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PARTICLE ANALYZER HAVING SCANNING
APPARATUS SERIES COUPLED BETWEEN A D.C.
POWER SOURCE AND THE PARALLEL
CONNECTION OF A D.C. SHORT-CIRCUITING
DEVICE AND A VOLTAGE SENSITIVE SIGNAL
DETECTOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is-a Continuation ‘of my co-pending
application “A PARTICLE ANALYZER HAVING
SCANNING APPARATUS SERIES COUPLED BE-
TWEEN A VOLTAGE SOURCE AND THE PARAL-
LEL CONNECTION OF A CURRENT TO VOLT-
AGE TRANSFORMATION CIRCUIT AND A VOLT-
AGE SENSITIVE SIGNAL DETECTOR”, Ser. No.
882,366, filed on Dec. 15, 1969 now abandoned; which
is a Continuation application of my, now abandoned,
application Ser. No. 475,944, filed on July 30, 1965,
entitled “PARTICLE STUDY APPARATUS”.

BACKGROUND OF THE INVENTION

This invention relates generally to the art of studying
particles and more particularly is concerned with a
structure for use in analyzing particles which are sus-
pended in a liquid medium. Specifically, this invention
is directed to particle analyzers constructed for operat-
ing in mode independent of changes in the resistivity of
the liquid medium in which the particles are suspended.

DESCRIPTION OF THE PRIOR ART

The basic structure ‘of an apparatus of the general
type here involved is described and claimed in U.S. Pat.
No. 2,656,508. The invention herein is an improve-
ment of the basic structure in that the improved struc-
ture is not sensitive to changes in aperture liquid con-
ductivity, to electro-chemically generated voltages and
to other variables which may affect the accuracy of the
basic structure.

The basic principle of operanon is referred to as the
Coulter principle and described in said U.S. Pat. No.
2,656,508. According to this principle, the passage of a
microscopic particle suspended in a conducting liquid
through an aperture, having dimensions which approxi-
mate those of the particle, cuases a change in the resis-
tance of the electrical path through the liquid effec-
tively contained in the aperture; if the material of the
particle and the liquid have different conductivities.
Studies have shown that the magnitude of this change is
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proportional to the volume of the particle where the

cross-sectional area of the particle is smaller than the

cross-sectional area of the aperture and the particleis .

smaller in diameter than the axial length of the aper-
ture. This volume is the volume of actual particulate
matter, irrespective of the geometnc configuration of
the particle.

The detection of the passage of a quund-suspended

particle through an aperture is called scanning. Scan-
ning apparatus as generally known and used at present
in accordance with the Coulter principle comprise two
vessels of electrically non-conductive material, the first
vessel having a small aperture in one of the insulating
walls and being immersed in a conducting liquid con-
tained in a second vessel. The. conducting liquid;. in
which the particles are suspended, is forced to flow
under pressure between. the vessels through the aper-
ture. A pair of scanning electrodes is suspended in the
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liquid, one being in each vessel on opposite ends of the
aperture. The only hydraulic or electric current path
between the bodies of liquid in the respective vessels is
through the aperture. One commercial version of a
highly successful scanning apparatus or scanner is
shown in U.S. Pat. No. 2,869,078. Other similar appa-
ratus are shown in US. Pat. Nos. 2,656,508,
2,985,830; 3,015,775 and 3,122,431.

The first commercial apparatus utilizing the princi-
ples described in U.S. Pat. No. 2,656,508 is known as
the “Coulter Counter” Model A. This structure basi-
cally comprises an electric power source having a high
output series impedance which causes it to resemble a
current source and a high input impedance, voltage
sensitive signal detecting device. The power source and
the detecting device are connected with the scanning
electrodes in the manner shown in FIG. 7 of U.S. Pat.
No. 2,656,508. The only difference between the com-
mercial structure of the Model A and the circuit shown
in the patent is that the battery illustrated in the pa-
tented circuit is replaced by an alternating current
powered high d.c. voltage supply.

Under proper conditions, the apparatus mentioned
above will generate electric pulses, the respective am-
plitudes of which are linear functions of the volumes of
the respective particles passing through the aperture of
the scanner, and it is therefore relatively simple to
calibrate the structure. However, the prior structure is
sensitive to changes in its environment, particularly
when these changes cause variations in the conductiv-
ity of the liquid medium in which the particles are
suspended.

The conductivity of the liquid medium is a function
of the composition, temperature and concentration of
the liquid. A change in conductivity will vitiate the
calibration of the apparatus such that a given pulse
amplitude will no longer represent a given particle size.

This sensitivity to the liquid conductivity requires
that the instrument be recalibrated each time a new
liquid is used, each time the concentration is changed
and each time the temperature is changed.

The reason for this loss of calibration is easy to un-
derstand. The high input impedance signal detecting
means is sensitive to the voltage appearing across the
scanner electrodes. This voltage is a function of the
resistance of the electric path through the aperture of
the scanner, which in turn is dependent upon liquid
conductivity. This voltage is also a function of the elec-
tric current flowing through the aperture, which in
turn, is a function of the capacnty of the power source
to supply sufficient power, the size of the source series
impedance and the conductivity of the liquid.

Stability. of calibration and independence of liquid
conductivity were first achieved by the circuit of the
“Coulter Counter” Model B which is another commer-

. cial apparatus which utilizes the principles taught in

U.S. Pat. No. 2,656,508 — and improves it according
to the teachings of U.S. Pat. No. 3,259,842.

- The circuit of the Model B Coulter apparatus com-
prises a “constant” current source and a low input
impedance pulse analyzer or signal detecting device the
latter being in ‘parallel connection with the scanner
electrodes. The theory of operation upon which the
improvement is based is that if a constant current is fed
to the parallel circuit comprising the scanner elec-
trodes and the low impedance input terminals of the
analyzer, any change in the resistance measured across
the scanner electrodes caused by the passage of a parti-
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cle through the aperture of the scanner will cause
changes in the currents of both of the parallel branches
which are a function of the particle volume.

The Model B Coulter apparatus has enabled the
achievement of remarkable results in particle analysis.
Its current supply should be constructed to have a high
output terminal impedance; yet, it must be well filtered
to prevent the introduction of a.c. hum and noise into
the analyzer circuits. Further, the input circuits of the

" pulse analyzer require complicated feedback networks
to maintain a low input impedance and to control the
gain in the amplifier stages.

SUMMARY OF THE INVENTION

This invention is directed to an apparatus for study-
ing the physical properties of particles in a liquid sus-
pension, the liquid suspension being separated into two
bodies and an electrode being in each body. A partition
is arranged between the bodies and has an aperture
defining a path for enabling the passage of the suspen-
sion between the bodies. A power source is coupled
with the suspension in said path for establishing an
electric current through the suspension in said path,
such that the passage of particles in the path will pro-
duce a train of electric signals, and an electric signal
detecting circuit is connected in said apparatus. Circuit
means couples the elements of the apparatus in such a
manner that the d.c. current in the aperture path is
made to vary inversely proportional to slow changes of
resistivity of the aperture path with voltage remaining
constant; yet, under particle signal frequency condi-
tions, the aperture current remains constant and the
changes in aperture resistance due to the presence of
particles causes the generation of detectable voltage
signals.

Accordingly, the primary object of this invention is to
provide particle analyzer which can achieve the same
results as the Model B by means of simpler and less
expensive circuits which-have flexible design parame-
ters. :

Another object of this invention is to provide -an
inexpensive particle analyzer whose calibration is inde-
pendent of changes in conductivity of the aperture
liquid. :

Another object of the invention is to employ a d.c:
short-circuiting device for enabling independence of
conductivity changes in a particle analyzer. - -

These and other objects and advantages of the inven-
tion will be more clearly understood from a detailed
description of preferred embodiments set forth below.
The drawings are primarily diagrammatic and symbolic
in nature in order to keep the description concise and
intelligible, as those who are skilled in the art are famil-
iar with many of the specific amplifier, detector and
voltage source circuits which are suitable for construct-
ing the:combinations to be described.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1, labeled PRIOR ART, is a block diagram of
the basic circuit of the Coulter Counter Model A;

FIG. 2, is a block diagram, simplified according to
Thevenin’s Theorem, of the basic circuit of FIG. 1, as it
applies to signal frequencies;

FIG. 3, also labeled PRIOR ART, is a block diagram
of the basic circuit of the Coulter Counter Model B;

FIG. 4, is a block diagram of the basic circuit of FIG.
3, simplified according to Thevenin’s Theorem, as it
applies to signal frequencies;
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FIG. 5 is a block diagram of the basic circuit of the
present invention;

FIG. 6 is a block diagram of the basic circuit of FIG.
5, simplified according to Thevenin’s Theorem, as it
applies to signal frequencies; and

FIG. 7 is a diagram of an embodiment of the inven-
tion which incorporates the features of the circuit of
FIG. 5 and additionally provides for changes in sensitiv-
ity by means of a tapped inductor.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In order to facilitate the understanding of the con-
cept of this invention, reference is made to the princi-
ples of Coulter Counter Models A and B.

The basic circuitry of the Coulter Counter Model A,
shown in FIG. 1, is of very simple design. Its operation
now is well known and for many years was accepted as
the only way of connecting the Coulter type of sensing
means into a practical particle counter.

Referring to FIG. 1, a relatively high voltage power
source 10 is connected to the parallel combination of a
scanning apparatus 12, hereinafter called the aperture,
and a voltage sensitive signal detecting device 14 by
means of a pair of electrodes 12a and 12b, which are
described in detail in the aforementioned patents and
need not be elucidated further herein. The signal de-
tecting device 14 includes a high input impedance am-
plifier 16 and a pulse analyzer 18 connected to the
output side of the amplifier 16. In an actual apparatus
constructed in accordance with the U.S. Pat. No.
2,656,508, the power source 10 has a voltage of 300
volts. A high series impedance or resistance 20 by
which the power source is coupled to the aperture is
larger by several orders of magnitude than the imped-
ance or resistance Rap between the electrodes 12a and
12b of the scanning apparatus. The changes in aperture
resistance which normally are encountered have such a
negligible effect upon the total series resistance load in

40 the power source that the current lap that flows in the
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aperture 12, which is the applied voltage divided by the
total resistance, is for all practical purposes constant
with regard to changes in aperture resistance. Controls
can be incorporated which enable the selection of dif-
ferent values of the series resistance 20 to permit the
use of different aperture sizes and electrolyte conduc-
tivities. The “constant current” is constant with the
stipulation that the series resistance 20 is not changed.
However, in practice, it is quite constant over the range
of aperture resistances which might be expected under
a given set of operating conditions. It will be appreci-
ated that the power source 10 and the series impedance
20 define a current source 21.

When a particle passes through the aperture, it pro-
duces-a change of aperture resistance AR which is
proportional to the particle volume and the electrolyte
resistivity, and is inversely proportional to the square of
the cross sectional area of the aperture perpendicular
to its axis in the most commonly encountered Coulter
Counter. Since the current which flows through the
aperture resistance is forced to be constant by the high
series. impedance 20, the voltage across the aperture
raises by an amount I,,AR for the duration of the parti-
cle passage. The d.c. component of the voltage drop
across the aperture resistance is blocked by a capacitor
22, so only the signal voltage I,,AR is applied to the
high input impedance amplifier 16 of the voltage sensi-
tive detecting device 14.




3,993,948

5

It may be well to point out that the capacitor 22 has
two functions i.e. that of preventing the d.c. aperture
current from flowing into the input of the amplifier 16,
such that the aperture current is diminished by that
amount, and of preventing the appreciable voltage
drop across the aperture resistance, typically ten volts,
from being applied to the input of the amplifier. The
capacitor 22 accomplishes these ends by having practi-
cally infinite reactance at the excitation frequency, d.c.
in this case, and practically zero reactance at signal
frequencies.

Referring now to the equivalent circuit shown in FIG.
2, according to Thevenin’s theorem, the current in any
impedance connected to two terminals of a network, is
the same as if the impedance was connected to a simple
generator, such as a pulse generator 23 in FIG. 2,
whose generated voltage is the open circuit voltage at
the terminals in question and whose impedance is the
impedance of the network looking back from the termi-
nals, with all generators being replaced by impedances
equal to the internal impedance of these generators. In
this case, the simplification permitted by this theorem
is of less import, since it is necessary only to measure
the open circuit voltage I,,AR developed by the aper-
ture 12. However, it will become more significant in
explaining the basic circuit of the Model B shown in
FIG. 3, and finally the present invention shown in FIG.
5.

Although the circuit connections and the Thevenin
equivalent circuit in FIGS. 3 and 4 are identical with
those of the Model A as shown in FIGS. 1 and 2, the
amplifier 36 for the Model B, as shown in FIGS. 3 and
4, has extremely low input impedance. In addition, the
commercial Model B has an electronically regulated
aperture current supply, making its power source 10
and the high series impedance 20 have effectively infi-
nite voltage and impedance, respectively, and thus
define a current source 31.

The current source 31 forces a current I, through
the scanning apparatus 12. None of the d.c. current can
reach the low impedance amplifier 36 because of the
blocking capacitor 22. As mentioned above, the cur-
rent source may be electronically regulated, in which
case as long as the setting of the regulator control is not
changed, the current 1, is not affected by the aperture
resistance. When the setting is changed, the magnitude
of the current I,, changes to a new value and then
remains functionally constant, except as explained in
the aforementioned U.S. Pat. No. 3,259,842. For the
present purposes, it may be considered constant. -

The scanning apparatus or scanner 12, for the pre-
sent to be thought of as consisting of a Coulter aper-
ture, having a pair of electrodes 12z and 12b, is con-
nected in series with the current source 31. A current
sensitive signal detecting device 34, having the ampli-
fier 36 which has a low input impedance at frequencies
contained in the signal pulses, is connected to the elec-
trodes 12a and 12b of the scanner 12. The output of the
amplifier 36 is connected to the pulse analyzer 18.
Although these elements appear to be in parallel, ex-
amination of which of them is the source and which is
the load reveals that, when the power excitation is
considered, the current source 31 is in series connec-
tion with the parallel combination of the scanner 12
and the detecting device 34. However, the signal .itself
arises in the scanner so that for the signal frequencies,
it may be said that the scanner 12 is in series with the
parallel combination of the current source 31 and:the
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detecting device 34. Since the current source has for all
practical purposes an infinite internal impedance, it
may be neglected, leaving only the scanner and the
detecting device in series for the signal components.

The Thevenin equivalent of FIG. 3 is shown in FIG. 4
and comprises the pulse generator 23 having the open
circuit voltage 1,,AR, with its internal impedance, and
the aperture resistance R,,12, so that the signal current
that flows into the input terminals of the detector 34,
which has for all practical purposes zero input imped-
ance, is simply the open circuit voltage divided by the
aperture resistance. As has been shown by many re-
searchers, the change of the resistance AR is:

_ v
AR= "o

and the resistance R,, of the aperture is

ol

Re= 2

by the definition of resistivity. Wherein A, is the cross
sectional area of the aperturé normal to its axis, 1 is its
effective length, p is the electrolyte resistivity, and v is
the volume of the particle. Therefore, the signal cur-
rent iy, may be writtgn:

(1)

Since the resistivity term does not appear in this expres-
sion, the response of such a circuit does not depend
upon it.

In FIG. §, the basic circuit of the present invention is
shown. A low impedance, relatively low voltage supply
of d.c. power 51 is connected in series with the aper-
ture 12 and the parallel combination of a d.c. short-cir-
cuiting device 55 and a high input impedance amplifier
56. The d.c. short-circuiting device 55 is connected
over leads 57 and 59 to the input of the high input
impedance of the amplifier 56, which in combination
with the pulse analyzer 18 that is connected to the
output side of the amplifier 56 form a voltage sensitive
signal detecting device 54. The d.c. short-circuiting
device 55 has a very low d.c. resistance and a very high

_ resistance or impedance at the frequencies of the trains
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of particle produced signal pulses transmitted from the
scanning apparatus 12. Although the d.c. short-circuit-
ing device 55 is illustrated in FIG. 5 as an inductance
and most simply may be an inductance; it could be
defined by a “black box™ containing amplifiers and
power sources or the:like which displays the aforemen-
tioned impedance-frequency characteristics. The low
resistance of the d.c. power source and the d.c. short-
circuiting device cause the only current limiting resis-
tance around the series loop of the apparatus to be that
of the aperture 12, as symbolically emphasized in FIG.
5', i .






