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[57] ABSTRACT 
A particle sorting method and apparatus for separat 
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ing minute particles incorporatedin a liquidstream in 
accordance with selected particle parameters. Parti 
cles such as biological cells to be separated are incor 

‘ porated in the inner or central portion of a confined 
coaxial ?ow stream which includes an outer cell-free 
?uid sheath portion. This coaxial ?ow stream is re 
leased through a vibrating nozzle for inspection by one 
or more cell sensing means for sensing cells‘ in the jet 
stream immediately downstream of the nozzle. Beam 
illumination and/or observation of the jet stream for 
particle sensing is effected outside of the nozzle. Vi 
bration of the nozzle breaks the coaxial jet stream into 
a series of uniform drops downstream of the cell sens 
ing means, and signals from said means are used to ini 
tiate delayed charging pulses applied to preselected 
cell-containing drops as they break from the vibrating 
?uid jet. Nozzle vibration is ‘synchronized with the 
charging pulse to prevent separation of drops from the 
stream during the drop charging pulse on and off tran 
sition times, thereby preventing undesired drop charg 
ing. The drops pass between charged de?ection plates 
where the charged drops are de?ected into appropri 
ate receptacles. By using a plurality of sensing'means 
such that all cells are sensed vby one sensor, and only 
certain cells, i.e. cells characterized by ,a particular pa 
rameter value, are sensed by another sensor, drops 
containing both cells characterized by a particular pa 
rameter. and cells not characterized by that parameter 
can be sorted away from the receptacle for cells char 
acterized by that particular parameter. 

20 Claims, 4 Drawing Figures 
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PARTICLE SORTING METHOD AND APPARATUS 

The invention described herein was made in the 
course'of work under a grant or award from the De 
partment of Health, Education and Welfare. 

BACKGROUND OF THE INVENTION 
This invention relates'to a method and apparatus for 

physically separating particlessuch as functionally dif 
ferent cell types. Prior cell separation methods are 
known and include direct fractionation as by centrifu 
gation, column fractionation, electrophoresis, and the 
like. Among other disadvantages, such methods pro 
duce only limited resolution of functionally different 
cell types. A more closely related cell sorting method 
described in US. Pat. No. 3,380,584, involves passing 
a suspension of cells through a nozzle to form a liquid 
stream, employing a sensor to detect cells ?owing in 
said stream as th stream reaches a small nozzle outlet, 
vibrating the ?uid stream to cause it to break into 
drops, charging the drops which contain desired de 
tected cells, and subjecting the stream to an electric 
?eld to de?ect the charged drops. However, cell sorters 
of thistype have many shortcomings which substan 
tially restrict their usage. For example, the small diame 
ter nozzle employed for jetting the released ?uid is sub 
ject to frequent clogging; the sensor windows through 
which the still-con?ned stream is illuminated and/or 
cells are detected are subject to contaminatiommany 
drops‘, including those containing no‘ cells and those 
containing unwanted cells, must be de?ected in order 
to assure de?ection of the drops containing cells char 
acterized by a particular parameter value; and a com 
plex nozzle design is sometimes used for vibrating the 
jet stream. 

It is a general object of this invention to provide an 
improved particle separating method and apparatus 
which overcome the above-mentioned dif?culties and 
shortcomings .of the prior art devices. A more particu 
lar object is to provide ‘a particle separating method 
and apparatus whereby coupling between the particle 
sensing means and a ?uid stream containing the parti 
cles is effected solely through the atmosphere in a man 
ner which eliminates deterioration of such coupling by 
contamination, and whereby clogging of the jetting 
nozzle is substantially eliminated. . > 

Another object of this invention is to provide a cell 
separating method and apparatus of the foregoing type 
which permit collection of fractions containing large 
numbers of viable cells highly enriched in a preselected 
functional type even after multiple passes through the 
apparatus. a '_ _ 

A further object of this invention is to provide a parti~ 
cle separating method and apparatus of the vibrated jet 
stream type for acurately and precisely imparting the 
desired charge to the desired drops, and in which sepa~ 
ration of drops from the jet stream during the transition 
time of the drop charging pulses is prevented to avoid 
charging of drops to unknown and undesired poten 
tials. ‘ ~ ' 

A related object is to provide a method and means of 
this character in which those drops which contain only 
particles characterized by a particular parameter value 
are directed along a ?rst path whereas those drops 
which contain both such particles and particles not 
characterized by that parameter are directed'along an 

2 
- other path to keep the same from the fraction directed 
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along the ?rst path. 

SUMMARY OF THE INVENTION . 

The above and other objects and advantages of this 
invention are achieved by use of a con?ned ?uid flow 
stream having a central particle-containing portion 
which is surrounded by a particle-free sheath ?uid. This 
con?ned coaxial stream is released by jetting the same 
from a nozzle which is controlablyvibrated at an ultra 
sonic frequency to break the stream into uniform size 
drops downstream of the nozzle. Particle illuminating 
and/or sensing means are included for illuminating and 
/or sensing particles in the emerging jet stream immedi 
ately outside the nozzle, said means, being coupled di 
rectly to the stream without the use of windows. Drop 
charging means responsive to the sensing means and 
connected to the stream act to charge with the desired 
charge. The drops then pass through an electric ?eld 
for relative de?ection of the drops according to‘ the 
amount of charge. ' 

V In accordance with one embodiment of this inven 
tion, means for sensing at least two different particle 
parameters are employed, along with drop charging cir 
cuitry' whereby drops which. contain only particles 
characterized by a particular parameter value are 
charged for travel along one path, whereas those drops 
which contain both particles characterized by that 
value and those not characterized by that value are pro 
vided with a different charge for travel along another 
path. This permits separation of the ‘mixed particle 
containing drops from those containing only particles 
characterized by a particular parameter value. Addi 
tionally, synchronization of the drop charging circuitry 
with the nozzle vibration is employed to further assure 
proper charging of the drops. * - 

The nature of the present invention will be more fully 
apparent and understood from a consideration of the 
following description in the light of the drawings 
wherein like reference characters refer to the same 
items in the several viewsqln the drawings: ' 
FIGS. 1A and 1B together diagrammatically show a 

particle separator of the present invention in one em 
bodiment thereof; I‘ 
FIG. 2 shows a series of waveforms which occur at 

various points of the circuit during operation of the 
particle sorter shown in FIGS. 1A and 1B; and ' 

' FIG. 3 is a schematic diagram of typical shaping net 
work for shaping the drop charging pulse. 
Reference ?rst is made to FIG. 1A wherein there is 

shown a nozzle assembly generally indicated at 10 from 
which liquid- containing the particles in suspension is 
jetted downwardly in a coaxial column or stream gener 
ally indicated at 12. Pressurized reservoirs. 14 and 16 
are provided,»with reservoir, 14 containing a supply of‘ 
the sample liquid in which theparticles to be separated 
are suspended, ,while reservoir 16 contains a supply of 
particle-free sheath ?uid. The reservoirs are connected 
to the nozzle assembly 10 through conduits l8 and 20 
and suitable ?lter elements (not shown). The reservoirs 
are pressurized as by means of a gas pressure source 22 
connected to the reservoirs through adjustable pressure 
regulators 24 and 26. I ' 

The nozzle assembly 10 includes inner and outer co; 
axially located nozzles 28 and 30 ?xedly secured to a 
mounting block 32 and supplied with ?uid from the res 
ervoirs through the conduits l8 and 20, respectively. 



tion frequency. 

3 
The structure is such that the particle containing sam 
ple ?uid from the nozzle 28 is injected within the nozzle 
30 into the center of the flowing stream of sheath ?uid. 
By way of example only, each of the nozzles 28 and 30 
may have an outlet diameter of say -50 microns, and 
may be operated at pressure of approximately 12 p.s.i. , 
with a small excess sheath ?uid pressure to produce a 
jet velocity from the nozzle 30of l0m/sec., a sheath 
?ow rate of 0.02 ml./sec»., and a sample material ?ow 
rate of 0.002 ml/sec. The coaxial ?ow stream 12, com 
prising an inner particle-containing portion 12A and an 
outereparticleefree sheath portion 12B, emerges from 
the nozzle 30 inthe desired coaxial ?ow condition. In 
?owing through. this nozzle the inner stream portion 
12A is reduced in diameter to approximately 15 mi 
crons within which diameter the particles to be sepa 
rated are-‘confmed. It will be understood that whereas 
a 15 micron diameter nozzle would be plugged fre 
quently if de?ned by a rigid ori?ce, the present inven 
tion overcomes the problem by the use of the coaxial 
nozzles of much larger diameter which inherently pro 
vide the much narrower inner stream l2A._Coaxial 
?ow systems generally are known‘, as shown, for exam 
ple, in an article, .by P. J. Crossland-Taylor, Nature 17 l , 
37 (1953) and in US. Pat. No. 3,649,829,. 
By vibration of the nozzle assembly 10 in an axial di 

rection, the jet stream 12 is caused to break into drops. 
To this end a transducer 34 such as a piezoelectric crys-' 
tal type transducer may be directly attached to the 
mounting-block 32. The transducer is energized by a 
clock oscillator 36 which is shown connected thereto 
through two-to-one frequency divider 38, a four-to-one 
frequency divider 40, a variablephase control circuit 
42, and a driver ampli?er 44. In the illustrated arrange 
ment a nozzle vibration of 40khz is provided when a 
clock oscillator having a frequency of 320khz is em 

. ployedTT he resulting velocity modulation of the stream 
produces small variations'in the'stream diameter which 
are ampli?ed by surface tension forces to decompose 
the jetinto very uniform size drops downstream from 
the nozzleassembly. Therefore, with the above appara 
tus, andwith a nozzle vibration rate of 40khz the jet 
stream is broken into 40,000 drops per second, drop 
formation being synchronous with the nozzle vibration. 
Particlesensing means described belowgare directly 
coupled to the jet stream through the atmosphere out 
side of the nozzle 30 such that modulation of the 
stream diameter results in‘ modulation of the signal re 
ceived by the sensing means. To minimize the effect of 
such modulation in the sensing means, the nozzle vibra 
tion amplitude is made as small as possible, consistent 
with stable and uniform drop formation, and sensing is 
effected immediately below the nozzle. Formation of 
drops over a wide range of nozzle vibration frequencies 
is possible, with the range depending upon the velocity 
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source 46 such as a helium-neon gas laser operating at, 
say, 6320A. Illumination from the laser 46 preferably 
is focused on the inner coaxial portion 12A of the 
stream by a suitable lens or lens system 48 for highly 
localized scatter from particles therein. An objective 
lens or lens system which includes alens S0 is provided 
in the beam path of the laser for focusing scatter beams 
onto the face of a-detector 52. A mask 54 which ex 
tends over the center of the lens 50 blocks out direct 
illumination from the laser whereby only laser illumina 
tion scattered from illuminated particles in the stream 
reaches the detector 52. While different types of well 
known detectors may be used, preferably a photomulti 
plier detector is employed because of its large ‘amplifi 
cation. It will be apparent, then, that an output signal 
is obtained from the detector 52 for each illuminated 
particle'in the stream and that the amplitude of the sig 
nal is directly dependent upon particle size. 

in they illustrated arrangement, the detector 52 in 
cluded in the sensing means for sensing all particles in 

, the stream 12 is used in conjunction with a second sens 

2,5 

ing means for detecting only particles characterized by 
a particular parameter value. For purposes of illustra 
tion a second particle sensing means of the ?uorometer 
type is'shown which includes a high intensity source of 
illustration 56 which may be in the ultraviolet or blue 
regions, such as an argon laser having a beam which 

, also is directed onto the center particle-containing por 
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tion 12A of the stream through a lens or lens system 58 
for the excitation of ?uorescent particles contained 
therein. If desired a combination of spherical and cylin 
drical lenses for focusing the beam to a narrow ellipse 
at the intersection with the stream may be used for uni 
form excitation of cells not on the stream axis. Lumi 
nescence from the excited ?uorescent particles is di 
rected onto a detector 60 through an object lens or lens 
system 62 and suitable ?lter means 63 to pass the ?uo 
rescence illumination and: block the excitation illumi 
nation. In the illustrated arrangement the beam from 
laser 56 is directed at an angle of substantially 45° from 
the stream axis, and observation or sensing of lumines 
cenceis effected generally radially from the stream at 
the point ‘of illumination whereby direct light from the 
laser 56 is prevented from entering the detector 60. 
Preferably the detector 60 also comprises a photomul 
tiplier having high sensitivity to the relatively faint lu 
minescent pulses as ?uorescent particles pass the point 

_ -of excitation, with the photomultiplier output being de 

50 

55 

of the ?uid stream and diameter thereof, ,and thus the - 
invention is not limited to the illustrated 40khz vibra 

' Sensing of particles in the ?uid stream outside of the 
nozzle isnot limited to the use of any particular type of 
sensing, inasmuch a number of different particle sens 
ing means are known in the prior art. In the illustrated 

60 

arrangement, two different types of sensors are em- ' 
ployed,'one being used for the detection of all particles 
entrained in the ?uid stream, while the other is used for 
the detection of selected particles to be separated. The 
means for sensing all particles may include a light 

65 

pendent upon the ?uorescence amplitude of the parti 
cles. By direct coupling of the illuminating and detect 
ing means to the unconfined jet stream without the use 
of ‘windows, window contamination and other window 
reiated coupling problems are eliminated. Y 

Naturally, if ?uorescence detection is used as illus 
trated, particles mustv be ?uorescent under radiation 
from the laser" 56. Treatment of selected particles to 
render them ?uorescent is well known and requires no 
detailed description. Such treatment, together with a 
cell sorting'method based upon intracellular ?uores 
cence is known as indicated in an article entitled Cell 
Sorting: Automated Separation of Mammalian Cells as . 
a Function of Intracellular Fluorescence by H. R. Hu 
lett et al. in Science 166, 747 (1969), and no further 
description is believed to be required. 

In the illustrated arrangement, cells contained in th 
stream 12 are illuminated ?rst by the beam from the 
laser 46 and then by the beam from the laser 56. It will 
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be seen then that a ?uorescent call contained in the 
stream 12 is ?rst detected by the photodetector 52 and 
then by the photodetector 60 for the successive pro 
duction of pulse signals in the scatter and ?uorescent 
channel outputs from the photodetectors. A non?uo 
rescent cell with result in a scatter channel output pulse 
only and will be undetected by detector 60 in the ?uo 
rescence channel. The scatter and ?uorescence chan 
nel signal outputs from the photomultipliers 52 and 60 
are processed to generate delayed drop charging pulses 
which, in accordance with another feature of this in 
vention, are applied to an electrode 64 in contact with 
the electrically > conducting (isotonic) sheath fluid 
within the nozzle assembly 10. The circuity for generat 
ing such drop charging pulses is described in greater 
detail hereinbelow. For present purposes it will be un 
derstood that in the illustrated arrangement a charging 
pulse of one polarity is supplied to the electrode 64 
upon detection of a ?uorescent particle, an opposite 
polarity pulse is supplied thereto upon detection of a 
non-?uorescent particle, and no charge is applied 
thereto when no particles are detected or when imme 
diately adjacent ?uorescent and non-?uorescent parti 
cles are detected in the stream. 
Drops which break offfrom the stream while a charg 

ing pulse is applied to the electrode will carry a charge 
dependent upon the polarity and amplitude of such 
charging pulse. A charging ring or electrode (not 
shown) may be provided which surrounds the region of 
drop formation. The charging pulse may be applied to 
the ?uid in the nozzle with the charging ring grounded, 
or to the charging ring with the ?uid jet at ground po 
tential. If the pulse is applied to the ?uid, the charging 
ring is not required, its function being provided by 
neighboring conductors at ground or other ?xed poten 
tial, but deflection sensitivity will be somewhat less 
than if a closely spaced charging ring is used. 
After being selectively charged the droplet stream 

passes through a transverse electrostatic ?eld estab 
lished as by a pair of parallel de?ection plates 66 con 
nected to opposite polarity dc potential sources of, say, 
i1 ,000 volts. Uncharged drops pass through the de 
?ecting ?eld between the plates substantially unde 
?ected, to enter a central receptacle 68A. On the other 
hand, positively charged drops are de?ected to the 
right, as viewed in FIG. 1A, into a receptacle 68B, and 
negatively charged drops are de?ected'to the left into 
the receptacle 68C. In the illustrated arrangement 
drops which contain cells characterized by a particular ’ 
parameter value (eg. drops with one or more ?uores 
cent cells of desired luminescence) and which contain 
no other cells may be de?ected into the receptacle 
68C; those drops which contain other cells (e.g. drops 
with one or more non-?uorescent cells, or with ?uores 
cent cells having a luminescence outside of the desired 
range) and containing no ?uorescent cells of desired 
luminescence may be de?ected into the receptacle 
68B; and all drops which contain no cells pass through 
the electrostatic ?eld unde?ected and into the central 
receptacle 68A. In the illustrated arrangement drops 
which contain both ?uorescent and non-?uorescent 
cells also pass unde?ected into the‘ ‘central receptacle 
68A, however, if desired, such drops could be readily 
supplied with yet another charge for de?ection into an 
otherreceptacle, not shown. 
Reference now is made to the block diagram showing 

in FIGS. 1A and 17B of suitable drop charging circuitry 

10 

25 

' 6 

‘for effecting the above-described drop de?ection, and 
to FIG. 2 showing waveforms occuring at various points 
in the diagram of FIGS. 1A and 1B. The scatter and ?u 
orescent channel outputs from detectors 52 and 60 are 
supplied to single channel analyzers 74 and 76 through 
ampli?ers 70 and 72, respectively. Analyzers suitable 
for use in this arrangement are well known and include 
Ortec Model 406A manufactured by Ortec Inc.', 100 
Midland Rd., Oad Ridge, Tenn. 37830. Such analyzers 
simply may comprise discriminators which have an out 
put only when an input signal applied thereto exceeds 
a lower threshold value and is less than an upper 
threshold value. In the illustrated analyzers upper and 
lower limit control 78 and 80, respectively, are in 
cluded for setting the upper and lower amplitude limits 
of pulses which will pass therethrough. Alternatively, 
Schmitt triggers may be used for the analyzers in which 
case all pulses which exceed a lower threshold value _ 

' pass therethrough. 

A cell contained in the jet stream is detected by scat 
ter illumination received by the photodetector 52 and, 
if the cell is ?uorescent, it also is detected by ?uores 
cent luminescence received by the photodetector'60. 
Signal output pulses from the detectors, designated 
52A and 60A, are shown in FIG. 1A and are included 
in the waveforms shown in FIG. 2.'If the ampli?ed sig 
nal pulses fall within the selected amplitude limits of 
the analyzers 74 and 76 trigger pulses 74A and 76A are 
generated by the analyzers. The pulse 76A from'the ?u 
orescent channel analyzer 76 is used to trigger an ad 
justable gate pulse generator 82 which generates a 
squarewave gating pulse of adjustable duration depen 
dent upon the setting of control 84. Generator 82 may 
simply comprise an adjustable monostable' multivibra 
tor. 1 

The pulse signal output 74A from the scatter channel 
- analyzer 74 is fed to a delay unit 86 for delay of the 
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pulse by an adjustable amount, the delayed output 
pulse being identi?ed as 86A in the drawings. The pulse 
is delayed for simultaneous occurrence with the gating 
pulse 82A, preferably for occurrence at substantially 
the center of the gating pulse. For purposes of illustra 
tion, the delay unit 86 is shown comprising a shift regis 
ter which is clocked at the 320khz rate provided by the 
output from the clock 36. j 
The gating pulse outputs 82A and 86A-from the pulse 

gate generator 82 and delay unit 86, respectively, are 
supplied to a logic unit or network 88 having output 
lines 89-and 90. The logic network simply may include 
AND gates 92 and 94, one of which gates 92 supplies 
an output to line 89 when the input signal 86A from the 
delay unit 96 is highiwhile the gate pulse signal 82A 
from the generator 82 is low (i.e. not present). The 
other gate 94 supplies an output to line 90 when both 
inputs 82A and 86A thereto are high. It will be under 
stood then that the one gate 92 is enabled in the ab 
sence of a ?uorescence channel gating signal 82A from 
the pulse gate generator 82 for passage of a “scatter, 
not ?uorescent” trigger pulse 92A to line 89, whereas ' 
the other gate 94 is enabled by the presence of a ?uo 
rescence channel gating signal 82A for passage of a 
“scatter and'?uorescent” trigger pulse 94A to the line 
90.‘With this arrangement wherein the gate control 
pulse 82A controls‘opening and closing of both gates 
92 and 94 in a manner whereby one gate is enabled 
while the other is disabled the signal pulse 86A. is 
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passed through one of the gates 92 and 94'but not 
through both simultaneously. 
The pulse outputs 92A and 94A from the logic unit 

88 comprise trigger pulses which are supplied to retrig 
gerable pulse generators 98 and 100 through adjustable 
delay units 102 and 104, respectively. In the waveforms 
of FIG. 2 the delayed trigger pulses 102A and 104A 
from the delay'units 102 and 104, respectively, are 
shown trailing the trigger pulse inputs 92A and 94A 
supplied thereto.‘The retriggerable pulse generators 98 
and 100 provide drop charging outputs which are am 
pli?er by ampli?er 106 and supplied to the drop charg 
ing electrode, 64 through lead 108. - 
As described above, thecharge carried away by each 

droplet is'determined by the charging voltage supplied 
to the electrode 64. Also, the drop charging pulses 
must be supplied at the appropriate time for proper 
separation of the drops. In the illustrated arrangement 
the delay units 102 and 104 are adjusted to provide the 
necessary time delay to allow for travel time of the par 
ticle from the point of scatter detection to the point 
where‘ the stream breaks into drops. With the present 
arrangement the delay time between observation of a 
particle and its capture by a separating droplet is pre 
dictable to within three drop periods. Such high degree 
of predictability is due primarily- to'the uniform velocity 

~ of the inner particle containing stream 12A of the coax 
ial ?ow jet. Thatjis, across the inner stream 12A the 
stream velocity is substantially uniform whereby parti 
cles anywhere within the cross section of the inner 
stream travel with the same velocity from the point of 
observation'to the drop separation point of the stream. 
Adjustment of the shift registers 102 and 104 clocked 
at l60khz vprovides for fine delay adjustment of the trig 
ger pulses supplied to the pulse generators 98 and 100. 
Otherwell known adjustable delay devices could be 
used in place of the illustrated shift registers if desired. 

In the illustratedembodiment, the retriggerable pulse 
generators 98 and 100 provide equal duration and op 
posite polarity drop charging pulse outputs to the am 
pli?er 106; the generator 98 having a positive-pulse 
output-98A and the generator 100 having a negative 

I pulse output 100A. The ampli?er output may com 
prise, for example, a positive 100 volt or negative 100 
volt pulse depending upon the polarity of the input sig~ 
nal'from a pulse generator. The amplifier output re 
mains‘ at a zero level with no input signals and during 
simultaneous application of positive and negative sig 
nals from the pulse generators 98 and 100. The above 
voltage values are given for purposes of example only, 

_ it being understood that'different drop’ de?ection in the 
electrostatic ?eld requires only that drops be provided 

, with different charges, no particular charge differences 
being required. _ 

' The. instrument accuracy is such that an observed ' 
particle predictably will appear in one of three succes 
sive drops. Therefore, a charging pulse of sufficient du 
ration to charge three drops is employed to ensure sep 
aration of the desired particle. With a nozzle vibration 
of 40,000khz as shown, a drop is produced every 25 mi 
croseconds, and a drop charging pulse width of 75 mi 
croseconds is used for charging three drops. The ampli¢ 
?er ‘106 may include a shaping network to modify the 
rise and fall times of the charging pulse to correct a ten 
dency thatotherwise exists for the ?rst and last drops 
in a sequence charged by a rectangular pulse to. be in 
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correctly charged. A typical shaping network 108 and 
resulting pulse waveforms are shown in FIG. 3. Obvi 
ously, if instrument tolerances, variations, drift and vthe 
like permitted, then a drop charging time sufficient to 
charge only two successive drops, 'or a single drop 
could be employed. 
' A drop breaking from the stream will carry with it a 
charge which is proportional to the potential on elec 
trode 64 when the drop separates from the stream. If . 
a drop breaks off from the jet stream during the transi 
tion time of the drop charge pulse, either during-the 
leading or trailing edge of the pulse, such drop will be 
charged to some intermediate value between zero and 
the desired full charge, and upon passing between the 
de?ection plates 66, will be de?ected some intermedi 
ate amount proportional to the reduced charge 
thereomln accordance with another feature of this in 
vention, on and off transitions ~of the drop charging 
pulse are synchronized with the drop formation means 
whereby such transitions occur only intermediate the 
formation of drops and not when drops separate from 
the stream. Such synchronization in the present 'ar-, 
rangement is provided by use of synchronization signals 
to the pulse generators 98 and 100. The variable phase 
control unit 43 included in the transducer drive 'cirucit 
is adjusted for proper timing of drop formation with the 
drop charging pulse such that on or off transitions of 
the charging pulse occur only intermediate formation 
of drops and not when the drop breaks from the stream. 
Proper charging of drops is thereby ensured by such - 
synchronization. - 

For ease in operation of the instrument 
that means be provided for direct observation by the 
operator of the jet for drop formation and drop de?ec- . 
tion. For observation of-undeflected drops there is pro 
vided a light source 112 such as a light emitting diode 
which is'energized by the 40khz transducer driver and 
pulse generator synchronizing signal applied thereto 
over lead 114 through a one-to-four frequency divider 
‘116 and driver ampli?er ‘118. The stroboscopic illumi 
nation of the-stream by the diode permits the viewing 
thereof through a suitable microscope not shown. De 
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?ected drops are illuminated by use of a stroboscopic 
light 120 which is energized by the drop charging 
pulses supplied thereto over line 122 through a time 
delay unit 124. With this stroboscopic arrangement de 
?ected drops are illuminated for viewing through a suit 
able microscope, not shown. 
Although the operation of the particle sorter is be 

lieved to be apparent ‘from the above description, at ' 
brief description of the operation thereofwith refer 
ence to the waveforms of FIG. 2v will be made. These 
waveforms illustrate; the following operating condi 
tions: (A) detection'and sorting of a nonfluorescent 
particle, (B), detection and sorting of a ?uorescent par~ 
ticle, (C) detection and sorting of closely adjacent fluo 
rescent and nonfluorescent particles in the stream, and 
(D) detection and sorting of closely adjacent particles 
of like type in the stream, e.g. adjacent ?uorescent par 
ticles. ‘ 

~A nonfluorescent particle observed by the scatter 
light detector 52 produces no luminescence and so 
passes undetected by the ?uorescence detector 60 as 
illustrated by the group (A) waveforms of FIG. 2. If the 
ampli?ed signal pulse 52A is within selected limits it' 
passes through the single channel analyzer 74 emerging 
therefrom as signal pulse 74A which is applied to the ' 

it is desirable ' 
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logic network 88 through the delay unit-86. With no 
output from the gate pulse generator 82 because of no 
?uorescence channel signal the gate 92 is enabled, - 
while gate 94 is disabled, for passage of the signal 
through the gate 92 and onto line 89 as pulse 92A. The 
pulse is fed through delay unit 102 and supplied as a de 
layed trigger pulse 102A to condition the pulse genera 
tor 98 for generation of a drop charging 'pulse 98A. As 
seen by the waveforms, the leading edge of the drop 
charging pulse 98A is initiated by the ?rst synchroniz 
ing pulse 40A to occur following the delayed trigger 
pulse 102A. Such operation may be provided, for ex 
ample, by the inclusion of a ?ip-?op in the input to the 
retriggerable pulse generator which is set by the de 
layed trigger pulse to allow the next synchronization 
pulse to initiate the generation of the‘ drop charging 
pulse. Similar synchronizing means may be employed 
by the retriggerable pulse generator 100. The ampli?ed 
drop charging pulse 106A is applied to the stream 
through electrode 64 forsupplying drops whichbreak 
from the stream with the desired charge. Synchroniza-~ 
tion of the ulse generator 98 with the vibration of the 
nozzle assembly ensures uniform charging of the drops 
formed during the drop charging pulse. The uniformly 
charged drops are uniformly de?ected as they pass the 
deflection plates 66, with the group of drops positively 
charged by the pulse 106A being de?ected to the right 
as viewed in FIG. 1A into receptacle 68B. , 
Reference now is made to the group (B) waveforms 

of FIG. 2 for operation of the sorter in response to ob-' 
servation of a ?uorescent particle. Such a particle scat 
ters light from the source 46 which is detected by de 
tector 52, and ?uoresces in the presence of the beam 
from source 56 which ?uorescence is detected by de 
tector 60. Ampli?ed scatter and ?uorescence channel 
signals 52A and 60A of selected amplitude from the an 
alyzers or discriminators 74 and 76 are supplied to the 
delay unit 86 and gate pulse generator 82, respectively. 
The delayed pulse 86A from the delay unit 86 occurs 
during the gate pulse output 82A from the generator 82 
whereby the logic network 88 is conditioned for gating 
the signal pulse over the “scatter and ?uorescent” line 
90 to the delay unit 104. The output 104A from the 
delay unit 104 conditions the pulse generator 100 for 
production of a delayed negative drop charging pulse 
100A which is ampli?ed by ampli?er 106 and supplied 
over line 110 as drop charging pulse 106A to the elec 
trode 64 for negatively charging the stream. Drops 
breaking off during application of the drop charging 
pulse are subsequently de?ected to the left as viewed 
in FIG. 1A as they pass the de?ection plates 66 to enter 
the receptacle 68C. Again synchronization of the pulse 
generator 100 with the nozzle vibration provided by 
transducer 34 ensures against partial drop charging 
during on and off transition of the charging pulse. 
During operation, one or more non-?uorescent cells 

may be located closely adjacent a ?uorescent cell in the 
jet stream so as to be captured in thesame or adjacent 
drops as the stream breaks up. With the novel arrange 
ment of this invention any such drops which may con-. 
tain both ?uorescent and non-?uorescent cells are nei 
ther de?ected into the receptacle» 68C for ?uorescent 
cells nor into the receptacle 68B for non-?uorescent 
cells. Instead a zero drop charging potential is applied 
during detachment from the stream of drops containing 
both ?uorescent and non-?uorescent cells whereby 
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such drops pass unde?ected through the electrostatic 
?eld and into the receptacle 68A. 
The group (C) waveforms of FIG. 2 illustrate the 

, condition wherein detection of a non?uorescent cell is 
_ immediately followed by detection of a ?uorescent cell 
in the jet stream. Two adjacent scatter channel signals 
52A are shown followed by a ?uorescent channel signal 
60A, and if their amplitudes are within’ the selected 
ranges of the analyzers 74 and 76 two signal pulses 
74A-1 and 74A-2 are obtained from the analyzer 74 
and a single signal pulse 76A which follows in time is 
obtained from the analyzer'76. A gate control pulse 
82A is triggered by the pulse 76A, and the two signals 
74A-1 and 74A-2 are delayed by delay unit 86 having 
output signal pulses 86A-1 and 86A-2. The ?rst signal 
pulse 86A-1 which occurs before the gate control pulse 
82A is gated through the gate 92 of logic unit 88 and 
emerges vas trigger pulse 92A. The following pulse 
86A-2 however occurs during the gate control pulse 
82A for passage through gate 94 to emerge therefrom 
as trigger‘pulse 94. Following equal timedelays in-delay 
units 102 and 104 the delayed trigger pulses 102A and 
104A therefrom condition pulse generators 98 and 100 
for generation of positive and negative drop charging 
pulses 98A and 100A,‘respectively, which are applied 
to the ampli?er 106. The ampli?er 106 includes means, 

» i.e. a summing junction, for combining the separate 
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input signals such that the ampli?er output remains at 
a zero» level during application of equal potential an op 
posite polarity signals applied thereto. Therefore, in the 
operation illustrated by the group (C) waveforms the 
drop charge signal rom the ampli?er 106 comprises a 
positive pulse portion 106A-l during the time only the 
input pulse 98A is applied thereto, a zero level pulse 
portion 106A~2 while both input pulses 98A and 100A 
are applied thereto, and a negative pulse portion. 106A 
3 while only the input signal 100A is applied thereto. 

- Of the drops charged the detected non-?uorescent cell 
will be contained in either the drop charged during 
pulse portion 106A-1 or 106A-2, and the detected ?uo 
rescent cell will be contained in either the drop charged 
during pulse portion 106A-2 or 106A-3. Of the five 
drops formed during the illustrated drop ‘charging sig 
nal the ?rst two positive charged drops are vde?ected 
into receptacle 688, the next uncharged drop is unde 
?ected to enter receptacle 68A, and the last two nega 
tive charged drops are de?ected into receptacle 68C. 
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As noted above the pulse generators 98 and 100 are 
retriggerable such that drop charging pulses 106A of 
extended duration may be generated during detection 
of closely adjacent ?uorescent cells or non-?uorescent 
cells. In the group (D) waveforms of FIG‘. 2 the detec 
tion of two ?uorescent cells following one another in 
less than 75 microseconds time is shown. The photode 
tector pulse output signals 52A and 60A are processed 
in the manner described above and provide a pair of 
trigger pulses 104A which are supplied to the retrigger 
able pulse generator 100. The ?rst pulse conditions the 
generator 100 for triggering by a synchronizing pulse 
and the second pulse reconditions the same to extend 
the drop charge pulse period from the generator with 
out interruption. ‘ 

While the invention has been described above in con 
nection with various embodiments thereof, various 

' changes and modi?cations will suggest themselves to 
those ‘skilled in this art. For example, illumination of 
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the streamfor scatter and ?uorescent sensing is not 
limited to the use of laser beams. Other illumination 
sources such as an arc lamp with suitable beam ?ltering 
and directing means may be used for illumination as the 
desired frequency or frequencies. When plural sensing 
means are employed, as illustrated, the order of illumi 
nation and sensing of particles is not critical. For exam 
ple ?uorescent sensing may precede scatter sensing 
where these two sensing means are employed. Further, 
if desired, the same stream cross sectional area may be 
illuminated by both illuminating means for simulta 
neous sensing of particles. Also, as noted above, other 
types of particle sensingmeans such as those utilizing 
radiant energy absorption, radioactivity, electrical con 
ductivity and the like may be employed. Also, because 
drop separation is dependent upon the differences in 
drop charge and notupon the absolute values thereof, 
it will be apparent that different drop charging voltages 
‘than those described may be employed. 

If desired, the photodetector outputs may be supplied 
to multichannei pulse height analyzers to obtain the 
pulse height spectrum of the observed signals. Also, 
.event counters 130 and 132 may be included for count? 

. ing the “scatter not ?uorescent” and “scatter and ?uo 
rescent’.’ pulses from the logic network. Information 
obtained by such analyzers and counters, may be uti 
lized for ‘checking instrument accuracy, particle count 
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ing, and the like. Additionally, a single illuminating j 
means with a plurality’of detector‘ means may be used 
in which the separate detectors are supplied through 
beam splitting means and which detectors are respon 
sive to different portions of the spectrum. The ratios of 
such signals may be used to trigger drop pulse genera 
tors. _ . 

As noted above, proper operation of the separator 
requires the use of the proper signal delay in an amount 
related to the transient time of the particle from the 
point of observation of the scatter beam to the point 
wherethe'drop breaksoff from the jet. One factor in 
this delay. is the particle velocity which, if desired, 
could be measured by any suitable means and the delay 
unitsv 102 and 104 adjusted accordingly. Numerous 
methods of measuring ?uid ?ow velocity are known 
which could be used, including means employing. the 
Doppler shift of the scatter light. Also, although the in 
vention has been illustrated in terms of method and ap 
paratus wherein a coaxial flow stream having an inner 
stream portion of particle containing ?uid and an outer 
stream portion of sheath ?uid is jetted from a nozzle 
and broken into drops, by nozzle vibration, the princi 
ples of synchronizing‘ the drop charging pulse period 
with the nozzle vibration, coupling the particle detect 
ing stream to the uncon?ned stream without the use of 
windows, and charging the drops‘ in such a manner to 
prevent those drops which'contain both ?uorescent 
and non-?uorescent cells from being de?ected the 
same amount as those drops which contain only ?uo 
rescent cells or only non-fluorescent cells, are also ap 
plicable to arrangements vwherein a stream without 
‘sheath ?uid is employed. It is intended that the above 
and other such changes and modi?cations shall» fall 

in the'appended claims. ‘ 

Weclaim: 
vLA method of separating certainparticles from oth 

within the spirit and scope'of the invention as de?ned . 

' ers contained in a ?uid stream comprising, 
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producing a coaxial ?ow stream having an inner 
stream portion of particle containing ?uid and an 
outer stream portion of sheath ?uid, 

jetting the coaxial ?ow ?uid stream, ~ 
modulating the jet stream velocity in the direction of 

the stream axis to break the stream into discrete 
drops, I ' ' 

detecting certain particles in the inner stream portion 
of the coaxial ?ow stream, 

charging the jet stream while drops containing de 
tected particles break from the jet stream to supply 
such ‘drops with an electrical charge, ‘ 

synchronizing the charging with the modulating of 
the jet stream to ensure against parallel drop charg 
ing during on and off transitions of the drop charg 
ing pulse, and - 

de?ecting the charged drops in an amount related to 
the drop charge.‘ 

2. The method of particle separation as de?ned in 
claim 1- wherein the coaxial ?ow stream is jetted into 
the atmosphere, and including detecting directly 
through the atmosphere desired particles in the inner 
stream portion of the jet stream as said stream travels 
through the atmosphere. 

3. The method of particle separation ‘as de?ned in 
claim 1 ‘wherein said certain particles detected are 
those characterized by a particular parameter value, 
the method also including ' - , 

detecting other particles in the inner stream portion 
of the coaxial ?ow stream which are characterized 
by other parameter values, 

charging the jet stream ,by use of different drop 
charging pulse while drops containing detected 
particles characterized by other parameter values 
break from the stream to supply such drops with a 

' different drop charge, and ‘ ' 

modifying charging of the jet stream while drops con 
taining both particles characterized by a'particular 
parameter and those characterized by other param 
eters break from the stream for a different de?ec 
tion of such drops. ' - 

4. A method of separating certain particles from oth 
’ ers contained in a jet stream comprising, 
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modulating the jet stream velocity in the direction of 
the stream axis to break the stream into discrete 
drops, ' ‘ 

detecting certain particles in the jet stream, 
charging drops containing detected particles during 
a drop charging pulse period, 

' synchronizing the drop charging pulse period with 
the modulating of the jet stream to prevent drops 
breaking from-the stream during drop charging on 

v and off transitions, and - = ' 

de?ecting charged drops in an amount related to the 
drop charge thereon. ' ' . 

5. The method of particle separation as de?ned in 
claim 4 wherein said jet stream travels through the at 
mosphere, and including detecting directly through the 
atmosphere particles .in the jet stream as said ‘stream 
travels through the atmosphere. I ’ 

6. The method of particle separation as de?ned in 
claim' 4 including detecting other particles in the jet 
stream in addition to detecting said certain particles 
therein, 
charging the jet stream by use of a different drop 

- charging pulse while drops containing other de 
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tected particles break from the stream to supply 
such drops with a different drop charge, and 

modifying charging of the jet stream while drops con 
taining both detected certain and other particles 
break from the stream for a different de?ection of 5 
such drops. _ 

7. A method of separating certain particles from oth 
ers contained in a stream which is jetted from a nozzle 
into the atmosphere comprising, modulating the jet 
stream to break the stream into discrete drops at a dis 
tance from the nozzle, _ 
detecting directly through the atmosphere certain 

particles in the jet stream while the stream travels 
through the atmosphere before the stream into dis 
crete drops, ' 

charging drops containing detected certain particles, 
and 

de?ecting charged drops in accordance with the drop 
charged thereon. - 

8. The method of separating particles as de?ned in 
claim 7 including synchronizing the charging of drops 
with the modulating of the jet stream. ‘ 

9. The method of separating particles as de?ned in 
claim 7 including, ’ ' 

detecting other particles in the jet stream, Y 
charging drops containing detected other particles to 
another drop charge, and 

modifying charging of drops containing both certain 
andother detected particles. 

10. A method of separating certain particles from 
others contained in a jet stream comprising, 
modulating the jet stream to break the same into dis 
crete drops, ' 

detecting certain particles in the jet stream, 
detecting other particles in the jet stream, 
providing drops containing detected certain particles 
with a ?rst drop' charge, those containing detected 
other particles with a second drop charge, and 
those containing both detected certain and other 
particles with a third drop charge, and 

separating drops according to their drop charge. 
11. The method of particle separation as de?ned in 

claim .10 wherein the jet stream travels through the at 
mosphere before breaking into discrete drops, and in 
cluding employing ?rst and second particle detecting 
means to detect said certain particles and said other 
particles directly through the atmosphere as the stream 
travels through the atmosphere before breaking into 
discrete drops. 

12. The method of particle separation as de?ned in 
claim 10 including synchronizing the drop charging 
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with the modulating of the jet means to assure against I 
partial drop charging. 

13. Apparatus for separating particles contained in a 
fluid comprising, 55 

means including av nozzle assembly for producing a > 
stream of particle containing ?uid, 

means for jettingthe stream from the nozzle assem 
bly. , 

means for modulating the velocity of the stream to 
break the jet stream into discrete drops, 

detector means for detecting particles in the stream, 

pulse charging means responsive to the detector 
means for charging selected drops, 

means for synchronizing the pulse charging means 
and modulating means to ensure against partial 
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drop charging during on and off transitions of- the 
pulse charging means, and 

means for de?ecting charged drops an amount re 
lated to the drop charge. I ' 

14. The apparatus as de?ned in claim 13 wherein the 
stream is jetted into the atmosphere, and the detector 
means are positioned outside the jetting means where 
the jet stream travels through the atmosphere. _ 

15. The apparatus as de?ned in claim 13 wherein 
particles characterized by a particular parameter are 
detected by said detector means, saidapparatus in 
cluding ' 

second detector means for detecting substantially all 
particles in the stream, including particles charac 
terized by said particular parameter and those not 
socharacterized, 

said pulse charging means being responsive to both 
said detector and second detector means for charg 
ing drops containing particles characterized by said 
particular parameter to a drop charge of one value, 
for charging drops containing particles not charac 
terized by said particular parameter to another 
value, and for modifying the drop charge for drops 
containing both particles characterized by said pa 
rameter and those not so characterized. ' 

16. The apparatus as de?ned in claim 13 wherein a 
coaxial ?ow stream having an inner stream portion of 
particle containing fluid and an outer portion of sheath 
?uid is produced by said stream producing means, 
which coaxial ?ow stream is jetted into the atmosphere 
by said jetting means. 7 

17. A method of separating certain particles from 
others contained in a ?uid stream comprising,_ 

jetting the ?uid stream, 
detecting certain particles in the ?uid stream, 
modulating the ?uid stream velocity in the direction 
of the stream axis to break the stream into discrete 
drops, 

charging drops containing detected particles during 
drop charging pulse periods, . 

synchronizing the drop charging pulse period ‘with 
the modulating of the ?uid stream to prevent drops 
breaking from the stream during drop charging on 
and off transitions, and 

de?ecting charged drops in an amount related to'the 
drop charge thereon. » 

18. The method of particle separation de?ned in 
claim 17 wherein said ?uid stream comprises a coaxial 
?ow stream having an inner stream portion of particle 
containing ?uid and an outer stream portion of sheath 
?uid. 

19. The method of particle separation de?ned in 
claim 17 wherein the‘ ?uid stream is jetted into the at 
mosphere, and wherein the step of detecting certain 
particles in the ?uid stream is effected at a point along 
the jet stream travel through the atmosphere before the 
stream breaks into discrete drops. 

20. The method of particle separation de?ned in 
claim 17 wherein said certain particles detected are 
those characterized by a particular parameter value, 
the method also including, 

detecting other particles in the ?uid stream which are 
characterized by other parameter values, 

charging the jet stream by use of a different drop 
charging pulse while drops containing _ detected 

- particles characterized by other parameter values 
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break from the stream to supply such drops with a parameter and those characterized by other param 
different drop charge, and eters break from the stream for a different de?ec 

modifying charging of the jet stream while drops con- tion of such drops. 
taining both particles characterized by a particular * 
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[57] ABSTRACT 
A particle“ sorting method and apparatus for separating 
minute particle's incorporated in‘a liquid stream in ac'; 
cordance with selected particle parameters. Particles 
Such as biological cells to be separated are incorporated 
it! the inner or central portion of a con?ned coaxial flow 
stream which includes an outer cell-free ?uid sheath: 
portion. This coaxial flow stream is released through a 

vvibrating nozzle for inspection by one or more cell 
sensing means for sensing cells in the jet stream immedi 
ately downstream of the nozzle. Beam illumination 
and/or observation of the jet stream for particle sensing 
is effected outside of the nozzle. Vibration of the nozzle 
breaks the coaxial jet stream into a series of uniform 
drops downstream of the cell sensing means, and signals 
from said means are used to initiate delayed charging 
pulses applied to preselected cell-containing drops as 
they break from the vibrating ?uid jet. Nozzle vibration 
is synchronized with the charging pulse to prevent 
separation of drops from the stream during the drop 
charging pulselon and off transition times, thereby pre 
venting undesired drop charging. The drops pass be 
tween eharged deflection plates where the charged 
drops are de?ected into appropriate receptacles. -By 
using a plurality of sensing means such that all cells are 
sensed by one sensor, and only certain cells, i.e. cells 
characterized by. a particular parameter value, are 
sensed by another sensor, drops containing both cells 
characterized by a particular parameter and cells not 
characterized by that parameter can be sorted away 
from the receptacle for cells characterized by that par 
ticular parameter. 

VARIA : 
22 P ’d A hl? ABLE 42 '0 

R R 44 
"o\ 40m: 

26 24‘ @RIVER AMP ' 36 ‘ a 

42:21 “m. 34 ’ CLOCK m ' 2 f3. 

?lmsoucan 32o ""2 3 
- 160ml, 

14 = I 32 7.0 (78 ' . \ 

“JILL”... » 52A g Uneven LIMIT “ i ‘ DELAY 
~ 35 54 \JL AMP___ SINGLE QHANNEL pr ‘ 

. > . ‘ SCATTER ‘ ANALYZER , _ ' , 

16/ 20 1Q’; ’ 3O CHANNEL\ aopO’towu mm 74,) 45525:“, 86A) 
48 1g 54 5O 52 

46\ LASER " ===_ 3%.: PHOTO 
“. M t, =6 ‘~~ _'_'_'_'_ DETECTOR 

" ‘l _,/ " " PH — 

/ ‘*~_ __ __ ETECTOR 

I’ 62 FLUORESCENT 
53 6O CHANNEL\ 

3 86 
——->TO PULSE HEIGHT ANALYZER No.1 

—.TO PULSE HEIGHT ANALYZER No.2 
7a . 62 

60A 
- A JC “"28 um? ADJUSTABLE B2 

A P SINGLE CHANNEL GATE PULSE 
— M-r- ANALYZER IGENERATOR _" 

8O‘ town umr ' K 

75 " \e4 

[118 116 
114 

AMP +4 ' \ 

‘DELAY f‘z“ 122\ 



1 

REEXAMINATION CERTIFICATE. 
ISSUED UNDER 35 U.S.C. 307. 

THE PATENT IS HEREBY AMENDED AS 
INDICATED BELOW. 

Matter enclosed in heavy brackets [] appeared in the 
patent, but has been deleted and is no longer a part of the 
patent; matter printed in italics indicates additions made 
to the patent. 

AS A RESULT OF REEXAMINATION, IT HAS 
BEEN DETERMINED THAT; 

The patentability of claims 7-12 is con?rmed. 

Claims 1, 4, 13 and 17 are determined to be patentable 
as amended. 
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Claims 2, 3, 5, 6, 14-16, and 18-20, dependent on an 
amended claim, are determined to be'patentable. 

1. A method of separating certain particles from oth 
. ers contained in a ?uid stream comprising, 

producing a coaxial ?ow stream having an inner 
stream portion of particle containing ?uid and an 
outlet stream portion of sheath ?uid, 

jetting the coaxial ?ow ?uid stream, 
modulating the jet stream velocity in the direction of 

the stream axis to break the stream into discrete 
drops, 

detecting certain particles in the inner stream portion 
of the coaxial ?ow stream, 

charging the jet stream [while] after a ?xed delay 
that allows the certain particles to reach the stream 
break region plus a variable delay of less than one 
drop period selected to ensure against partialrdrop 
charging so that as drops containing detected parti 
cles break from the jet stream [to supply] such 
drops are supplied with [an] full electrical charge, 

synchronizing the charging with the modulating of 
the jet stream to ensure against parallel drop chargr 
ing during on and off transitions of the drop charg 
ing pulse, and 

de?ecting the charged drops in an amount related to 
the drop charge. 

4. A method of separating certain particles from oth 
ers contained in a jet stream comprising, 

modulating the jet stream velocity in the direction of 
the stream axis to break the stream into discrete 
drops, ' 

detecting certain particles in the jet stream, 
charging drops containing detected particles during a 
drop charging pulse period after a ?xed delay that 
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2 
allows the certain“ detected particles to reach the 
stream break point plus a variable delay of less than 
one drop period selected to ensure against partial drop 

' chargingv during the on-ojf transitions of the drop 
charging pulse, 

synchronizing the drop charging pulse period with 
the modulating of the jet stream to prevent drops 
breaking from the stream during drop charging on 

i and off transitions, and 
de?ecting charged drops in an amount related to the 
drop charge thereon. 

13. Apparatus for separating particles contained in a 
‘?uid comprising, 

' means including a nozzle assembly for producing a 
stream of particle containing ?uid, 

means for jetting the stream from the nozzle assem 
bly, 

means for modulating the velocity of the stream to 
break the jet stream into discrete drops, 

detector means for detecting particles in the stream, 
pulse charging means responsive to the detector 
means for charging selected drops, said pulse charg 
ing means including means providing a fixed delay 
that allows the certain detected particles to reach the 
stream break point plus a variable delay less than one 
drop period to ensure against partial charging during 
the on-off transition of the pulse charging means. 

means for synchronizing the pulse charging means 
and modulating means to ensure against partial 
drop charging during on and off transitions of the 
pulse charging means, and 

means for de?ecting charged drops an amount re 
lated to the drop charge. 

17. A method of separating certain particles from 
others contained in a ?uid stream comprising, 

jetting the ?uid stream, 
detecting certain particles in the ?uid stream, 
modulating the ?uid stream velocity in the direction 

of the stream axis to break the stream into discrete 
drops, 

charging drops containing, detected particles during 
drop charging pulse periods after a ?xed delay that 
allows the certain detected particles to reach the 
stream break point plus a variable delay of less than 
one drop period selected to ensure against partial drop 
charging during‘ the‘ on-ojf transitions of the drop 
charging pulse, 

synchronizing the drop charging pulse period with 
the modulating of the ?uid stream to prevent drops 
breaking from the stream during drop charging on 
and off transitions, .and 

de?ecting charged drops in an amount related to the 
drop charge thereon. 


