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ELECTRODYNAMIC PARTICLE SIZE 
ANALYZER 

This application claims priority to International Appli 
cation No. PCT/US99/24882, filed on Oct. 22, 1999, and to 
Provisional U.S. Application No. 60/106,015, filed on Oct. 
28, 1998. 

TECHNICAL FIELD 

This invention relates to a particle size analyzer and more 
particularly to an apparatus and method for determining the 
particle size distribution in dry powders by charging the 
particles and measuring the individual charge accumulated 
on each particle in a Sample. 

BACKGROUND OF THE INVENTION 

Characterizing particles that make up bulk materials has 
become increasingly important as the Sophistication and 
control requirements of industrial processes increase. In the 
past the usual method was to use a microscope and measure 
the size distribution of an exemplary Sample of the material 
to obtain an indication of the mean particle Size and size 
distribution. 

More recently a number of instruments have been devel 
oped to avoid the tedious and labor intensive process of 
measuring and counting particles under the microScope, by 
apparatus which can provide a particle size measurement 
and particle size distribution analysis automatically. 
The range of particle size measured, particularly of dry 

powders, typically has a mean diameter between 1 um and 
10 lim. In most instances the instruments used employ 
indirect measurement techniques which include Sieve 
fractionation, laser light Scattering, dynamic light Scattering, 
Sedimentation/centrifugation, and gas absorption. 
More recently, in an article published in the Proceedings 

of the 7th International Metrology Congress, Oct. 17-19, 
1995, Niemes, France, pp. 215-217, entitled “An Electro 
dynamic Method Of Obtaining Calibration Materials For 
Granulometry”, authored by V. J. Gerasimov and V. V. 
Romanenko, and incorporated herein by reference, it was 
shown that it is possible to obtain narrow-disperse calibra 
tion powders by using electrodynamic Sedimentation of 
powders. In this article it is proposed that dry powder may 
be divided by particle Size by Subjecting the powder to a 
charging DC voltage applied between two inclined angled 
electrodes and providing a number of openings along a 
bottom electrode and an ancillary air Stream of controlled 
velocity. By controlling the inclination of the bottom 
electrode, particles are separated along the electrode by mass 
and can be collected at Specific points to obtain particles of 
Selected Similar mean diameter. 

Most of the above Systems, except for Systems relying on 
the size measurement of the actual particle under a 
microScope, typically Segregate a number of particles and 
calculate an average diameter for the Segregated particles. 
Others use a means of fitting a presumed particle size 
distribution to a size Sensitive response Such as in the laser 
light Scattering methods. 

SUMMARY OF THE INVENTION 

The present invention provides an instrument for auto 
matically charging and obtaining a direct measurement of a 
dry powder's particle charge distribution in a Sample, which 
uses electrodynamic particle Separation in a new way in 
combination with an electrometer to obtain a measurement 
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2 
of the individual, particle-by-particle, charge on a plurality 
of charged particles, and to present an analysis of the charge 
distribution. The charge on each particle is related to the 
particle Surface area and thus is also an indirect indication of 
the particle equivalent sphere or cube diameter. This process 
has the advantage that individual particles are measured and 
the individual particle distribution is obtained, rather than 
providing an average particle area or Volume measure or a 
fit to a response function indirectly reflecting the particle 
size distribution. 

In accordance with the present invention, there is pro 
Vided an apparatus for determining the particle size distri 
bution of a plurality of particles in a Sample, the apparatus 
comprising a particle charging chamber adapted to charge 
the particles to a Saturation level proportional to a dimension 
of the particle and to release particles from the charging 
chamber primarily one-at-a-time, a collector electrode 
located outside the charging chamber, and a charge 
measuring device connected to the collector electrode for 
producing an output with a value representing the measured 
charge. The particle charging chamber may also be a 
pseudo-fluidization chamber Such as, for example, an elec 
trodynamic pseudo-fluidization chamber. Such a particle 
charging chamber comprises a top and a bottom electrode 
therein, a DC voltage Source connected to the top and 
bottom electrodes, and a conversion device for receiving the 
output from the charge-measuring device and for converting 
measured individual particle charge data to a particle Surface 
area distribution. The bottom electrode inside the particle 
charging chamber is Spaced from the top electrode and has 
an exit orifice, an inner Surface facing the top electrode, and 
an outer Surface opposite the inner Surface. The particle 
charging chamber further comprises a Side wall extending 
between the top and bottom electrodes and a means for 
inserting the plurality of particles in the chamber. The 
collector electrode is aligned with the bottom electrode exit 
orifice and is spaced therefrom. The DC voltage Source 
applies a voltage to the top and bottom electrodes of a 
magnitude insufficient to cause arcing between the elec 
trodes. 
The apparatus may further include an enclosure defining 

a Space enclosing the particle charging chamber and collec 
tor electrode. This space may contain a gas, in particular an 
inert gas Such as nitrogen, at a pressure above atmospheric 
preSSure. 

The chamber may be subdivided into subchambers by a 
plurality of middle electrodes located between the top and 
bottom electrodes and Spaced therefrom, for example a 
Single middle electrode may divide the chamber into an 
upper Section and a lower Section. 

Such a middle electrode may have a conveX Surface with 
an apex facing the top electrode. The orifice in the middle 
electrode is placed away from the apex of the convex 
Surface. The DC Voltage Source may apply a first DC voltage 
between the middle electrode and the bottom electrode and 
a Second DC voltage between the top and middle electrodes, 
the DC Voltages insufficient to produce arcing between the 
electrodes. 
The apparatus may further include one or more fan 

shaped light beams, Such as two beams in parallel spaced 
planes between the exit orifice and the collector electrode, 
and a means for detecting any beam disruption by the 
passage of a charged particle and for generating an electrical 
Signal indicating the passage and time of passage of any Such 
particle through each of the beams of light. 

In accordance with the apparatus of the present invention, 
there is also provided a method for determining a particle 
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Size distribution of a plurality of particles having a plurality 
of sizes by charging the plurality of particles and measuring 
a charge magnitude for each particle. The method comprises 
the Steps of charging each of the particles in a particle 
charging chamber to a Saturation level proportional to a 
dimension of the particle and releasing the particles from the 
chamber primarily one at a time. For example, the particles 
may be introduced in a Space between a pair of electrodes in 
the presence of a Static electric field wherein the method 
further includes providing an orifice in one of the pair of 
electrodes. The method also comprises collecting any 
charged particles exiting the particle charging chamber, Such 
as through the orifice, and generating an electrical Signal 
having a magnitude indicative of the charge of any Such 
escaping charged particle; and using the distribution of the 
electrical Signal magnitudes of a plurality of charged par 
ticles as an indicator of the particle Surface area distribution. 

BRIEF DESCRIPTION OF THE DRAWING 

The following drawing will be used to illustrate this 
invention and are provided herein for the purposes of 
facilitating the explanation of the way the apparatus of this 
invention operates. 

FIG. 1A is a Schematic illustration of an apparatus in 
accordance with the present invention. 

FIG. 1B shows a simplified diagram of the electronic 
Signal detection circuit used to detect the particle charges 
and the light beam disruption Signals. 

FIG. 2 shows a family of curves of particle terminal 
Velocity as a function of particle radius at varying field 
Strengths. 

FIG.3 shows a family of curves showing particle time of 
flight as a function of particle radius at varying free flight 
region gap distance. 

FIG. 4A is a schematic illustration of an alternate embodi 
ment of an apparatus according to the present invention. 

FIG. 4B shows a magnified schematic illustration of the 
electrode spacing in the alternate embodiment of FIG. 4A. 

FIG. 5 shows a top view of the light beams for detecting 
the passage of a charged particle. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The invention will next be described with reference to the 
figures wherein Same numbers indicate Same features. 

Referring now to FIG. 1A, there is illustrated an electro 
dynamic particle size analyzer 10 according to the present 
invention. In its most elementary form, the apparatus com 
prises an enclosure 12 within which is located a particle 
charging chamber 14 bounded by a top electrode 16, a 
bottom electrode 18, and insulating side walls 20. Bottom 
electrode 18 includes an orifice 22. Adjacent and below this 
orifice is placed a collector electrode 26. 
A power Supply 17 is connected between the top and 

bottom electrodes and applies a high DC Voltage to the 
electrodes. AS illustrated the DC Source is connected So that 
the top electrode Voltage is at a positive Voltage and the 
bottom electrode is at a negative voltage. (The applied 
Voltage can be reversed in an alternate embodiment, 
however, without effecting the operation of this invention.) 
As explained in the aforementioned article by V. I. Gerasi 

mov and V. V. Romanenko incorporated herein by reference, 
particles introduced in the charging chamber in contact with 
the bottom electrode accumulate a charge as a result of this 
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4 
contact, and under the influence of the applied field are 
repelled from the lower electrode and attracted to the top 
electrode, where they again accumulate a new charge of 
opposite polarity then are repelled from the top electrode 
and attracted to the bottom electrode. 
The result of this effect is the formation of a stable 

Suspension (cold plasma) of particles 24 that oscillate 
between electrodes. AS the particles oscillate, occasionally 
particles escape from the chamber through the orifice 22 and 
impinge on the collector electrode 26 which is placed 
adjacent to the orifice and aligned So as to receive escaping 
particles. Thus, orifice 22 is sized So as to permit escape of 
particles primarily one at a time. Collector electrode 26 is 
preferably shaped as a hollow cylinder having an open top 
and a closed bottom. The charge of each Such particle 24 
that hits the collector electrode is measured using a charge 
measuring amplifier and related electronicS 28. 
The Surface charge Q is proportional to the convex outside 

Surface area of the particle with a proportionality constant 
characteristic of the applied field Strength and dielectric 
constants. The Speed of a particle exiting the orifice is 
proportional to the charge, the accelerating field between the 
electrodes, i.e., the Lorentz (electrostatic) force, and inertial 
and gravitational forces on the particle. 
Measurement of the charge by integration of the current 

pulse produced as each particle impinges on a collector 
electrode provides a particle-by-particle estimate of the 
particle Surface area Size using the equation: 

O=(%)Tree ER (1) 

where: O=charge on the particle, 
e=relative permitivity of the ambient medium, 
e=permitivity of vacuum, 
E=electric field strength in charging chamber before exit, 
R=radius of Sphere, and 

Solving for the Sphere radius. The Surface area of an equiva 
lent Sphere may then be calculated using Surface area= 
O4tR, where O is a shape factor experimentally determined 
using calibration Samples and is used to account for anoma 
lies in Surface area related to the Specific particulate material 
being measured. Instrument calibration involves using a 
Sample of Spherical particles of Verified mean radius, then 
introducing a Scaling factor (O) So the measured results agree 
with the known results. It is implicit in Equation 1 that the 
charge on the particle depends on the Surface area of the 
particle and the electric field intensity, where the electric 
field intensity is defined as the potential difference between 
the electrodes divided by the distance between them. 
The area Size distribution can then be displayed, for 

example by using a histogram of the individual current 
pulses, or a multi-channel analyzer. Other presentations of 
the data may also be used. The histogram provides a 
quantitative indication of the charge distribution that is 
translated to the particle Surface area distribution for the 
particles in a particular Sample. The histogram may be 
displayed on a computer display 30, Such as the one shown 
in FIG. 1A. Various particle size distribution parameters 
may also be conventionally computed and displayed accom 
panying the distribution. 

Referring now to FIG. 1B, there is shown the typical 
elements comprising the charge detection electronics in an 
exemplary embodiment. 
An electrometer 40 is used to detect the charge of a 

particle 24 contacting the collector electrode 26. The elec 
trometer output is amplified in amplifier 42, filtered through 
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a low pass filter 44 and a notch filter 46 (60 Hz for the United 
States, 50 Hz for other countries). It is then digitized, 
preferably in a 16-bit analog-to-digital (A/D) converter 48. 
The Signal is further processed, preferably, in Signal proces 
sor 50, which may be a 32-bit digital signal processor (but 
may also be a general purpose computer) and entered into 
computer 30. 

Computer 30 then converts the processed electrometer 
output, which is indicative of the measured particle charge, 
to a particle Surface area measurement using Equation 1 and 
accumulates Such measurements to provide a particle Sur 
face area distribution. A computer is only one type of 
conversion device that may be used for converting the 
measured charges to a Surface area distribution, and any 
known Such analog or digital device may be used. For 
example, an exemplary analog system may comprise an 
analog pulse detector/integrator that front ends a boxcar 
integrator or multichannel analyzer. 

The representation of the electronic components in this 
embodiment is given only Schematically because there are 
numerous ways in which a charge Signal may be detected, 
measured and amplified for further analysis and display. 
Such signal processing techniques are well known in this art 
and no particular circuit for achieving Signal detection is 
considered as particularly advantageous provided that it is 
capable of detecting charges of very Small magnitude. 
However, a vacuum tube electrometer may be preferable to 
an electrometer having Solid State electronics, as Solid State 
electronics are more likely to be destroyed in the unlikely 
event an arc is created. Where Such a vacuum tube elec 
trometer is used, the particle preferably has a negative 
charge when it hits the collector electrode 26, and thus top 
electrode 16 is also negative. 

Returning now to FIG. 1A there is also shown a light 
Source 36 which generates a plurality of two sheet light 
beams 32 and 32' extending in parallel planes below the 
orifice positioned to intercept the exiting particles. 

Detector 34 detects focused scattered light resulting from 
a particle passing through a light sheet, and it produces a 
Signal indicative of this disruption. Two Sequential signals 
are produced Separated in time by the time interval it takes 
a particle to transit the distance between the two beams. The 
Velocity of the particle can thus be accurately determined 
given a known distance between the light Sheets, using a 
timer to measure the time interval. More than two light 
beams may be used to obtain a more accurate measurement 
of the particle Velocity as it exits the orifice, and its terminal 
velocity as it travels toward the collector plate. Particularly 
advantageous are customized diffraction grating generating 
multiple parallel sheets of light. In an alternate embodiment, 
only a single light sheet may be used, wherein the time-of 
flight of the particle is computed between the Signal pro 
duced when the particle passes through the Single light sheet 
and a signal produced when the particle hits an essentially 
flat or slightly curved concave upward collector electrode. 
As shown in FIG. 1B, the signal from the light detector is 

also processed through an amplifier 52, then filtered through 
a low pass filter 54 and a notch filter 56 (60 Hz for the United 
States, 50 Hz for other countries). It is then digitized, 
preferably in a 16-bit analog to digital converter (A/D) 58. 
The Signal is further processed in digital Signal processor 60, 
which again can be a 32-bit processor, and also entered into 
computer 30. The charge Signal and Velocity information for 
each particle are Stored in association with each other So that 
both the Velocity and the charge information associated with 
a particle may be retrieved for further processing at any 
time. 
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6 
The combined Velocity and charge Signals may be used to 

calculate the particle mass. Given the measure of the 
particle-by-particle charge and the known applied electric 
field, the measurement of the particle terminal Velocity 
allows an estimate of the particle-by-particle mass using: 

OE (2) 

3 

4t ( QE 3 m = p(...) 
(3) 

where p is the known density of the particles and the Volume 
V is calculated using an equivalent Sphere approximation for 
the shape of the particle. The measured charge O is known 
from the integration of the electrometer current pulse. E is 
the applied field in the free flight region. V, is the (Stokes) 
terminal velocity in the electric field of the free flight region 
shortly after the particle exits the orifice. m is the absolute 
Viscosity of the ambient gas (e.g., nitrogen). Because the 
shape (sphericity) of the particle and associated drag can 
influence terminal Velocity, the accuracy of calculated mass 
based on terminal Velocity is also affected by particle 
Sphericity. 

Referring now to FIG. 2, there is shown a family of curves 
derived from equation 2 for a given m and a measured Q, 
showing Stokes Velocity V, Versus particle radius for vari 
ous field strengths E. This family of curves shows that the 
field can be adjusted for increased Sensitivity for larger or 
Smaller particles. 

Referring now to FIG. 3, there is shown a family of 
curves, also derived from equation 2 for a given m, a 
measured Q, and a constant E=0.05x10° V/m, showing the 
particle time of flight verSuS radius for various distances AZ 
in meters between electrodes. Thus, FIG. 5 shows the effect 
of varying the gap in the free flight region on the particle 
time of flight for particles of varying radii. Deviations from 
the family of curves specific to the conditions under which 
the instrument of the present invention is used, indicate 
anomalous shape dependency. 

Referring now to FIG. 4A, there is shown a preferred 
embodiment of the electrodynamic particle Size analyzer 
that uses two charging chambers rather than one. In this 
particular embodiment, the electrodes are circular arid the 
enclosure is cylindrical. 
As shown in FIG. 4A this embodiment comprises a 

circular base plate 72 on which is removably attached a 
pressure lid 74 forming an enclosure 73. An “o” ring 76 may 
be used to provide hermetic Sealing of the enclosure. The 
Sealed enclosure may then be preSSurized in excess of 
atmospheric preSSures by the introduction of a gas from a 
Source 71 of high-pressure gas. The details of the gas Source 
are not shown, but may comprise any apparatus convention 
ally known for Supplying a gas under pressure to an enclo 
SUC. 

Introducing high-pressure gas into the embodiment herein 
described presents certain advantages. AS can be seen from 
FIG. 2, increasing the electric field intensity increases the 
terminal velocity Sensitivity to particle radius. Similarly, 
equation 1 Shows that charge is directly proportional to 
electric field intensity. Thus, for decreasing particle sizes, 
the accuracy of the particle Size determination can be 
enhanced through the use of increasing field strengths. 
However, because electric field intensity is defined as the 
potential difference between the electrodes divided by the 
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distance between them, either increased electrode Voltages 
or decreased electrode spacing is necessary to generate 
increased electric fields, thus increasing the risk of arc 
generation between the electrodes. Increasing the gas pres 
Sure increases the dielectric Strength of the gas and thus 
reduces arcing potential, as the conductivity of a gas is 
inversely proportional to its pressure. Thus, the ability to 
operate the present invention at higher preSSures enables use 
of higher Voltage fields, and thereby extends the measure 
ment range for accurate determination of Smaller particles 
sizes. 

Within the enclosure 73 there is mounted on a ring-shaped 
support 93 a cylindrical particle-charging chamber 78. 
Charging chamber 78 has a circular bottom electrode 86 and 
a circular top electrode 90 Supported on insulating ring 
Spacers 82 and 84, which in turn are mounted on a non 
conducting ring wall 80. 

The top electrode 90 is mounted on the underside of a 
cover 92 that is removably mounted on the ring wall 80. 

Also supported by the spacers 82 and 84 is a middle 
electrode 88. Middle electrode 88 is located between top 
electrode 90 and bottom electrode 86 and is spaced there 
from. Middle electrode 88 divides the chamber into a first, 
upper Section and a Second, lower Section. 

The middle electrode is preferably piano-concave upward 
with its apex opposite the top electrode and conveX down 
ward with the apex opposite the exit orifice. It contains an 
orifice 89 placed away from the apex. An off-center orifice 
in the middle electrode allows powder to flow from the 
upper chamber Section to the lower chamber Section. Bottom 
electrode 86 also contains an orifice 87 that is preferably 
located at the center of the circular electrode. There can be 
a plurality of middle electrodes creating a plurality of 
chambers. Increasing the number of chambers dilutes the 
concentration of particles in the each Successive chamber, 
thus reducing the probability of multiple particles Simulta 
neously exiting the bottom orifice of the bottom electrode. 
The size of the orifice hole may also be instrumental in 
minimizing the escape of multiple particles from each 
chamber. For example, for an electrode having a diameter of 
110 to 120 mm intended for measuring particles in the 10 to 
500 micron range, the orifice may have a diameter in the 
range of 2 to 3 mm. The electrode size and corresponding 
orifice size, however, may be tailored to the Specific 
application, with relatively Smaller sized orifices being used 
in applications for measuring relatively Smaller sized par 
ticles. 

Co-axial with the electrodes and particle-charging 
chamber, and below the chamber, is the collector electrode 
102. The collector electrode is made of highly conductive 
materials, preferably shaped as a cylinder 104 having an 
open top and a closed bottom 106 in the shape of a cone with 
the pointed end extending into the interior of the cylindrical 
electrode. This shape is preferred because it corrects for the 
abnormalities in the electric field caused by the orifice in the 
bottom electrode. Without this shape of the collecting 
electrode, particles leaving the bottom electrode orifice can 
Stick to the underSide of the bottom electrode and are more 
likely to make multiple bounces on the collector electrode. 
Dielectric insert 100 in the base plate 72 supports the 
collector electrode. An electrical contact 108 extends from 
the collector electrode 102 through the insert 100 to outside 
the enclosure 73. 

Not illustrated in FIG. 4A are additional electrical con 
nections extending from the top, middle and bottom elec 
trodes to outside the enclosure 73 for connecting thereto a 
Source of DC voltage that is used to charge the Sample of 
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particles to be measured. This charging arrangement is 
schematically shown in FIG. 4B in which power supply 110 
is connected to electrodes 90, 88, and 86. In a typical such 
arrangement the charging Voltage is Such that middle elec 
trode 88 is positively charged with respect to bottom elec 
trode 86 and negatively charged with respect to top electrode 
90. The charging voltage must be kept below the magnitude 
that will produce arcing in the presence of particles between 
the electrodes. An alternate embodiment may have multiple 
middle electrodes, in which case the Voltage between the top 
electrode and topmost middle electrode, between each pair 
of Successive middle electrodes, and between the lowermost 
middle electrode and the bottom electrode must all be 
insufficient to produce arcing. Where a vacuum tube elec 
trometer is used for measurement of particle charge, middle 
electrode 88 (or lowermost middle electrode in a multiple 
riddle-electrode embodiment) is negatively charged to pro 
vide a negative particle charge. 

In apparatus of this type where the electrode spacing is of 
the order of 3-5 mm, and the gas in the chamber is nitrogen 
of a controlled relative humidity at 10 atmospheres, the 
voltage differential between the bottom and middle elec 
trodes may be on the order of 10 Kilovolts (kV), and the 
Voltage between the middle electrode and the top electrode 
may be on the order of 10 kV. Voltage between the bottom 
and the collector is typically 0.8 kV to 3 kV. 
Many variations of the Voltages are possible. Such varia 

tions are easily achieved by adjusting the Voltage Supplies to 
the electrodes, Some of which may offer Superior perfor 
mance under certain circumstances, and all of which are 
anticipated by the present invention. These adjustments can 
be made under manual or computer control. 

Referring next to both FIGS. 4 and 5 there is shown a 
preferred arrangement for determining the Velocity of par 
ticles exiting the charging chamber 78 through orifice 87 and 
traveling toward the collecting electrode 102. 
The cylindrical support ring 93 has an inside surface that 

is a polished dielectric mirror surface 94. Within support 
ring 93 there are placed two light bending prisms, an entry 
prism 96 and an exit prism 97. The prisms are mounted on 
the base 72 and permit light to enter and exit the enclosure 
73. 
A light Source 95, preferably a laser light Source is located 

So that light emitted from the light Source enters the enclo 
sure through prism 96 in the space inside support 93 and 
beneath the bottom electrode. As shown in FIG. 5, the beam 
is split into at least two (or more) parallel and coplanar 
fanned beams 110 and 112 that pass under the orifice 87. As 
shown in FIG. 5, inside the enclosure 73, each of the laser 
beams 110, 112 is shaped as a thin fan which completely 
covers the area below the orifice 87. A light trap 114 is 
placed acroSS from the entering light beams to intercept the 
beams and prevent light from being reflected from polished 
inner surface 94 of the cylindrical Support 93. 

Prism 97 is placed outside the direct path of the light 
beams 110 and 112. Preferably, the polished inner Surface 94 
is shaped So as to direct any light incident thereon to exit 
prism 97. A light detector, such as a photodiode 98 is placed 
So as to receive light through the prism 97 and generate an 
electrical Signal. 

In operation, lid 74 of enclosure 73 is opened, and a small 
quantity of dry particles, generally in the range of 0.1 
lum-1000 um, is placed in the charging chamber 78. Where 
there is a middle electrode present as shown in FIG. 4A, the 
particle Sample is placed in the top portion of the charging 
chamber on middle electrode 88. (In a two-electrode appa 
ratus such as that shown in FIG. 1A, it is placed on the 
bottom electrode 18.) 
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The lid 73 is then replaced on base plate 72 and secured 
thereto. Preferably the enclosure is next filled with a gas, in 
particular an inert gas Such as nitrogen having a controlled 
humidity greater than Zero, and brought to a pressure above 
atmospheric, Such as 10 atmospheres. The gas cannot be 
completely dry, because a Surface layer of water adsorbed to 
dielectric particles is needed for charging them. 
A high voltage is then applied to the electrodes 86, 88, and 

90, thus pseudo-fluidizing the particles and causing them to 
oscillate between electrodes. AS used herein, "pseudo 
fluidizing” means making the particles behave as a fluid; 
thus, a “pseudo-fluidization chamber” as used herein defines 
a chamber capable of imparting fluid behavior on the 
particles. Eventually charged particles exit the charging 
chamber 78 through orifice 87 and pass through the laser 
beam fans 110 and 112. As each particle 24" enters the laser 
beam fan, it scatters light, as is shown by the dotted lines 109 
in FIG. 3. The scattered laser light is reflected by dielectric 
mirror Surface 94 and is collected by exiting prism 97. The 
photodiode detector connected to the prism produces a 
pulse. AS the Second beam is traversed, a Second pulse is 
produced. The known distance divided by the time differ 
ence between the two pulses provides the particle Velocity 
Where only a Single laser beam fan is present, the particle 
Velocity is computed by dividing the known distance 
between the single beam and the collector electrode by the 
time difference between the pulse generated when the par 
ticle passes through the Single beam and the pulse generated 
when the particle hits the collector electrode (discussed 
below). 

After passing through the laser beam fan or fans, the 
particles impinge on the collector electrode 106, generating 
an electrical pulse having an integral proportional to the 
charge on the particle. These pulses are individually col 
lected and the pulse magnitudes Stored in a memory. A 
histogram of the frequency of the magnitudes is constructed 
to provide a measure of the charge distribution detected. 
Because the charge is related to the particle Surface area the 
histogram also represents a Surface area distribution of the 
particles in the Sample. Other means for representing the 
charge distribution and/or Surface area distribution may also 
be generated in addition to or in place of a histogram. 

To provide an accurate determination of the relationship 
between measured charge and Surface area, the method for 
determining particle Size distribution may first comprise 
developing a calibration curve for a plurality of calibration 
particles having a known particle size distribution. 

The calibration curve can be developed by first introduc 
ing the calibration particles in charging chamber 78 and 
applying charge to the electrodes 86, 88, and 90. The 
charged calibration particles exit through bottom electrode 
orifice 87 and are collecting in collecting electrode 102. The 
calibration particles generate electrical signals having mag 
nitudes indicative of their charge as they hit collecting 
electrode 102, and those electrical Signal magnitudes are 
Stored. 

Next, a plurality of Sample particles having an unknown 
particle size distribution are introduced into charging cham 
ber 78 and charge is applied to the electrodes 86, 88, and 90. 
The charged Sample particles exit through bottom electrode 
orifice 87 and are collected in collecting electrode 102. The 
electrical signals generated by the Sample particles hitting 
collecting electrode 102 are compared to the Similar Stored 
Signals obtained from the calibration particles to obtain a 
Signal indicative of the actual Sample particle size distribu 
tion. 
A calibration run may be performed with the apparatus at 

occasional intervals to make adjustments to the electronics 
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10 
and computational constants as necessary to assure that the 
calibration Sample produces the expected results. 
Once the Surface area is determined, the actual size and 

shape of the particles may be estimated by making certain 
assumptions. For instance by assuming that the particles are 
Spherical, the estimated diameter of the particles may be 
derived and thus the estimated particle volume distribution 
may also be derived. The volume distribution may also be 
derived if the particles have a known non-spherical shape. If 
the particles have a known shape and a known density, the 
particle mass distribution may be calculated. The measured 
terminal Velocity may also be incorporated into the Volume 
and mass determinations. 
AS previously detailed, particle Velocity is determined by 

measuring the time of flight of a particle between Successive 
light beams of known spacing or between a single light beam 
and the collector electrode having a known spacing. If more 
than two light beams are provided, an improved estimate of 
the velocity can be obtained, including the ability to verify 
that a particle has reached terminal (i.e. steady State) Veloc 
ity. Better discrimination of multiple particles is also poS 
Sible because a higher number of beams decreases the 
probability that Simultaneous particles croSS all the beam 
paths at the same time and are counted as a Single particle. 
It is advantageous to use the real-time computed Velocity of 
the particles to form a timing window for pulse acquisition/ 
noise discrimination in order to improve the Signal to noise 
ratio. The differing Statistics of the noise and the pulses can 
be advantageously used to discriminate between the pulse 
information and the noise. 
The Velocity of each particle can also be compared to the 

predicted terminal Velocity of a particle having a known 
shape and an area measured by the charge detection element 
of the apparatus. Any difference between predicted and 
actual terminal Velocity can be correlated to anomalous drag 
on the particle. Anomalous drag is influenced by the devia 
tion of the particle from a spherical shape, and thus the 
particle Speed in conjunction with its charge can be used to 
deduce information about the particle shape. This is espe 
cially useful where the apparatus is used for product quality 
control and is calibrated with particles having a known 
desired particle shape, and where deviation in shape indi 
cates off-specification product. 

Although described herein with reference to a preferred 
embodiment wherein the particle charging chamber com 
prises a chamber for electrodynamic charging and pseudo 
fluidization of particles, other particle charging chambers 
employing other methods of charging and/or pseudo 
fluidization may also be used with the remaining elements of 
the invention. What is important, however, is that the 
particle charging chamber provides particles charged in 
proportion to Some dimension of the particle, Such as Surface 
area or Volume, and that the particle charging chamber is 
capable of releasing the particles from the chamber prima 
rily one at a time. "Primarily one-at-a-time” means that, for 
example as described with respect to the electrodynamic 
particle charging chamber detailed herein, that most of the 
time the particles discharge only one-at-a-time. Even with 
electrodynamic particle charging and pseudo-fluidization 
with an appropriately sized exit orifice on the bottom 
electrode, however, it randomly and occasionally occurs that 
multiple particles leave through the exit orifice Simulta 
neously. Thus, it is also beneficial to be able to discriminate 
between Single and multiple particles, Such as described 
above with respect to the fan-shaped light beams. 

Those having the benefit of the above disclosure will 
recognize that a number of modifications may be made 
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without departing from the main concept described herein 
above. All Such modifications are to be construed as been 
encompassed by the invention as Set forth in the appended 
claims. 
What is claimed is: 
1. An apparatus for determining the particle size distri 

bution of a plurality of particles in a Sample comprising: 
a particle charging chamber having an exit passage, Said 

charging chamber adapted to charge Said particles to a 
Saturation level proportional to a dimension of the 
particle and to release the charge-Saturated particles 
through the exit passage primarily one-at-a-time; 

a collector electrode located outside Said particle charging 
chamber and aligned with the exit passage and Spaced 
therefrom; 

a charge-measuring device connected to Said collector 
electrode, Said charge-measuring device adapted to 
provide an output signal representative of measured 
particle charges. 

2. The apparatus of claim 1 wherein the dimension of the 
particle proportional to which the particle charging chamber 
is adapted to charge the particles comprises one of Surface 
area or Volume. 

3. The apparatus of claim 1 wherein the particle charging 
chamber is further adapted to pseudo-fluidize Said particles. 

4. The apparatus of claim 1 wherein the particle charging 
chamber comprises an electrodynamic pseudo-fluidization 
chamber. 

5. The apparatus of claim 4 wherein the particle charging 
chamber further comprises: 

a top electrode, 
a bottom electrode Spaced from Said top electrode and 

having an inner Surface facing Said top electrode and an 
outer Surface opposite said inner Surface; 

an insulating Side wall extending between Said top and 
bottom electrodes; 

an exit orifice in Said bottom electrode that comprises the 
exit passage from the particle charging chamber; and 

means for inserting Said plurality of particles in Said 
chamber; 

and Said apparatus further comprises a DC voltage Source 
connected between said top and bottom electrodes for 
applying a first voltage to Said electrodes, the first 
Voltage having a magnitude which is insufficient to 
cause arcing between Said top and bottom electrodes. 

6. The apparatus according to claim 5 wherein the col 
lector electrode has a potential that is adjustable relative to 
the bottom electrode. 

7. The apparatus of claim 5 wherein Said charge 
measuring device is a vacuum tube electrometer and Said top 
electrode has a negative charge. 

8. The apparatus according to claim 5 wherein the top and 
bottom electrodes are coplanar and coextensive disks and 
wherein the orifice is located at the center of the bottom 
electrode. 

9. The apparatus of claim 5 wherein the collector elec 
trode has a hollow cylindrical shape having an open top 
facing Said bottom electrode and a closed bottom opposite 
Said open top. 

10. The apparatus of claim 9 wherein the collector elec 
trode bottom has a conical shape with a pointed end extend 
ing axially toward the open top of the cylindrical collector 
electrode. 

11. The apparatus according to claim 5 wherein the 
particle charging chamber further comprises: 

one or more middle electrodes located in Said chamber 
between said top and Said bottom electrodes and Spaced 
therefrom, each middle electrode having an exit orifice; 
and 

15 

25 

35 

40 

45 

50 

55 

60 

65 

12 
wherein the DC voltage Source is adapted to apply a DC 

Voltage between each pair of adjacent electrodes insuf 
ficient to generate arcing between the adjacent elec 
trodes. 

12. The apparatus according to claim 11 wherein the 
particle charging chamber comprises one middle electrode, 
and the DC voltage Source is adapted to apply a first DC 
voltage between the middle electrode and the bottom elec 
trode and a Second DC voltage between the top electrode and 
the middle electrode. 

13. The apparatus according to claim 12 wherein the 
middle electrode has a Surface facing the top electrode and 
Said Surface is a conveX Surface having an apex, and wherein 
the middle electrode exit orifice is placed away from the 
apex of the convex Surface. 

14. The apparatus according to claim 12 wherein Said 
charge-measuring device is a tube electrometer and Said 
middle electrode has a negative charge. 

15. The apparatus of claim 1 further comprising: 
a display adapted to provide a readout correlated to Said 

Output signal. 
16. The apparatus of claim 1 further comprising a con 

version device adapted to receive the output signal from Said 
charge measuring device and to convert Said output Signal 
representative of measured particle charges to a particle 
Surface area distribution. 

17. The apparatus of claim 16 wherein said particles have 
a known shape, and Said conversion device is further capable 
of converting Said known shape and Said particle Surface 
area distribution into a particle Volume distribution. 

18. The apparatus of claim 16 wherein said particles have 
a known shape and density, and Said conversion device is 
further capable of converting Said known shape and density 
and Said particle Surface area distribution into a particle 
mass distribution. 

19. The apparatus of claim 1 further comprising an 
enclosure defining a Space enclosing the particle charging 
chamber and collector electrode. 

20. The apparatus of claim 19 wherein the space within 
the enclosure contains gas above atmospheric pressure hav 
ing a controlled relative humidity. 

21. The apparatus of claim 20 wherein Said gas comprises 
an inert gas. 

22. The apparatus according to claim 1 further comprising 
means for discriminating the presence of multiple particles 
released essentially simultaneously through the particle 
charging chamber exit passage. 

23. The apparatus according to claim 1 further compris 
ing: 

one or more fan-shaped light beams defining a plane 
between the particle charging chamber exit passage and 
the collector electrode, and 

a means for detecting any beam disruption by the passage 
of a charged particle and for generating an electrical 
Signal indicating the passage of any Such particle 
through each of Said light beams. 

24. The apparatus according to claim 23 further including: 
a timer adapted to measure a time of flight of an individual 

particle between (a) the electrical signal indicating 
passage of the individual particle through a first of Said 
fan-shaped light beams and (b) one of the electrical 
Signal indicating passage of the individual particle 
through another of Said fan-shaped light beams, or an 
electrical Signal indicating collision of the individual 
particle with the collector electrode. 

25. The apparatus of claim 24 wherein said conversion 
device is further capable of converting Said time of flight and 
Said measured particle charge into a calculated particle mass. 
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26. The apparatus according to claim 24 further including: 
at least two said fan-shaped light beams in parallel spaced 

planes between the particle charging chamber exit 
passage and the collector electrode. 

27. A method for determining a particle size distribution 
of a plurality of particles having a plurality of sizes by 
charging Said plurality of particles and measuring a charge 
magnitude for each particle, the method comprising the 
Steps of: 

a) charging each of Said particles to a Saturation level 
proportional to a particle dimension in a particle charg 
ing chamber having an exit passage that releases Said 
charge-Saturated particles from the charging chamber 
primarily one particle at a time; 

b) collecting any charged particles exiting the particle 
charging chamber through said exit passage and gen 
erating an electrical Signal having a magnitude indica 
tive of the charge of any Such escaping charged par 
ticle; and 

c) using a distribution of the electrical signal magnitudes 
of a plurality of charged particles as an indicator of the 
particle size distribution. 

28. The method of claim 27 wherein step (a) further 
comprises pseudo-fluidizing Said particles in Said particle 
charging chamber. 

29. The method of claim 27 wherein each particle has a 
Surface area, wherein step (a) comprises charging each of 
Said particles to the Saturation level proportional to the 
particle Surface area, and step (c) comprises using the 
distribution of the electrical signal magnitudes as an indi 
cator of the particle Surface area distribution. 

30. The method of claim 27 wherein the particle charging 
chamber comprises a first pair of electrodes having a first 
Space therebetween, one of the electrodes having an orifice, 
and Step (a) comprises introducing the plurality of particles 
in the first Space between the first pair of electrodes in the 
presence of a Static electric field. 

31. A method for determining the particle size distribution 
in a Sample containing a plurality of different Size particles, 
the method comprising the Steps of 

a) establishing an electric field in a space between two 
electrodes, 

b) introducing the particles in said space; 
c) causing a charge to accumulate on Said particles, said 

charge being proportional to the Surface area of the 
particles, whereby Said particles begin to oscillate 
between said electrodes under the influence of the 
electric field; 

d) allowing Said charged particles to escape the space 
between said electrodes; 

e) capturing the escaping particles one at a time; and 
f) measuring the charge magnitude on each of the cap 

tured escaping particles. 
32. A method for determining the particle size distribution 

in a Sample containing a plurality of different Size particles, 
the method comprising the Steps of 

a) establishing an electric field in a space between two 
electrodes, 

b) introducing the particles in said space; 
c) causing a charge to accumulate on Said particles, said 

charge being proportional to the Surface area of the 
particles, whereby Said particles begin to oscillate 
between said electrodes under the influence of the 
electric field; 

d) allowing Said charged particles to escape the space 
between said electrodes; 
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e) capturing the escaping particles, 
f) measuring the charge magnitude of the captured escap 

ing particles; and 
g) determining the frequency of occurrence of different 

measured charge magnitudes and correlating the mea 
Sured charge magnitude to the Surface area of the 
particles carrying the measured charges. 

33. The method according to claim 32 wherein step (g) 
further comprises providing an output comprising a repre 
Sentation of the frequency of occurrence of different mea 
Sured charge magnitudes as correlated to the Surface area of 
the particles carrying the measured charges. 

34. The method according to claim 33 wherein providing 
the output in Step (g) further comprises providing a histo 
gram of the frequency of occurrence of different measured 
charge magnitudes as correlated to the Surface area of the 
particles carrying the measured charges. 

35. A method for determining the particle size distribution 
in a Sample containing a plurality of different Size particles, 
the method comprising the Steps of 

a) establishing an electric field in a space between two 
electrodes, 

b) introducing the particles in Said space; 
c) causing a charge to accumulate on Said particles, Said 

charge being proportional to the Surface area of the 
particles, whereby Said particles begin to oscillate 
between said electrodes under the influence of the 
electric field; 

d) allowing said charged particles to escape the space 
between Said electrodes; 

e) capturing the escaping particles, and 
f) measuring the charge magnitude of the captured escap 

ing particles; 
further comprising between steps (d) and (e) a step of 

measuring a terminal Velocity of the escaping charged 
particles and discriminating the presence of multiple 
particles. 

36. The method according to claim 35 wherein the process 
further comprises: 

h) correlating the measurement of the charge magnitude 
and the terminal Velocity of the escaping charged 
particles to derive a particle mass distribution of the 
Sample. 

37. A method for determining the particle size distribution 
in a Sample containing a plurality of different size particles 
comprising the Steps of: 

a) developing a calibration curve showing a Surface 
charge distribution for a plurality of calibration par 
ticles having a known particle size distribution, by 
1) charging each of said calibration particles by intro 

ducing Said plurality of calibration particles in a 
Space between a pair of electrodes, one of Said 
electrodes having an orifice, in the presence of a 
Static electric field; 

2) collecting any charged calibration particles exiting 
Said Space through Said orifice in Said electrode and 
generating an electrical Signal having a magnitude 
indicative of the charge of any Such escaping charged 
calibration particle; and 

3) Storing the distribution of the electrical signal mag 
nitudes of a plurality of charged calibration particles, 

b) charging a plurality of Sample particles having an 
unknown particle Size distribution by 
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1) charging each of said sample particles by introduc- indicative of the charge of any Such escaping charged 
ing Said plurality of Sample particles in Said Space 3) Sample E. 1 Signal ted in step b(2) comparing line electrical Signal generalled In Step 
between Said pair of electrodes in the presence of with the stored signal obtained in Step a(4) to obtain 
said static electric field; :1 5 a signal indicative of the actual Sample particle size 

2) collecting any charged Sample particles exiting said distribution. 
Space through Said orifice in Said electrode and 
generating an electrical Signal having a magnitude k . . . . 


