-spherical, highly non-spherical, axisym 
metric or non-axisymmetric. 

Particle velocity is determined in the MDLS methods 
and apparatuses as well as the above mentioned proper 
ties. Measurement of particle or suspending fluid veloc 
ity is in itself a useful ability. Moreover, when an elec 
trostatic field of known strength is imposed on the parti 
cle, the electrostatic charge and charge to mass ratio of 
the particle are determined. 

Finally, additional analysis or processing of the scat 
tered signal together with proper preparation of the 
sample particle when required provides information 
about the chemical, biological or structural nature of 
the particle. 

It is a primary objective of the present invention to 
provide an improved method for characterizing parti 
cles. 

It is another object of the present invention to pro 
vide a method for determining the particle mass, a 
method which is unlike others previously described in 
that it requires no assumptions regarding the shape, 
mass density, electrostatic charge, sedimentation veloc 
ity, light scattering cross-section or relationship of par 
ticle volume or mass and particle friction coefficient but 
provides the correct value of particle mass irrespective 
of any of these other properties and the velocity of their 
suspending fluid. 

It is another object of the present invention to pro 
vide a dynamic light scattering method for characteriz 
ing particles. 

It is a further object of the present invention to illumi 
nate particles with at least one component of light hav 
ing its intensity modulated periodically in both time and 
space to provide scattered light signals used to charac 
terize the particles. 
These and other objects of the present invention will 

become apparent when taken in conjunction with the 
following description and drawings, which drawings 
form a part of the present application and wherein like 
characters indicate like parts and which drawings form 
a part of the present specification. 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a block diagram of an MDLS device and 
associated signal processing equipment. This device 
illuminates a particle with light having one component 
(polarization or color) with a fringe pattern intensity 
field that is modulated to be periodic in both time and 
spatial displacements. 
FIG. 1B is a block diagram of an MDLS device for 

illuminating a particle with light having two compo 
nents (polarization and/or color) each of which has a 
fringe pattern intensity field that is independently mod 
ulated to give two independent time and displacement 
periodicities. Also shown are associated signal detection 
and processing equipment. 
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4 
FIG. 1C is a block diagram of an MDLS device simi 

lar to that of FIG. 1B but utilizing different optical, 
electronic and signal processing equipment. 

FIG. 2A is a waveform illustrating the illumination 
intensity pattern caused by destructive interference of 
one component of light within the intersection volume 
of the two crossed beams shown in FIGS. 1A, 1B and 
1C at one instant in time. 

FIG. 2B is a rendering of the fringe pattern formed at 
one instant in time within the intersection volume by the 
destructive interference of one component of light in 
the two beams of FIGS. 1A, 1B and 1C. 

FIG. 3 is a diagram illustrating the orientation of the 
symmetry axis of an axisymmetric particle in polar co 
ordinates fixed to a laboratory reference frame. 

FIG. 4 is a block diagram of electronic and signal 
processing equipment that may be used to capture and 
/or process the scattered light signal history of a parti 
cle in the device of FIGS. 1A, 1B or 1C. 

FIG. 5 is a point plot of a measured correlation func 
tion for a sample particle made in accordance with one 
method of the present invention. 
FIG. 6 is a block diagram of an MDLS device having 

additional features and associated equipment. 
DESCRIPTION OF THE PREFERRED 

EMBODIMENT 

Illustrated in FIG. 1A is an MDLS device 10A which 
is used to illuminate at least one particle and to capture 
and/or process the scattered light signal history used to 
determine values of the particle properties. The appara 
tus utilizes a one component light bean. A consisting of 
a single color and single polarization, generated by a 
laser 12 that is intensity attenuated by means of a neutral 
density filter 14 and split into two beams 1 and 2 by a 
beamsplitter 16. Beam 1 passes through a Bragg cell 20 
which frequency shifts the beam by Fo, where Fo is 
typically 40 MHz. Beam 2 is reflected by a reflector 18 
through a Bragg cell 21 wherein it is frequency shifted 
by Fo--AF, where AF21 KHz in typical applica 
tions. Beam 2 is then redirected by reflector 22 through 
lens 23 and polarizer 24, to insure purity of the single 
beam component. From the polarizer beam 2 is directed 
by reflector 26 through the window 26A and through 
the center of sample chamber 40 containing at least one 
particle a liquid orgas suspension fluid to a light trap 32. 
In a like manner, beam 1 is reflected off reflector 28 and 
directed through lens 29 and polarizer 30, to insure 
purity of the single beam component. Beam 1 is then 
directed by reflector 31 through the window 31A to 
intersect beam 2 at the center of the sample chamber 40. 
A light trap 34 is positioned to trap beam 1 at the far 
side of the sample chamber. The beams intersect at 
angle which is bisected by an axis Z. Perpendicular to 
axis Z is an X labelled axis. A lens 36 is positioned with 
its center on the Z axis to focus forward scattered light 
from at least one particle within the intersection volume 
of beams 1 and 2 onto photomultiplier tube (PMT) 42. 
A polarizer 37 typically passing light having the polar 
ization angle of the original beams A, 1, and 2, is in 
serted in the beam path to insure purity of the light 
component detected. A mask 38 is interposed in the 
beam path centered on the Z axis to remove defocused 
light. The lens 36 and the PMT 42 are also centered on 
axis Z. Signal storage and processing equipment 43 
receives, as an input, the electrical signals from PMT 42 
and performs storage of the signal history and signal 
processing methodologies on the received signals by 
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signal processing equipment 43 and 60 to provide out 
put data Soct) and S(t) relating to the characteristics of 
the particle illuminated in the intersection volume con 
tained at the center of chamber 40. 

Consider a plane-wave element in each of two laser 
beams whose axes lie in the x-z plane and intersect with 
angle at the origin of the x-z coordinate system, as 
shown in FIG. 1A. The electric field vectors of these 
two beam elements are 

E(t)=n Eloe (1'-k10 (Ala) 

E2(i)=n2E20ec2-k2D (Alb) 

where the unit vectors n1 and n2 specify the direction of 
polarization of beams 1 and 2, E10 and E20 the ampli 
tudes, co1 and co2 the angular frequencies, k1 and k2 the 
wave vectors having magnitudes k = col/c and 
k2=a)2/c with c the speed of light in the medium. The 
unit vectors k1=kk1 and K2=k2/k2 defines the direc 
tions of propagation of the two beam elements in the 
medium and the radius vector is given by r=xx--zz 
with x and z the unit vectors in the x and z axis direc 
tions. Since c=ow/(27), where \ is the wavelength in 
the medium, we can also write for the magnitude of the 
wave vectors k1=2nt/A1 and k2=27t/A2. 
When both beams are polarized in the same direction 

(n1=n2) the fields (A1) of the two elements are summed 
as scalars within the intersection volume. Thus, within 
the intersection volume 

cos (A2)z (A2) 

where we have used 

kr= -ki sin (1/2)x+ k2 cos (1/2)z 

k2r=k2 sin (1/2)x--k2 cos (1/2)z. 

Now define co=a) - Act)/2=a)2- Act)/2 with 
Ac)=a)2-col and k=k1--Ak/2=k2-Ak/2 with 
Aks-k2-k1. We also define AEo=E20-E10. It follows 
that 

(A3) 

Thus, in the intersection volume the electric field is the 
sum of a plane wave field of amplitude AEo and a fringe 
pattern field of amplitude 2E10 cos Aot/2-k sin 
(I/2)x. 
The direction of propagation k=kxx-- Kaz of the 

fringe field light is determined from the second term of 
(A3) with 

from which k=Ak/(2k) sin (/2) and 
Kz=1 --Ak/(2k) cos (/2). The ratio K.Kzprovides the 
tangent of the angle between k and the Z axis. 

tan =Ak/(2k-i-Ak) tan (A2). 

For MDLS systems in general, k exceeds Ak by 8 to 10 
orders of magnitude so that any finite aperture centered 
on the z axis will passessentially forward scattered light 
from the fringe field. However, light from the plane 

10 

15 

20 

25 

30 

35 

45 

50 

55 

60 

6 
wave field of amplitude AEo, the first term of equation 
(A3), will not be forward scattered through the same 
aperture. To obtain only forward scattered light the 
two beam elements must be matched in their amplitudes 
so that AE0=0. 
The local intensity of the light is given by 

J(x,z,t)=(ec/2)<E(x,z,t)f(x,z,t)> (A4) 

where c is here the dielectric constant of the medium, 
E(x,z,t) the local electric field strength and E'(x,z,t) its 
complex conjugate. The angular brackets indicate the 
time average over an interval long compared to the 
period of the field (~1 fsec) but short compared to, say, 
the resolution interval of the detector (~ 1 nsec). Thus, 
noting that J is independent of z in the intersection 
volume, 

(A5a) 

where K=(47T/N) sin (I/2). In terms of the intensities 
I1 and I2 of the two beam elements, 

from which equation (2) is obtained. When I =I2, 

The separation of fringe planes 8 is derived from the 
periodicity requirement KOx--8)-Kx=Kö=2at which 
gives 

The velocity with which the intensity distribution of the 
fringe field translates in the x-direction is determined 
from the expression relating time and position of any 
feature of the field, namely, Acot-Kx=constant. Upon 
taking the time derivative of this expression we obtain 

FIG. 1B illustrates an MDLS device 10B which is 
used to illuminate at least one particle with light con 
taining two components in each of two beams that are 
combined in the intersection volume at the center of 
chamber 40 to form the independently modulated fringe 
patterns, one from each component. Light beam A. from 
laser 12 passes through a half-wave plate 13 which can 
be rotated to fix the direction of polarization of light in 
bean A' in order to divide substantially equally the light 
in beams 3 and 4. Light in beam A' is intensity attenu 
ated by neutral density filter 14 and split into beams 1 
and 2 by beamsplitter 16. Both beams 1 and 2 contain 
two components, namely, light having vertical and 
horizontal polarization. Beam 1, containing substan 
tially half the power of beam A', is directed by beam 
splitter 16 through a Bragg cell 20 which frequency 
shifts by Fo both components of beam 1. After passing 
through Bragg cell 20 beam 1 is directed by reflector 28 
through lens 29 (optional) and onto reflector 31 which 
directs beam 1 through window 31A into the center of 
sample chamber 40. Beam 1 then passes through the 
center of chamber 40 and is trapped in a light trap 34 at 
the far side of chamber 40. Beam 2 is separated into the 
two beams 3 and 4 each having only one component 
(polarization) by polarizing beamsplitter 18A. Beam 3 
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containing the horizontally polarized component of 
beam 2 is directed by reflector 18 through a neutral 
density filter 15 (optional) used to adjust the intensity 
balance between beams 3 and 4 upon their recombina 
tion as beam 5 and to reflector 22 and to polarizer 20A 
(optional) to insure purity of the horizontally polarized 
light component of beam 3. Beam 4 containing the verti 
cally polarized light component of beam 2 is directed by 
polarizing beamsplitter 18A through Bragg cell 21 
which frequency shifts the beam Fo--AF. Beam 4 next 
passes through polarizer 21A to insure purity of the 
vertically polarized light component of beam 4. Beam 3 
and beam 4 are recombined into beam 5 by polarizing 
beamsplitter 19 such that beam 5 contains two compo 
nents of substantially equal intensity, namely, the hori 
zontally polarized light component of beam 3 that is not 
frequency shifted and the vertically polarized light 
component of beam 4 that is frequency shifted by 
Fo--AF. Beam 5 is next passed through lens 23 (op 
tional) and onto reflector 26 which directs beam 5 
through window 26A through the center of sample 
chamber 40 and into light trap 32. Beams 1 and 5 inter 
sect at the center of chamber 40 with intersection angle 
N which is bisected by an axis Z. Perpendicular to axis 
Z is an axis labelled X. A lens 36 is positioned on the Z 
axis to focus scattered light from any particle in the 
intersection volume of beams 1 and 5 onto photomulti 
plier tube (PMT) 42. Mask 38 is positioned intermediate 
between the lens 36 and the PMT 42 to prevent unde 
sired stray light from reaching PMT 42. Electronic and 
signal processing equipment 43 receives, as an input, the 
electrical signals from PMT 42 and performs electronic 
filtering, signal storage and signal processing methodol 
ogies on the signal received from PMT 42. The signal 
from PMT 42 contains one signal component due to the 
horizontally polarized light components of beams 1 and 
5 and therefore contains this signal component at the 
modulation or bias frequency Fo. The signal from PMT 
42 will also contain a second signal component due to 
the vertically polarized light components of beams 1 
and 5 and will therefore contain this signal component 
at the modulation or bias frequency Fo--AF-Fos AF. 
Since AF<<Foscattered light signals corresponding to 
these two signal components can be electronically sepa 
rated to provide two isolated signal components. This 
isolation is useful since the high frequency signal com 
ponent is proportional to the instantaneous value of the 
product of the mean illumination intensity over many of 
the high frequency periods and the instantaneous light 
scattering cross-section of the particle, the latter quan 
tity being particle orientation dependent. The low fre 
quency signal component is proportional to the product 
of the instantaneous illumination intensity and the light 
scattering cross-section of the particle, the former quan 
tity being particle displacement dependent while the 
latter is particle orientation dependent. The ratio of the 
low frequency signal component and the high fre 
quency signal component thus provides a signal that 
depends only on particle location and is independent of 
particle orientation. Output data relating to location 
dependent properties of the particle such as the transla 
tional friction coefficient of the particle in the suspend 
ing fluid and the particle mass can be extracted directly 
from this ratio of low and high frequency signal compo 
nents provided by signal processing equipment 60 with 
out extensive and complex analysis. Likewise, output 
data relating to orientation dependent properties of the 
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8 
particle can be extracted directly from the high fre 
quency signal component. 

In FIG. 1C an apparatus 10C similar in function to 
that of FIG. 1B is illustrated. The apparatus of FIG. 1C 
is identical to that of FIG. 1B in its components and 
their functions with the exception of components 39, 
42A, 42B, 43A, 43B and output signals S1(t) and S2(t), 
which components and their functions are here de 
scribed. Alternatively to the electronic separation of the 
high and low frequency components of the scattered 
light signal utilized in the apparatus of FIG. 1B, the 
apparatus of FIG. 1C separates these two signal compo 
nents optically by use of a polarizing beamsplitter 39. 
Scattered light signal containing the two components 
(polarizations) and passing through mask 38 of FIG. 1C 
is separated into two beams 39A and 39B which sub 
stantially contain, respectively, the horizontally and 
vertically polarized light scattered from the particle in 
the intersection volume at the center of sample chamber 
40. One component of this scattered light signal, the 
horizontally polarized component beam 39A which is 
the component modulated at high frequency Fo, is de 
tected by PMT 42A which provides in response an 
electrical output signal captured or processed by signal 
processing equipment 43A to provide data output signal 
S1(t). Signal processing equipment includes means for 
providing the time averaged mean signal over an inter 
val which is long compared to the period 1/Fobut short 
compared to the much longer period 1/AF. Thus, the 
electrical signal S1(t) is proportional to the product of 
the local time averaged intensity and the instantaneous 
value of the light scattering cross-section of the particle 
which cross-section may vary substantially over time 
intervals >> 1/FO due to random Brownian rotations 
of the particle. The second component of the scattered 
light signal from the particle in the intersection volume 
at the center of chamber 40, the vertically polarized 
component beam 39B which is the component modu 
lated at the much lower frequency AF, is detected by 
PMT 42B which provides an electrical output signal 
captured or processed by signal processing equipment 
43B to provide data output signal S2(t). Thus, output 
signal S2(t) is proportional to the product of the light 
scattering cross-section of the particle and the instanta 
neous illumination intensity which depends on the in 
stantaneous particle displacement in the x-direction. 
The ratio S2(t)/S1(t) at time t obtained by use of signal 
processing equipment 60 depends only on particle dis 
placement x at time t. 
FIG. 2A illustrates in a cross-sectional view the local 

intensity of one component (polarization) versus X 
direction displacement within the intersection volume 
of the two beams at the center of chamber 40 at one 
instant in time. The amplitude I is shown varying be 
tween a maximum value of Ipand a minimum value of I. 
This interference fringe pattern (intensity distribution) 
is moving in the x-direction with the constant velocity 
Vf=Aco/K with Aci) the angular bias frequency 
(=2TAF or 2arFo) and K is the magnitude of the scat 
tering vector =47Tnf/Aosin (1/2) where infis the index 
of the fluid medium and Ao the wavelength of the laser 
light in vacuum. Referring to FIG. 2B, the intersection 
of beams 1 and 2 in FIG. 1A establishes one interference 
fringe pattern or beams 1 and 5 in FIGS. 1B and 1C 
establishes two superimposed interference fringe pat 
terns of alternate, parallel planes of high intensity I 
separated by planes of low intensity I, throughout the 
central portion of the intersection volume. When the 
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MDLS device contains light beams having two compo 
nents, two such intensity fields are superimposed since, 
for example, light having a horizontal electric field 
vector (polarization) does not interfere with light hav 
ing a vertical electric field vector (polarization). Thus 
the two superimposed fringe patterns move across the 
intersection volume each at its own characteristic ve 
locity (=27TAF/K and 27tfo/K) without interfering 
with each other. 
For the light component having polarization direc 

tion in the plane of FIGS. 1A, 1B or 1C (horizontal 
polarization), the polarization vectors of the two beams 
are not aligned because the beams are inclined by angle 
W. In this case the intensity field fringe pattern has a 
larger value of the minimum intensity I, while the maxi 
mum intensity I may be unchanged. 
A high frequency pass filter receiving the electrical 

signal from the detector (PMT) 42 removes the signal 
component due to the background illumination inten 
sity Iy passing only the fluctuating signal component. 
For light having polarization vector normal to the plane 
of FIGS. 1A, 1B and 1C (vertical polarization), the 
polarization vectors are always aligned and the back 
ground illumination intensity, I, is small. Vertical po 
larization thus gives the largest intensity modulation. 
A particle 50 moves, for example, by random Brow 

nian translations over an example trajectory 52. The 
illumination intensity of the particle 50 is time and dis 
placement modulated according to Equation (A5b), 
Appendix A 

J(x,t)= o(1 + v cos (Acot-Kx)) (2) 

where Io=I1--12 is the local mean intensity 
u=2p3/(1-p) with p=I1/12) the local fringe pattern 
visibility or relative amplitude of the fluctuating inten 
sity, Act)=27TAF is the angular bias frequency, 
K=(47t/A) sin (1/2) is the magnitude of the scattering 
vector, the intersection angle of the two beams of 
FIGS. 1A, 1B and 1C and A the wavelength of the light 
in the suspension fluid in beams 1 and 2 of FIG. 1A or 
of beams 1 and 5 of FIGS. 1B and 1C (equal to adequate 
precision) and where x is the displacement normal to 
the fringe planes as indicated in FIGS. 1A, 1B, 1C, 2A 
and 2B. The visibility u obtains its maximum value of 
unity when p = 1, but the maximum is flat and broad 
with 20.98 when 0.667.<u <1.50. 
To measure individual particles, particles are intro 

duced into the sample chamber 40 at sufficiently low 
concentration so that a particle is located in the inter 
section volume no more than 10 percent of the time. 
Only rarely then will more than one particle occupy the 
intersection volume, resulting in negligible coincidence 
errors. To measure more than one particle at a time, 
particles are introduced at much higher concentration 
so that many are simultaneously in the intersection vol 
ume. In this case the properties measured are weighted 
mean values. 
While a particle resides in the intersection volume of 

the device shown in FIG. 1A it scatters light through 
lens 36, analyzer 37 and mask 38 onto detector (PMT) 
42. Typically for MDLS device 10A, only scattered 
light having the same polarization as the incident light is 
detected. As illustrated in FIG. 1A, this light is scat 
tered within a small solid angle centered on the forward 
direction. Non-forward scattered light can also be ob 
served by movement of the detector-mask analyzer-lens 
axis off the central axis Z. 
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10 
When the PMT signal indicates the presence of a 

particle in the intersection volume (exceeds a threshold 
value), the signal is captured, stored or processed. For 
example, a digital correlator can be used to accumulate 
the correlation function of the PMT (scattered light) 
signal until the particle leaves the intersection volume 
the (PMT signal falls below the threshold value). The 
measured autocorrelation function for each particle is 
stored and processed later or processed on-line to ex 
tract the property values of interest from which precise 
distributions can be determined. Example computer 
programs for extraction of some property values are 
given in Appendices B, C and D. 
To infer the property values from the captured or 

processed data, a suitable model that relates the data 
and the particle properties is required. We illustrate 
here the basis of such models and outline example analy 
sis and signal processing methods. 

For a particle 50 suspended in a fluid at absolute 
temperature T, the probability that it will displace in the 
x-direction the net length. Ax by random Brownian 
displacements in time interval t is given by the so-called 
transition probability expression 

p(Ax)=(2aro.2) exp(-Ax2/(2a-2) (3) 

where o? is the mean-square-x-displacement of the par 
ticle in time interval t given by 

o=2kT/(m6) t-1 +exp(-6t)=2DtF(6t) (4) 

where F()=1-1-exp(-O/, k is Boltzmann's con 
stant, m the mass of the particle 50, 6=f/m, f the trans 
lational friction coefficient of the particle in the fluid 
and D=kT/f. Values of the function FO versus are 
given in Table 1. Note that the large asymptotic ex 
pression, F()=1-1/, is substantially correct for 23, 
a result that will be utilized below. 

TABLE 1. 
F () F () F () 

- o 1 - 1/ 100 0.9000 0.8 0.3117 
100.0 0.9900 8.0 0.8750 0.6 0.2480 
800 0.9875 6.0 0.8337 0.4 0.1758 
60.0 0.9833 4.0 0.7546 0.3 0.1361 
40.0 0.9750 3.0 0.6833 0.2 0.09365 
300 0.9667 2.0 0.5677 0.1 0.04837 
200 0.9500 10 0.3679 - O /2 

When the suspending fluid is a liquid or a gas at nor 
mal temperature and pressure, = (3t) > 1 for values of 
t of current interest so that, to adequate accuracy, 
F(0)=1, o2=2Dt and determination of o2 at one or 
more values of t provides only the value of D=kT/f 
and information about the particle that derives there 
from. For cases in which (= gts 100, such as when the 
fluid is a gas at reduced pressure, the value of particle 
mass or particle mass and friction coefficient may be 
determined. For example, when 0.1s (S20, then 
F()<1 for time intervals of current interest and 
o2=2DtF() and determination of o? at two or more 
values of t provides both D=kT/f and 6=f/m and 
information that derives therefron. As another exam 
ple, when a suspending gas has pressure sufficiently 
small so that = 6ts 0.1 for time intervals of current 
interest, o?=kTt?/m so that determination of at least 
one o? and t data pair provides the particle mass 
m=kTt?/o2. Thus measurement of ot2 and t data pairs 
with at least one pair in the range of 0.1 <<100 may 
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allow determination of at least two properties of the 
particle. 

Consider, as a first example, particle 50 located near 
the center of chamber 40 within the intersection volume 
of beams 1 and 5 of FIGS. 1B or 1C which causes the 
particle to be illuminated by two superimposed modu 
lated intensity fields both characterized by equations 
having the form of Equation (2). The signal 
S(t)=S2(t)/S1(t) obtained from signal processing equip 
ment 60 is coupled so that only the a.c. component of 10 
signal S(t) is passed into a sensor circuit of equipment 
60. When the particle 50 observed in MDLS device 
10A either has an orientation dependence of its scatter 
ing cross-section that is zero or relatively weak or is 
constrained to remain in a fixed orientation, such as by 
use of an imposed electrostatic or aerodynamic field, 
then output signal So(t) of device 10A is functionally 
equivalent to S(t) and the methods utilized to extract 
property values and other information from S(t) can 
also be used to extract property values and other infor 
nation from So(t). Accordingly, the output signal So(t) 
from the apparatus of FIG. 1A can be coupled into a 
sensor circuit of equipment 60 and the following de 
scription then applies equally to the output of equip 
ment 60 from apparatus 10A, 10B and 10C. 

In FIG. 4 are illustrated some of the components of 
signal processing equipment 60. Referring to FIG. 4, 
the signals S1(t) and S2(t) are applied to a divider 62. 
The output from the divider is the signal 
S(t)=S2(t)/S1(t) which is applied to the input of a zero 
crossing detector for positive slope crossings 64 via a 
d.c. decoupler such as capacitor 63. The marker signals 
generated by detector 64 are transmitted to a processor 
66 which determines the time intervals between se 
lected marker signals (nearest neighbor, second nearest 
neighbors, . . . ) and provides the sequence of these 
interval values as digitized quantities on the output data 
line of processor 66. 
The sensor circuit detects when the a.c. component 

of S(t) crosses the zero level with positive slope and 
generates an electrical marker signal at each such cross 
ing. These marker signals thus occur at the time values 
at which the a.c. component of the illumination inten 
sity given by Equation (2) is zero with positive slope. 
Thus, for time interval. At between two selected marker 
signals and particle displacement Ax during the interval, 
it follows from Equation (2) that 

Defining the initial time to and location x0 to give a 
reference condition at which the a.c. component of the 
illumination intensity crosses zero with positive slope, 
namely, Acoto-Kx0=37t/2, at which instant the first 
marker signal occurs, we obtain for the condition for 
subsequent marker signals 

AoAt-KAx=2mont, 

where mo=1,2,3,4, . . . . 
For nearest neighbor marker signals mo=1. For sec 

ond nearest neighbor marker signals mo=2. For the mth 
nearest neighbor marker signals mo=m. It follows that 
Ax and At must be related by the expression 

(5) 

When a large number, n, of time intervals At is mea 
sured for a particle 50 in the modulated illumination 
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12 
intensity field and when the number of measurements, 
ni, for which At= Ati is determined, by signal processing 
equipment 60, the probability of observing At = Ati and 
Ax=Axi is given by the ratio Pi=ni/n. This probability 
must correspond to that given, for example, by the 
transition probability expression (3) so that 

P=n/n=(2aro.2) - epi-Ax2/(2a-2))Sxi (6) 

where Sx is the resolution or channel width of the 
displacement Axi. 
A time series analysis of the signal S(t) to obtain at 

least one property of particle 50 can be performed as 
follows. The sequence of n measured time intervals At 
between marker signals is used with Equation (5) to 
obtain the corresponding displacements AX. The num 
ber of intervals ni having specified time interval Ati and 
displacement Axi is determined from this sequence and 
the ratio pi=n/n is determined for each of several val 
ues of Ati. These ratios are used with the corresponding 
values of Axi and, for example, Equation (6) to deter 
mine o? for each of the several Ati time interval values. 
The values of ot2 at each of these At time interval values 
are used with, for example, 

o2=2DAtE(8At) (7) 

to determine D-kT/f, D and 3=f/m or m in the cases 
where the At data correspond to 9At) > 1, 0.1 < (3A 
t<100 or gAts 0.1, respectively. 
A time series analysis methodology like the one illus 

trated above will be adequate when the noise contained 
in the signal S(t) is relatively low, as occurs for large 
particles with large light scattering cross-sections. For 
particles having light scattering cross-sections which 
are relatively small, other methods are preferred which 
employ, for example, one or more signal processing 
techniques which allow clean extraction of signals bur 
ied deeply in noise. 
Now consider, as a second example, the determina 

tion of at least one property of a particle 50 in chamber 
40 by use of the autocorrelation function of the signal 
S(t) obtained using device 10B or 10C or signal So(t) 
obtained using device 10A subject to the conditions 
previously stated. An example of such an autocorrela 
tion function as measured with device 10A is shown in 
FIG. 5. The same methods can be used to determine at 
least one property of the particle 50 in chamber 40 by 
use of the autocorrelation function of the signal S(t) 
obtained using the device 10D of FIG. 6 which device 
will be described hereinafter. The autocorrelation func 
tion (or simply correlation function hereafter) is formed 
by use of a correlator, to which the signal S(t) is trans 
mitted. It remains, however, to show how the correla 
tion function depends on the properties of particle 50 
and, therefore, how the correlation function can be used 
to obtain at least one property of particle 50. 
For example, in the modulated illumination device 

10C of FIG. 1C, the signal S(t)=S2(t)/S1(t) depends on 
I(t)=JOx(t),t) according to Equation (2) where x(t) is 
the instantaneous particle X-location and on a multipli 
cative instrument constant a 

S(t)=In(t) (9) 

where I(t)=I(t)/Io with Io the instantaneous (short 
compared to 1/AF but long compared to 1/Fo) time 
averaged intensity of illumination on particle 50 ob 
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tained, within a multiplicative constant, from the (short) 
time average of signal S1(t) of the device 10C. It is 
useful to express In(t) in the form 

I(t)=1--y(t) (10) 

where y(t) is the relative fluctuation of I(t) at time t. 
The correlation function of S(t) is defined by 

C(t)= <S(t)SOt-to- (11) 

where T is the delay time and where the angular brack 
ets denote the time averaged value. Substitution of 
Equations (9) and (10) into Equation (11) gives 

C(t)=a<(1+y(t))(1+y(t+rd 

or, as is readily shown, 

C(t)= a1 + <y(t)y(t+7)>). (12) 

To determine C(t) it remains only to determine 
< y(t)y(t--T)>. This time average is readily deter 
mined by calculating the ensemble average in place of 
the time average, since the two are equivalent. 
To calculate the ensemble average we first note that 

the angular bias frequency Aci) of Equation (2) can be 
expressed in terms of the fringe field velocity Vf 

Ao=27. We'8 

where 6=2at/K is the separation of the fringe planes 
(Appendix A). For the example case when particle 50 
moves with constant average velocity V, such as by 
sedimentation or convection in a moving suspending 
fluid, and by random Brownian translations, particle 
location is given by 

x(t)=xo-- Wi--Ax(t) (13) 

where x0 is the initial particle location and Ax(t) is the 
net x-direction displacement of the particle in time in 
terval t due to the random Brownian translations. The 
relative fluctuation in illumination intensity incident on 
the particle is therefore, from the a.c. component of 
Equations (2) and (13), equal to 

y(t)=u cos ot-d(t) (14) 

where a)=2T(Vr-V)/8 and d5(t)=Kx with 
x=xo--Ax(t), the apparent initial location of the particle 
at time t. 
The correlation function is thus given by the ensem 

ble average 

L (15) 
C(t)/a2 - 1 = lim v2/(2L 

-- a - oo -. 

where p(x,t;xo) is the transition probability, i.e., the 
probability density that a particle is located at x at time 
T when it began at location x0 at time zero. For a parti 
cle undergoing pure Brownian motion, for example, 

p(x,x)=(2aro-2)-2 epi-Ax2/(2g2) (16) 

where, as above, o?=2DF(), = gr=ft/m and 
F(0)=1--1-exp(-)- with values of F(.) for se 
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14 
lected values of given in Table 1. Evaluation of the 
integrals (15) gives the desired correlation function 

C(r)= a1-1/2 exp(-Ko/2) cos (or). (17) 

Determination of C(t) by use of a correlator together 
with the analytical expression (17) allows extraction of 
o2 at each of several values of delay time T by suitable 
data analysis methods, such as least-squares fitting of 
Equation (17) to the measured C(t). These o?are t data 
pairs for the particle 50 together with the expressions 
o?=2DTF(3t) and F(0)=1-1-exp(-0)/(allow the 
extraction of the particle properties D=kT/f, D and 
As=f/m or m from the measured C(t) when the data 
includes values of 6T) > 1, 0.1 <At <100 or 3Ts 0.1, 
respectively, as before. Alternatively, a least-squares or 
other fit of the measured C(t) to Equation (17) can be 
used to determine D, D and 3 or m directly as in the 
example computer programs of Appendices B, C and D. 
In addition, the particle velocity V can also be deter 
mined from the measured value of the angular bias 
frequency o=2at(Vr-V)/8, since Vrand 8 are known 
and e is determined in the measurement of C(t). 
We also illustrate how the range of values obtainable 

from C(t) can be determined. This determination may 
be based on two requirements: 

1. Sufficient decay of the factor exp(-K2o.2/2) must 
occur over the T-range for which C(t) is measured 
to allow determination of this decay. 

2. The decay of the factor exp(-K2o.2/2) must be 
sufficiently weak so that it can be quantitatively 
resolved, i.e., the decay must be slow enough to be 
measured over more than one resolution time or 
sample time of the correlator. 

To insure that these requirements are both satisfied we 
impose the two conditions 

exp(-K?--DNATF(g NATO)sy1 (18a) 

exp(-KDNATF(g NAT)2y2 (18b) 

where N is the total number of channels of delay time 
width. At over which the correlation function C(t) can 
be accumulated in a single measurement, y1 is a limiting 
value sufficiently less than unity so that it can be ade 
quately resolved from unity within the precision of the 
measured C(t) values, N1 is the minimum number of 
channels of C(t) for which values are required to ade 
quately determine D, D and g, or m and y2 is a limiting 
value sufficiently greater than zero so that it can ade 
quately resolved from zero within the precision of the 
measured C(T) values. Over the total delay time range 
for which C(t) is determined, NAT, exp(-K2o.2/2) 
must decay to a value sy1. Over the minimum number 
of channels N1 spanning delay time range 0S rSNAT, 
exp(-Ko2/2) must remain above the value y2. 
These two conditions (18a) and (18b) impose lower 

and upper limits on the range of property values of 
particle 50 that can be determined by the example 
method described in this illustration. 

For the case when gTs 0.1 for which o2=kTT2/m, 
the range over which m can be determined using the 
device 10C and correlator at a single set of operating 
parameter values, such as the value of sample time AT, 
fluid temperature T and scattering vector magnitude K, 
is given by 
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K2kT(NAT)/2 ln(1/y2)sms KikTONA)/2 
1 n(1/y1) (19a) 

where 1n(x) denotes the natural logarithm of x. The 
dynamic mass range which can be measured, or the 5 
ratio of maximum to minimum m, is obtained directly 
from Equation (19a) as (N/N) 21n(1/y2)/ln(1/y1). For 
the representative values N=256, N1=12, y1=0.95 and 
y2=0.05, the dynamic mass range is 26,580. 
For the case when 3S(3t for which 

o2=2DT1-1/(gT)), the range over which m can be 
determined (provided 67 is sufficiently small) is given 
by - - 

10 

fN1Ar-fln(1/y2)/(K’kT))sms/NAT-fln(1/y1 
)/(K2kT). (19b) 

Because the two parameters f and m are determined in 
this range of St, a dynamic mass range and a dynamic 
range of the friction coefficient are not independently 
calculated, as in the case of 6ts 0.1 resulting in Equa 
tion (19a). Nevertheless, Equation (19b) allows the se 
lection of operating parameters which provide measure 
ment of the particle property values f and m in their 
desired ranges and the calculation of the dynamic range 
in one property given a specified dynamic range of the 
other. 
For the case when gt) > 1 for which o2=2DT, only 

D=kT/f can be measured. In this case the limits of 
Equations (18a) and (18b) require 
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from which the dynamic range in f is 
(N/N1)ln(1/y2)/1n(1/yi). For the above defined val 
ues of N, N1, y1 and y2, the dynamic range in f is 1,246. 
An example analysis of the correlation function of 35 

signal S1(t) of device 10B, 10C, 10D or of signal Soct) of 
device 10A, when the time variations of So(t) are domi 
nated by rotational motion of particle 50, provides in 
formation about particle properties related to particle 
rotation. Similar to the example analysis above for the 4 
signal S(t), fluctuations in time of this signal due, for 
example, to Brownian rotations of an axisymmetric 
particle 50 about three mutually perpendicular axes of 
the signal S1(t) or So(t), subject to the stated conditions 
for So(t), gives an analytical expression for the rota- as 
tional correlation function having the form 

CO (20) 
C(t) = j29 exp(-j(j + 1)o,/2) 

SO 

where the coefficients care constants for any one parti 
cle and can be determined empirically. However, it can 
be shown that for simple systems only a few of the ciare 
nonzero at known values ofj. Consider, for example, an 
axisymmetric particle such as rod, disk, spheroid or 
straight chain aggregate of spheres for all of which only 
rotation about two axes (those normal to the symmetry 
axis as shown in FIG. 3 with the polar angle e the 
inclination of the symmetry axis from the Z axis and d 
the inclination of the x-y plane projection of the symme 
try axis from the x axis) contribute to the fluctuations in 
light scattered from the particle and f and In are equal 
for those two rotational degrees of freedom. By defini 
tion, f, is the rotational friction coefficient of particle 50 
for rotation about its axis normal to the symmetry axis 
and In is the mass moment of inertia of the particle 
about the same axis of rotation. For these simple sys 
tems it is possible to fit the measured to the theoretical 
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rotational correlation function C(t) in order to deter 
mine o2 at several values of delay time t. These o2 and 
T data pairs can be used with the expression 
o2=2DTF,() where D=kT/f with 
F(?)=1--1-exp(-))/r with r=f3,T, and 
Arsf/In and In the mass moment of inertia of the 
particle about the same axis of rotation. Thus, for axi 
symmetric particles or particles adequately approxi 
mated by axisymmetric shapes, the particle properties 
Drand In can be determined from the measured correla 
tion function C(t). To determine both properties, 6,t 
must fall in the range 0.1 <g,t(100. For g,Ts 0.1 only 
In can be determined and for 3T) > 1 only Dr. 
For the case of rotation of a non-axisymmetric parti 

cle the rotational correlation function C(t) is complex. 
However, it can be qualitatively represented as the 
product of two or three functions having the form of 
Equation (20). - 

In any case, the comparative forms of the measured 
rotational correlation function C(7) and the transla 
tional correlation function C(T) reveal a general shape 
category of the particle. Based on results observed for 
many particle shapes it has been determined that the 
relative rate of decay of C(t) is zero for spherical parti 
cles, is small for slightly non-spherical particles, moder 
ate for non-spherical particles and large for highly non 
spherical particles, where the relative rate of decay in 
C(t) is determined by comparison to that of C(t) for 
translational motion. 
Morever, analysis of C(T) can provide information 

regarding the symmetry of a particle. If the particle is 
axisymmetric C(t) can be well fitted by an expression 
having the form of (18) with of2 given by a single set of 
fand Inn. When the particle is not axisymmetric, two or 
three sets of f, and In are required for an adequate fit. 
Precise data is generally required for such symmetry 
analysis. 

In FIG. 6 is shown MDLS device 10D consisting of 
light or other electromagnetic illumination source 12 
which can be, for example, a laser or incandescent light 
source which generates illumination beam A which 
passes through window 26A into a sample chamber 40, 
through the center of chamber 40 and into light trap 
apparatus 32 at the far side of chamber 40. When at least 
one particle 50 is located sufficiently near the center of 
chamber 40, a scattered illumination beam B is gener 
ated. The beam B exits chamber 40 through a window 
26B, passes through a spatial filter device consisting, for 
example, of lens 36 and mask 38A having a small aper 
ture near the image plane of the center of chamber 40, 
through lens 36A, and into into beamsplitter 16. The 
scattered illumination in beam B which passes through 
the spatial filter device and enters beamsplitter 16 is 
divided into two beams C and D. Beam C continues 
through a modulator device 35 consisting, for example, 
of a finely lined beam chopper disk 35A driven by a 
motor 35B, onto detector device 42B which may consist 
of a photomultiplier tube (PMT) which serves to trans 
form the incident scattered illumination signal of modu 
lated beam C' into electrical signal SB(t). Beam chopper 
35A is positioned at an image plane of the object plane 
containing particle 50. As particle 50 displaces due, for 
example, to random Brownian translations, the location 
of the image of particle 50 in the plane of beam chopper 
35A displaces a corresponding amount, magnified by a 
magnification M, the magnification in the image plane 
coincident with chopper 35A due to the optical compo 
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nents of the device. Thus, when particle 50 displaces the 
distance x(t) normal to the plane of FIG. 6, the image of 
particle 50 in the image plane located at beam chopper 
35A displaces the distance Mx(t), also normal to the 
plane of FIG. 6 which is the direction of the tangential 
motion of beam chopper 35A. Modulator device 35 
transforms beam C to modulated beam C' by imposing 
a time and x-direction displacement periodic modula 
tion on the intensity of beam C. When beam chopper 
35A is utilized, for example, the scattered illumination 10 
of beam C is focused to an image point in the plane of 
beam chopper 35A and the modulation is imposed by 
alternately transmitting through and stopping the beam 
as the transparent and opaque regions associated with 
each line of the beam chopper traverse the image point 
location, respectively. Thus, the intensity of scattered 
illumination in beam C' is modulated periodically in 
both time t and displacement x(t). The frequency AF of 
this modulation is given, for example, by the product of 
the number of lines per revolution N, of beam chopper 
35A and the revolutions per second RPM/60 with 
which the chopper is rotated. 

AF-NRPM/60 (21) 

Table 2 shows example values of AF for selected 
values of N, and RPM. 

TABLE 2 
N RPM AF, KHz Nr. RPM AF, KHz 
180 100 0.30 360 100 0.60 
180 200 0.60 360 200 1.20 
180 500 1.50 360 500 3.00 
180 1000 3.00 360 1000 6.00 
180 2000 6.00 360 2000 2.00 
180 5000 15.00 360 5000 30.00 
180 10000 30.00 360 10000 60.00 

Beam chopping at sufficiently large radial location on 
the rotating chopper is preferred so that displacements 
in the object plane over the field of view allowed by 
mask 38A result in negligible relative changes in the 
radial location of the image of particle 50 on the chop 
per and so that the width of the lines is larger than the 
image spot size to insure good signal visibility and dis 
placement resolution. 
Beam splitter 16 provides from incident beam B a 

second output beam D. Beam D is passed onto detector 
device (PMT) 42A which transforms the incident illum 
ination signal of beam D into electrical signal SA(t). 
Electric signals SBCt) and SA(t) are processed by signal 
processing equipment 43B and 43A, respectively, to 
provide output signals S2(t) and S1(t), respectively. 
Additional signal processing equipment 60 is used to 
obtain the signal S(t)=S2(t)/S1(t), time marker signals 
when the a.c. component of this signal crosses zero 
amplitude with specified slope, the sequence of time 
intervals between selected time marker signals, the cor 
relation function of S(t) and other output data. As de 
scribed above, signal S1(t) is proportional to the prod 
uct of the instantaneous value of the scattering cross 
section of particle 50 and the incident illumination, 
while signal S2(t) is proportional to this product and 
also depends on the particle location x(t). The ratio S(t) 
thus depends only on x(t) and can be used to obtain 
values of the properties of particle 50 that influence x(t), 
including the particle mass, translational friction coeffi 
cient and velocity component in the x-direction, and 
information that derives therefrom. 
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For example, let S(t) be given by the periodic func 

tion g(Acot) for at least one stationary particle or other 
scatterer at the center of chamber 40 with Ac)=2ntAF 
so that g(Aaot) can be measured, calculated or con 
trolled by the design and manufacture of chopper 35A. 
For a non-stationary particle having x-location given by 
x(t)=xo--Vt--Ax(t) where V is the x-direction veloc 
ity of the particle 

S(t)=g(ot-KoMxo-Ax(t)) (22) 

where a)=Ko(Vc-MV), Ve=Aco/Ko, Ko=2N/de 
and dc is twice the separation of the chopper axis of 
rotation and the particle image location on chopper 
35A. The correlation function of S(t) is then 

(23) 

where p(x,t;XO) is the transition probability. Once the 
functions g(ot) and p(x,t;xo) are specified, C(t) can be 
determined. Comparison of measured and calculated 
values of C(t) for particles undergoing random Brow 
nian translations, for example, provide values of the 
translational friction coefficient, mass and x-direction 
velocity of the particle(s), as illustrated above. When 
g(6t)=Io1--v cos (67), with Io a constant, the result 
ing C(t) is identical to that given above in Equation 
(17). 

Moreover, when only w is determined from the S(t) 
or C(t) data, for example, measured for at least one 
particle, the velocity of the particle(s) can be obtained 
from 

V=(W-0)/Ko)/M. (24) 

When at least one suspended particle is moving with 
essentially the velocity of the suspending fluid, the local 
fluid velocity is determined by the value of V. The 
device 10D can thus be used to determine the x-direc 
tion velocity of a fluid or of at least one particle sus 
pended therein. 
When device 10A, 10B, 10C or 10D is used to deter 

mine particle translational friction coefficient f, particle 
mass and x-direction velocity V and when an x-direc 
tion electrostatic field of magnitude dV/dx is imposed 
over the intersection volume within chamber 40, the 
electrostatic charge of the particle is determined by 

g=-fV/(dV/dx). (25) 

Thus, device 10A, 10B, 10C or 10D can be used to 
obtain any of the following properties of a particle 
=mass, translational friction coefficient, x-direction 
velocity, electrostatic charge, charge to mass ratio 
(q/m) and shape category. 

Information pertaining to chemical composition as 
obtained by a number of analytical techniques can also 
be incorporated into the database for each particle. The 
light (or other radiation) scattered, transmitted or emit 
ted by the illuminated particle can be used with tech 
niques including emission, Raman, ultraviolet, visible 
and infrared spectrocopies. Particles such as cells, bac 
teria, viruses and spores or portions thereof can also be 
stained to provide a flurorescence signal indicative of a 



5,434,667 
19 

chemical or a biological material. Since flurorescent 
decay is typically quite fast the detector can monitor the 
fluctuations in S(t) due to particle translations and rota 
tions by observation of this signal. 

Scattered light at a zero scattering angle is isolated 
from incident illumination in the crossed beam MDLS 
device by the different directions of the incident and 
scattered beams and by isolating the a.c. component of 
the scattered light signal senses to eliminate d.c. compo 
nents which may be due to non-zero scattering light. 
Additionally, observation of the forward scattered or 
emitted light isolated from incident illumination can be 
used to obtain signals having improved location resolu 
tion and signal-to-noise ratios for certain measurements 
such as light scattering from small particles. 
While there has been shown what is considered to be 

the preferred embodiment of the present invention, it 
will be manifest that many changes and modifications 
may be made therein without departing from the essen 
tial spirit of the invention. It is intended, therefore, in 
the annexed claims to cover all such changes and modi 
fications as may fall within the true scope of the inven 
tion. 
We claim: 
1. A method for determining the mass m of one or 

more particles suspended in a fluid comprising the steps 
of: 

irradiating the one or more particles with electromag 
netic radiation; 

sensing electromagnetic radiation scattered or emit 
ted from said one or more particles to provide a 
signal; utilizing said signal to measure the mean 
square-x-displacement o2 value of one or more 
particles at one or more values of the time interval 
t for which (3T is approximately equal to or less 
than 0.1; and 

equating the measured o? value(s) to the theoretical 
values given by o2=kTt2/m so that the mass m of 
said particles is determined by the required condi 
tion m=kTt/o2 or by the best fit value of m to a 
number of such conditions for said particles where 
k is Boltzmann's constant, and T is the absolute 
temperature of the fluid and 6=f/m and f equals 
the translational friction coefficient of the particle 
in the fluid. 

2. The method as defined in claim 1 wherein said step 
of measuring the mean-square-X-displacement o? value 
of one or more particles comprises measurement of o-2 
for individual particles. 

3. A method for determining both the mass m and the 
friction coefficient f=k T/D of one or more particles 
suspended in a fluid comprising the steps of: 

irradiating the one or more particles with electromag 
netic radiation; 

sensing electromagnetic radiation scattered or emit 
ted from said one or more particles to provide a 
signal; 

utilizing said signal to e the mean-square-x-displace 
ment o? values of one or more particles at two or 
more values of time interval t; 

selecting the best fit values of m and f that provide the 
best agreement between the measured o2 values 
and theoretical values given by ot2=2DtF(3t) 
wherein the first factor 2Dt=2kTt/f depends on f 
and the second factor F (3t)=1-(1-eft)/((3t) 
depends on 3t=ft/m; 

determining the one or more values of f from the 
relationship 2Dt=2kTt/f; and 
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20 
obtaining the one or more values of n from the one or 
more values of f and g by use of the relationship 
m=f/6; 

wherein k=Boltzmann's constant, and T=the abso 
lute temperature of the fluid and D=the particle 
diffusion coefficient. 

4. A method for determining both an average mass m 
and an average friction coefficient for two or more 
particles suspended in a fluid comprising the steps of: 

irradiating the two or more particles with electro 
magnetic radiation; 

sensing electromagnetic radiation scattered or emit 
ted from said two or more particles to provide a 
signal; 

utilizing said signal to measure the weighted average 
mean-square-X-displacement or of the particles at 
two or more values of time interval t. 

selecting the best fit values of mand fthat provide the 
best agreement between the measured or values 
and the theoretical values given by o2 
=(2kTt/f)F(gt) wherein the first factor 
(2kTt/f)=2Dt depends on f and the second factor 
F(3t)=1-(1-e-3)/((3t) depends on gt=ft/m; 

determining the average value offir from the relation 
ship 2Dt=2kTt/f; and 

obtaining the average value of m from the average 
values off and by use of the relationship m=f/(g; 

where in k=Boltzmann's constant, and Ts the abso 
lute temperature of the fluid and D = the average 
particle diffusion coefficient. 

5. The method for determining particle friction coef. 
ficient fand/or mass m as described in claims 1, 3 or 4 
wherein one or more mean-square-x-displacement o? 
values are determined by measurement of electromag 
netic radiation emitted or scattered from the suspended 
particles. 

6. The method according to claim 5, wherein the 
radiation scattered or emitted from the particles is mod 
ulated and then transformed into signals used to deter 
mine the particle f and/or m values. 

7. The method for determining particle friction coef. 
ficient f and/or mass m as described in claims 1, 3 or 4 
wherein one or more mean-square-x-displacement o? 
values are determined by forming an autocorrelation 
function of a signal derived from a scattered or emitted 
light signal from the suspended particles. 

8. The method for determining particle friction coef 
ficient f and/or mass m for one or more particles as 
described in claims 1, 3 or 4 and information about the 
chemical composition of the particles by use of fluores 
cence, Raman, emission, and/or transmission spectro 
scopies wherein the particles are illuminated with radia 
tlOn. 

9. The method for determining particle friction coef. 
ficient f and/or mass m as described in claims 1, 3 or 4 
and information about the chemical composition of the 
particles by use of spectroscopy wherein the particles 
are illuminated with electromagnetic radiation and the 
electromagnetic radiation scattered, reflected, transmit 
ted or emitted from the particles is used to determine 
chemical composition information about the particles. 

10. The method for determining particle friction coef. 
ficient f and/or mass m for one or more particles as 
described in claims 1, 3 or 4 and information about the 
chemical composition of the particle by use of fluores 
cence wherein the particles are illuminated with an 
exciting radiation and the radiation emitted from the 
particles is appropriately modulated and the fluctua 
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tions of the fluorescence signals are used to determine 
the particle f and/or m values. 

11. A method for determining both the mass m and 
the friction coefficient f=kT/D of one or more parti 
cles suspended in a fluid comprising the steps of: 

detecting a signal scattered or emitted from said one 
or more particles while present in a sampling re 
gion and exposed to electromagnetic radiation 
therein; 

obtaining the measured translational autocorrelation 
function of the detected signal; 

comparing the measured autocorrelation function to 
the theoretical autocorrelation function: 

C(t)=A Be-K2o.22 cos (or) 

to obtain the best fit of ot2(r) vs. t where T is the 
delay time or time interval, A is a constant related 
to the delay-time independent component of the 
function, B is a constant coefficient in the delay 
time dependent component of the function, Kis the 
magnitude of the scattering vector, ot2 is the mean 
square-x-displacement value for each of said one or 
more particles and c) is the measured value of the 
angular bias frequency o=2ar(Vf-V)/8 where 
Vf is the x direction fringe field velocity in the 
sampling region, V is the particle x-direction ve 
locity component and ot=27t/K is the separation 
of the fringe planes in the sampling region; 

obtaining the best fit values of D and 3 using the 
relationship: 

where D is the particle diffusion constant; and 
obtaining the values off and m from the relationships: 
f= 

where k is Boltzmann's constant and T is the abso 
lute temperature of the fluid. 

12. The method as defined in claim 11, further includ 
ing determining the particle x-direction velocity com 
ponent V from the measured value of the angular bias 
frequency: 

where Vris the x direction fringe field velocity in the 
sampling region and 8=27t/K is the separation of the 
fringe planes in the sampling region. 

13. The method according to claim 11, wherein the 
signal scattered or emitted from said one or more parti 
cles is modulated and then transformed into signals used 
to determine the particle fand/orm values. 

14. An apparatus for determining the properties of 65 
small particles comprising: 

a source of light for generating a light beam for illu 
minating at least one particle; 
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means for forming a first light beam from the light 

scattered from at least one particle; 
means for splitting said first light beam into two light 
beams; 

means for modulating one of said two light beams; 
first sensor means positioned to detect the modulated 

light beam for converting said modulated light 
beam to a first signal; 

second sensor means positioned to detect the other 
light beam for converting said other light beam to 
a second signal; and 

signal processing means coupled to said first and said 
second sensor means for receiving said first and 
said second signals therefrom and for processing 
said signals to determine the friction coefficient and 
mass of said particles. 

15. A method for determining the properties of one or 
more particles suspended in a fluid medium comprising 
the steps of: 

detecting a signal scattered or emitted from said one 
or more particles while present in a sampling re 
gion and exposed to electromagnetic radiation; 

obtaining the measured translational autocorrelation 
function of the detected signal; 

obtaining the measured rotational autocorrelation 
function of the detected signal; 

comparing the rate of decay of the rotational autocor 
relation function relative to the rate of decay of the 
translational autocorrelation function; and 

utilizing the results of the comparison to determine 
the shape category of the particle wherein the 
relative rate of decay of the rotational autocorrela 
tion function is zero for spherical particles, moder 
ate for slightly non-spherical particles and large for 
highly non-spherical particles. 

16. The method according to claim 15, wherein the 
signal scattered or emitted from said one or more parti 
cles is modulated and then transformed into signals used 
to determine the particle properties. 

17. A method for determining one or more properties 
of one or more particles suspended in a fluid medium 
comprising the steps of: 

detecting a signal scattered or emitted from said one 
or more particles while present in a sampling re 
gion and exposed to electromagnetic radiation; 

obtaining one or more measured rotational autocorre 
lation functions of the detected signals; 

comparing said measured autocorrelation function 
with the theoretical function 

to determine the values of o2(T) at one or more 
values of delay time T wherein care constant coef 
ficients determined by light scattering calculations 
or by a best fit of said measured and said theoretical 
autocorrelation functions, o,2(t)=2DTF(RT) is 
the particle mean-square-rotational displacement in 
delay time T with D=kT/f the particle rotational 
diffusion coefficient, k the Boltzmann's constant, T 
the absolute temperature of the suspending fluid, fr 
the particle rotational friction coefficient, 
g=f/In and In the particle mass moment of iner 
tia about the axis of rotation; and 

determining the values off and/or In from said val 
ues of o2(t) at said one or more values of T by use 
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of the relationship of2(t)=2kTT/f F(f,7/In) 
where 

FOft/I) = 1-1-exp(-ft/In)(fT/In). 

18. The method as defined in claim 17, further includ 
ing determining the fit of the measured autocorrelation 
with the theoretical autocorrelation function such that 
if the fit can be accomplished with ot, given by a single 
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set off, and In the particle is axisymmetric and if the fit 
requires two or more sets off and In the particle is not 
axisymmetric. 

19. The method according to claim 17, wherein the 
signal scattered or emitted from said one or more parti 
cles is modulated and then transformed into signals used 
to determine the properties of the particles. 

k k c : 
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