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LASER-BASED MULTIPARAMETER SYSTEM

FOR AUTOMATIC SORTING OF MICROSCOPIC PARTICLES

LBL-7520

Bojan Turko and Branko Leskovar

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720 USA

Abstract

The design, characteristics and experimental re-
sults of a Laser-Based Multiparameter system for auto-
matically sorting microscopic particles are described.
The system is used mostly for the analysis of biologi-
cal cells which have been stained with fluorescent
dyes and suspended in liquids. The cells, passing in
single file through an elliptically focused laser beam,
emit fluorescent signals, which are detected by sen-
sors and processed, first in analog fashion and then
digitally by a multichannel pulse-height analyzer.

The two-color fluorescent and light scatter signals
give certain parameters of the particles being meas-
ured. Sorting rates of several hundred per second are
attainable. The high resolution and good stability of
the system ensure fast, reliable and statistically
meaningful measurement of particle populations.

Introduction

Numerous microscopic particle separators have
been described in the Literature (Ref. 1-6). The
system described here was mainly designed for the
measurement of physical and biochemical properties of
biological cells. The cell populations under test are
first stained with fluorescent dyes. With proper dye-
ing and staining procedures, the cells will radiate
fluorescence of the desired wavelength when made to
pass one at a time through an elliptically shaped laser
beam. Since the fluorescent decay time is very short,
each cell radiates only during its passage through the
beam. The amount of light radiated is a function of
the stained volume of the cell. The intensity of the
emitted light pulse is a function of the laser beam
intensity and shape and also the cell velocity and
shape. An optical system of lenses and filters sepa-
rates each light pulse into its "red" and "green" com-
ponents, focussing each onto the photocathode of the
appropriate photomultiplier.

Current pulses proportional to the incident light
are generated by the photomultipliers. A fast pulse
preamplifier and charge integrator is used in pulse
processing the signal. The integrator output is a
voltage pulse whose amplitude is proportional to the
total light collected during the passage of the cell
through the laser beam. The preamplifier output shows
the distribution of fluorescence emitted by a cell
while it is crossing the beam. Since these signals
are very similar to those found in the detecting
charged particles in experimental nuclear physics, the
instrumentation for analog and digital processing of
the signals produced by fluorescent cells can be based
on the experience gained in the nuclear field.

The cells cross the laser beam at random. The
signal shaping and filtering requirements are similar
to those in gamma-ray spectroscopy. Linear amplifiers
designed for the optimum filtering of random pulses
are used in cell signal processing. A multiparameter
analog processing circuits was built for stretching
the peaks of the shaped pulses along with the coinci-
dence logic for the selection of desired categories of

events. Also, analog signals proportional to the quo
tient of pairs of parameters are generated. :

The selected signals can be digitized in either
of two amplitude-to-digital converters and the results
processed in a digital memory. A1l steps in the ana-
log processing can be monitored on an oscilloscope.
The digital processing of events can be also viewed
with the aid of the memory monitor display. 'The re-
sults can then be transferred to the external central
data processor, if first accepted by the operator.

Size of the particles can be determined by mea-
suring forward scattered light as each one passes
through the Taser beam. This is done with a photo-
diode placed coaxially in the laser beam path to detect
the forward scattered light. A beam dump in front of
the diode absorbs all of direct light from the laser.
An amplifier converts the photodiode current into a
voltage pulse which gives an additional parameter for
the analog signal processing.

The above system is made up of a number of opti-
cal, mechanical and electrical components. They are
described and their function explained in the follow-
ing text.

System Description

Most of mechanical and optical components of the
system are mounted on a Newport Research Corporation
optical table. This mechanically stable, vibration
free base improves reliability and performance of the
system. A diagram of the mechanical system, including
the optics is shown in Fig. 1. The supporting elec-
tronic processing and control components of the system
(Fig. 2) are housed in an adjacent rack. Modular
components that do not have their own power supplies
are housed in and powered by standard Nuclear Instru-
ment Module (NIM) bins.

The 1ight source for illuminating the stained
cells in the flow chamber (Fig. 1) is a Spectra Physics
Model 171-0 Ion laser with total output power of 10 W.
The components of the Tlaser system are the tunable
laser head, a Model 270 Exciter, and a separate power
meter. The strongest lines have wavelengths of
514.5 nm (3.7 W) and 488.0 (3.2 W). By employing UV
additional optics, the laser can generate lines of
335.8 nm and 351.4 nm (0.07 W each).

The circular laser beam (1.6 mm diameter at l/e
points) is modified by beam shaping optics, consisting
of two cylindrical lenses of 20 cm and 2 cm focal len-
gth, respectively. The beam passes through two windows
and the center of the flow chamber. A beam dump in
front of the exit window absorbs the emerging direct
beam energy.

The stained cells cross the laser beam at the
center of the flow chamber. The beam at this point
has been shaped into an ellipse by the cylindrical
lenses. The major axis is about 100 uym and the minor
axis (oriented parallel with the cell flow) less than
10 um. By adjusting the 20 mm lens the minor axis can



be focused at the point through which the stained cells
pass. This minimum is about 7 um wide, smaller than a

typical cell diameter.

The flourescence emitted by excited cells is
picked up at the two windows normal to the beam path.
A microscope used for system alignment is placed in
front of one window and the optical receiver at the
other. A filter between the microscope and the flow
chamber protects the viewer from scattered light.
Water bubbles in the flow chamber might deflect whole
beam into the microscope and cause eye damage if this
filter were not used.

An F/1.6 lens at the optical receiver collects
the fluorescent signal from the flow chamber. Behind
the lens is a barrier filter which blocks the scattered
light; this is followed by a dichroic interference
filter which separates the fluorescence light into two
colors. The red and green colors of the fluorescence
1light are thus separated and can be detected by two
photomultipliiers.

The shorter wavelength component passes through
the dichroic mirror and a green barrier filter, and is
focused by another F/1.6 projection lens onto a 260 um
pinhole. A collimating lens projects the 1ight passing
the pinhole onto the photocathode of the "green" photo-
multiplier. The red component of the fluorescence is
reflected by the dichroic mirror and by a front surface
mirror onto a third F/1.6 projection lens, which focus-
es the red 1ight on another 260 um pinhole, A red fil-
ter barrier ahead of the lens rejects shorter wave-
lengths, preventing any pick-up of the green compon-
ents. In the compartment on the other side of each
pinhole a collimating lens projects the light onto a
photomultiplier. Both photomultipliers are RCA Model
4526,

A calibrating incandescent light is located in
each photomultiplier compartment. The photomultiplier
high voltage is turned off automatically when calibra-
ting lights are turned on. The lights are brought
directly in front of the pinholes when the calibrating
lever is pressed. Images of the two illuminated pin-
holes, one red and the other green, are projected on
the point in the flow chamber, where the fluorescing
cells cross the laser beam. The micrometer which
moves the surface mirrors should be adjusted until the
two pinhole images intersect the moving stream of
fluorescing cells. The laser beam, crossing the image
horizontally, is also visible due to the Raman scat-
tering in water. The point of proper alignment can be
seen through the microscope, which can be swung into
position in front of the viewing window in the flow
chamber. In operation, the calibrating 1ights should
be moved back to their rest position so as not to
obstruct the optical paths between the pinholes and
the photomultipliers.

The waveform of the output current at the collec-
tor electrode of the photomultiplier depends on the
beam cross section and intensity, the shape of fluo-
rescing cell and on its velocity. 1In a typical exam-
ple, cells about 10 um in diameter produce symmetrical
pulses of 4 us duration at half maximum (indicating a
velocity of 2.5 m/s at the beam crossing).

Each photomultiplier output can be switched either
to fast current-to voltage preamplifier, or to a charge
integrating preamplifier (Fig. 1). Viewed on an oscil-
loscope, the output of the fast preamplifier shows the
fine structure of the fluorescing part of the cell as
it moves across the Taser beam. - The--output-of_the
integrating preamplifier shows a smooth pulse whose
peak value is proportional to the total amount of light

emitted during the cell passage, i.e. proportional to
the stained portion of its volume. ( A circuit diagram
of the preamplifiers is shown in Fig. 3.)

The optical receiver assembly is mounted so as
to be aligned with the flow chamber. The optimum
position for the output can be found by an alignment
procedure., Both the flow chamber and the optical
receiver (except for the fast preamplifiers) were
supplied by the Research Development Company, Los
Alamos, New Mexico.

A steady stream of stained cells moves upwards,
supported by a liquid in laminary flow sheath (dis-
tilled water free of air bubbles) in the flow chamber.
The transport of the Tiquid sheath from the sheath
reservoir to the waste reservoir through the flow
chamber is controlled by a closely regulated vacuum
system (Fig. 1). The system consists of a vacumm pump
and a pump motor controlled by a vacuum regulating
gauge. The stained cells, diluted in the sample
cuvette, are brought to the flow chamber through a
thin plastic tube and injected through a 100 um ori-
fice into the center of the liquid sheath. The diame-
ter of the sample stream decreases as the cells move
up through the flow chamber, forcing them into single
file by the time they cross the beam. The adjustment
of vacuum is critical since the slightest turbulence
causes variations in the signal at the optical re-
ceiver, decreasing overall resolution of the measure-
ment.

The mechanical flow control can change the sheath
flow into a turbulent flow that effectively flushes
out the flow chamber, eliminating accumulations of
debris and air bubbles. Fluorescing debris suspended
in sheath liquid can affect the measurement. by increas-
ing background signal in the photomultiplier. Air pock-
ets may get stuck on the walls or windows of the flow
chamber and cause laser beam defocusing or even a
total deflection from its proper path.

The Analog Signal Processing

The analog processor, including four identical
linear pulse peak stretcher channels with their
associated logic, is shown in the block diagrams
Figs. 4, 5 and 6. A positive voltage pulse at the
input I1 is transmitted to a discriminator LDp
(LOWER DISCRIMINATOR) and a linear gate LGj. Depend-
ing on the mode of operation selected, LGy will open
at the appropriate time to pass the signal unchanged
to the peak detector PDj. There the highest point
of the signal is stretched and is available at the
output for the duration of the HOLD signal, defined by
the logic. When the HOLD signal ceases, the stretcher
is quickly discharged and initial conditions restored.

Each analog channel can operate either in an auto-
matic mode or in a strobed (gated) mode. Also, any
channel can serve as a master channel to the other
channels and define coincident events in multiparameter
signal processing. Three typical cases will be dis-
cussed for which the timing diagrams (not in scale)
are shown in Figs. 7 to 9.

Single Channel Mode

Assume that only the first analog channel is used.
A signal amplitude exceeding the threshold set by a
potentiometer trips the lower discriminator LDj.
The Mode switch, which is assumed to be set in AUTO
position, brings the logic "1" level to the gate Gpj.

It is_also_assumed that a previous signal is not being

processed at the time. The INHIBIT is in Togic"0*——
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state, and because of the logic inversion at the input,
Gal, output is "1", enabling the gate Ggy after pass-
ing the logic ORy circuit. As soon as the Tower dis-
criminator (LDp) fires, Gg¢i passes the logic level and
sets the latch Ly, which in turn enables the peak
detector PDy through the HOLD input. PD stretches and
"memorizes" the peak of the input pulse and presents

it to the output terminals.

The signal from Ly passes ORpj (whose other input
is set to zero by the mode switch in "IN" position) and
coincidence circuit C, triggering SSp, the first in
a series of single shot multivibrators (SSy to SSg).
The coincidence C was enabled because the three re-
maining inputs have been set to the logic "1" state.
(1t is assumed that the mode switches in the three un-
used channels were set to “OUT" position, passing the
Jogic "1" signals through ORpp, ORp3 and ORpg to C).

SSp through SSg (Fig. 4) generates a sequence of
pulses used for both internal and external strobing,
and provide also the inhibit and clear signals con-
trolling the four channels. The sequence is as fol-
Tows:

SSp provides a continuously adjustable delay,
followed by three fixed strobe pulses (SSg, SSp and
SSp) which are spaced by the intervals defined by SS¢
and SSg. SSp and SSf outputs are available as EARLY
QUT and LATE QUT strobe signals on the front panel.
They can be used, for instance, as coincidence signal
for strobing the stretched linear signal into a multi-
channel Analog to Digital Converter (ADC). The timing
sequence is shown in Fig. 7.

The end of the SSp pulse triggers, through ORp,
the dead time single shot SSg. Dead times can be
selected by a switch. The sum of SSg and SSy (through
ORc) generates a CLEAR signal to all latches and thus
removes the HOLD signal from PD, causing a rapid dis-
charge ofthe stretched pulse. The sum of SS; to SSq
also provides an inhibit signal, that through Gp; and
ORy closes Gy and prevents acceptance of new events
until the deadtime is over.

Coincidence Mode

Up to four linear channels can work simultane-
ously, constituting a four-parameter system for the
selection of coincident events. The timing diagram
in Fig. 8 shows a two-channel coincidence. The mode
switches in the two unused channels should be in
"GATED" and “OUT" positions respectively. In the two
operating channels the mode switches should be set to
"AUTO" and "IN" positions.

In either channel an input signal that exceeds
the preset threshold level trips the lower discrimina-
tor and by opening the linear gate and setting the
latch, stores the information in the peak detector as
described earlier.

However, only if both events exceed the respec-
tive thresholds, will the latches Ly and L2 be set
and start the sequence of pulses in the single shots
SSp to SSg. If the two discriminators do not overlap,
the program will not start and "RESET" single shot (SSy)
will be triggered via ORp and Gy after the fired dis-
criminator returns to zero (Fig. 4). SSy will pro-
vide a CLEAR pulse through ORg providing a fast dis-
charge of the peak detector. Therefore, only a pair
of events that occur simultaneously (i.e. whose dis-
criminator crossings overlap) will produce a signal.

Gated Mode

Any of the four analog channels can be a master
channel, operating as described in the Single Channel
Mode Section. The mode selector switches of the mas-—
ter channel should be in "AUTO" and "IN" positions and
those in the other channels in "GATED" and "OUT™
positions.

An event exceeding the threshold in the master
channel will be stored in its peak detector and start
the sequence generator. The variable delay should be
adjusted at the front panel controls so that a Delayed
Strobe pulse is generated to be in coincidence with
the peaks of the events entering the remaining chan-
nels. Illustrated in Fig. 9 are three possible cases.
Only one event (input No. 2) is detected at its peak.
The events at the Inputs No. 3 and No. 4 arrived too
late and too early, respectively. This example shows
the importance of making a proper adjustment of the
delay and the strobe width.

Single Channel Analyzer Mode (SCA Mode)

Unwanted low-level events in any channel can be
easily eliminated by raising the threshold level. 1In
some measurements the events exceeding a desired level
should also be eliminated. This can be accomplished
either by using an external single channel analyzer
(SCA), or using the built-in Upper Discriminator cir-
cuit.

External SCA Mode

The output from the selected pulse stretcher chan-
nel should be applied to an external Single Channel
Analyzer (SCA) which will produce a logic output for
each event that falls between the preset upper and
lower discriminator levels. This output should be
connected to the SCA IN terminal of the processor
(Fig. 5). Provided that the selector is in EXT. posi-
tion, the logic signal passes Gy and ORy, setting the
latch Ly, which in turn enables the gate Gg. This
gate is therefore open to pass the Late Strobe signal,
which was generated by the processor in the course of
the time sequence started by the same original event
(Fig. 7). The signal is brought out as SCA OUT on the
front panel of the processor and can be used as a gat-
ing pulse to the ADC which has the stretched signal
of the same event waiting at its imput.

Internal SCA Mode

A built-in upper discriminator eliminates the
need for an external Single Channel Analyzer (SCA).
If the selector switch is in INT. position, each RESET
pulse from the analog processor will pass Gy and ORy
(Fig. 5), setting the latch Ly and thus enable Gs.
When a Late Strobe pulse is generated (Fig. 7), it will
pass Gg and appear as a SCA OUT signal and open the
gate to the external ADC. If the output of the se-
lected 1inear channel is connected to the Upper Dis-
criminator (UD) input, an event exceeding the preset
threshold Tevel will pass the logic signal from its
output through G3 and ORy and reset the Tatch L3
closing Gg. Thus the gate Gg will be already closed
by the time the Late Strobe pulse arrives preventing
SCA OUT signal from starting a conversion in the ADC.

Analog Divider

An independent analog divider has been included
in the Analog Processor. Any peak detector output
can be used as either numerator (Yyy) or denominator
(X1N) input for the Analog Divider (Fig. 6). The
output of the divider is a pulse whose amplitude



equals K (YIN/XIN)- K is a constant depending on
which position 1s selected on gain selector switch
namely, X1,X2 or X5. The linear quotient output can
be digitized in the same way as the signal from the
Tinear peak detector channels. The early Strobe Out-
put of the Analog Processor should be used for the
gating of the ADC by the same gating procedure des-
cribed under Internal SCA Mode.

Linear Gate

In order to make the system more versatile, a
linear gate is included in the analog processor
(Fig. 4). An analog signal will pass from the input
to the output of the gate only when enabled by either
early or late, internally generated strobe pulse. Any
event, that is coincident with the operation of the
analog channels of the processor, is thus allowed to
appear at the output of the gate.

Circuit diagrams of the analog processor are shown
in Figs. 10 through 14. The experimenter can choose
which one of the numerous combinations of parameters
to use. A typical setting is for the two-color fluo-
rometry of the stained cells, shown in Fig. 15. Each
color is digitized separately. The selection of live
displays (normal, contour and isometric) makes it
easier to interpret the results.

A Tektronix RM 15 oscilloscope and an ORTEC, Inc.
Model 449-2 LOG/LIN Ratemeter are included in the sys-
tem (Fig. 2). The amplifier and the Analog Processor
outputs can be checked and continually monitored by
the oscilloscope, and the ratemeter measures event
rates at the selected output. Also, two high voltage
requlated power supplies for the photomultiplier, and
the pinhole light power source are housed in the same
rack, as the power switches, the vacuum gauge and the
computer interface modules.

Processing of Digitized Events

Two 1024-channel amplitude-to-digital converters
{Northern Mod. NS—622) and a 4094-channel digital ana-
lyzer (Northern Mod. NS-636) offer sufficient resolu-
tion and data storage capacity for most purposes
(Fig. 2). Often much less resolution is quite accept-
able in sorting out the stained cell populations. The
memory can be divided in 65 separately addresssable
subgroups of 64 channels each. Therefore, a number of
samples can be quickly analyzed and compared on the
instant playback display. Either ADC has access to
the analyzer through a data selector, which also pro-
vides simultaneous access to both ADC's for two-dimen-
sional data analysis (64 x 64 channels). Three display
modes can be selected for better viewing. The two
ADC's provide X and Y address and the number of events
can be recorded along the Z-axis.

Transfer of data from the digital analyzer to a
remote data processor is done in two steps. The first
is from a NS-636 to a LBL builtf -2 Interface Module
followed by a Data Transmission System Users Terminal
Module (Fig. 2). Both modules were provided by the
LBL Chemical Biodynamics Division.

Experimental Results

The system was primarily designed for flow cyto-
fluorometry studies at the Lawrence Berkeley Laboratory
Chemical Biodynamics Division. The instrument has been
used continuously for a period of several years. The
performance of this system and its extensive applica-

tion in the cellular biology experiments-has-been—des=——

cribed in a number of published works (Ref. 7-21). A
typical example is shown in Fig. 16 where changes in a

-system, -free-of-shocks -and-noise_typical_in_most_en=

cell population over a period of several days are shown
as a series of spectra. A two-dimensional presenta-
tion of another cell population in the Fig. 17 shows
the end result of the two-color microfluorometry. Two
channels of the system's analog processor in coinci-
dence mode were used for the selection of the events.

X and Y axis represent the intensity of each parameter
and the vertical axis the number of events.

Appendix

Principal parts of the systems and their charac-
teristics are listed below:

Light Source

A Spectra Physics Mod. 171-0 Ion Laser with Mod.
270 power Supply and Mod. 170 Power Meter is used.
With the standard optics the laser can deliver a total
of 10 W. The tunable wavelengths (nm) and correspon-
ding power (W) are: 514.5 (3.7); 501.7 (0.5); 496.5
(1.0); 488.0 (3.2); 476.5 (1.2) and 457.9 (0.5). Ad-
ditional lines are available with U.V. optic attached:
363.8 (0.07) and 351.1 (0.07).

The Flow Chamber and Control Box

They were made by Research Developments Inc., Los
Alamos, New Mexico as described in Ref. 2.

Beam Shaping Optics

Two quartz cylindrical lenses (20 cm and 2 cm
focal lengths respectively), each mounted on a Newport
Corporation micromanipulator consisting of a tilt
table, support post and translation stage.

Two Color Optical Receiver

They were also made by Research Developments
Inc., Los Alamos, New Mexico. Principal components of
the receiver are a F/1.6 collimating lens, a barrier
filter, a dichroic mirror, "green" and "red" barrier
filters, and a 260 um pinhole and a F/1.6 collimating
lens for each optical channel. Two RCA 4526 photo-
multipliers are used for fluorescence detection. The
receivers each contain a fast preamplifier and an in-
tegrating preamplifier (Fig. 3). '

Vacuum Pump

A Cole-Parmer Instrument Co., (Chicago) Masterflex
pump, motor and controller is used. The controller is
slightly modified for remote control by the pressure
gauge.

Vacuum Regulator

Dwyer Instruments, Inc., Michigan City, Indiana
Photohelic Pressure Switch/Gauge is located in the
adjacent rack. The vacuum sensing tube connects the
gauge with the waste reservoir. The pressure range is
up to 20 psig. Proper pressure for turbulence free
operation of the flow chamber has to be found experi-
mentally.

Optical Table

The laser, the beam focusing system, the flow
chamber and the optical receiver are mounted on a
Newport Corporation (Fountain Vallejo, Calif.), opti-
cal table. Stable, reproducibie operation of the

vironments is obtained.
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Amplifiers

Two Ortec Model 450 Research Amplifiers are used,
one in each channel of the optical receiver. The gain
of each amplifier can be varied from 2.5 through 3000.
Independent active low-pass and high-pass filtering
can be adjusted by selecting time constants from 0.1
to 10 us both for integrate and differentiate modes.

High Voltage Power Supply

Two Ortec Model 456 High Voltage Power Supplies

provide reqgulated high voltage for the photomultipliers

in the optical receiver. They are housed in an AC
powered NIM bin . A High Voltage Time Control Switch
(Fig. 2) makes sure that the high voltage is discon-
nected when pinhole light for the alignment of the
optical receiver is turned on. Damage of the photo-
multipliers may result if the photomultipliers are
exposed to too much light when the high voltage is
applied.

Ratemeter

An Ortec Model 449 Ratemeter is used for monitor-
ing the event rates appearing at the outputs of the
analog processor. Change of the event rates can be
viewed on the ratemeter's dial. An audible sound pro-
portional to the rate is also generated as a warning
signal to the experimenter.

Four Parameter Analog Processor

This unit was built by the LBL Electronics Re-
search and Development Group and is described in the
Analog Signal Processing section of this text.

Analog-to Digital Converter

Two identical Northern Scientific Model NS-622
Analog-To-Digital Converters are used for the simul-
taneous conversion of any two parameters. Maximum
number of channels is 1024. The resolution can be
reduced by a five step switch down to 64 channels.

Memory Unit

A Northern Scientific Model 636 Memory System is
used for on-line data processing and storage. The
4092 channel memory can be divided into up to 64 sub-
groups that are individually accessible. Each memory
section can store an individual spectrum. Two-dimen-
sional storage and display is possible when the two
ADCs are used simultaneously, along with the analog
processor. Isometric, contour or profile display mode
can be selected. A choice of linear or logarithmic
data presentation on the CRT is available. Either
parallel or serial data transfer to the external
processor is possible.

Data Interface

The system is used in the LBL Chemical Biodyna-
mics Division. Two LBL-built NIM modules are used for
interfacing the Division's internal computer system.
The modules are Data Transmission System Users Terminal
(LBL No. 16 x 3221) and NS636 to 3-2 Interface.
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