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A flow cytometer using a solid state 
light source and detector was designed 
and built. For illumination of the sample 
stream two types of diode lasers (670 nm 
and 780 nm) were tested in a set-up de- 
signed to differentiate human leukocytes 
by means of light scattering. The detector 
is an avalanche photodiode, which was 
used to detect the weak scattered light in 
the orthogonal direction. The new flow 
cytometer set-up is very small, relatively 

cheap and yields similar results as a stan- 
dard flow cytometer set-up using a he- 
lium-neon laser and photomultipliers. 
0 1993 Wiley-Liss, Inc. 
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Up till now all commercial and home built flow cy- 
toiheters use gas lasers or arc lamps as light sources. 
Progress in the field of optical solid state components 
has led to the development of the diode laser. This chip- 
size laser is now available at wavelengths down to 635 
nm having an  output power of about 3 mW. Although 
the wavelengths and powers of the currently available 
diode lasers can not be used for fluorescence measure- 
ments, they should be appropriate for light scattering 
measurements. An important application of light scat- 
tering measurements is the white blood cell differenti- 
ation (7). This application would benefit substantially 
from the advantages of the diode laser, namely low 
costs and small size. We have investigated the use of 
such a diode laser as  a light source in a flow cytometer 
for white blood cell differentiation. 

The size and costs of the system can be further re- 
duced by replacement of the photomultiplier by its 
solid state analog, the avalanche photodiode. Also the 
replacement of the microscope objective by a compact 
disk lens for detection of orthogonal light scattering 
will reduce size and costs. 

In this article we describe such a system and discuss 
the possibilities for white blood cell differentiation and 
(immuno-)fluorescence measurements. 

MATERIALS AND METHODS 
White blood cells were obtained using the fast lysing 

procedure described previously (7). Red blood cells are 
lysed by adding 800 pl lysing reagent (Lysright Ortho 

Diagnostics, USA) to 40 pl of blood of healthy individ- 
uals (EDTA (Na,), Venoject, Tokyo, Japan). After 30 s 
800 ~1 phosphate-buffered saline is added to the mix- 
ture to stop the lysing process and stabilize the cells. 

The flow cell is the type used in the Cell Dyn 3000 
hematology system (Abbott Diagnostics, Mountain 
View, Ca, USA). The aspherical compact disk lens (CD- 
lens) is normally used in compact disk players and has 
a focal length of 4.5 mm and a NA of 0.4 (Philips, Eind- 
hoven, The Netherlands). 

Polystyrene microspheres (2.02 pm) were obtained 
from Polysciences, Inc. Warrington, PA, USA. 

DIODE LASERS 
Two types of diode lasers were used: the Hitachi 

HL7838G (Hitachi, Tokyo, Japan) with a GaAlAs dou- 
ble heterojunction structure with 20 mW of optical 
power at 780 nm in a single longitudinal mode, and the 
Hitachi HL6711G, with a GaAlInP, gain-guided, dou- 
ble heterojunction structure and 5 mW of optical power 
a t  670 nm in multiple longitudinal modes. The light 
output of the diodes is stabilized using the photocur- 
rent of the internal photodiode as  a feedback signal €or 
the power supply. 

'This research was supported by Abbot Diagnostics (formerly Uni- 
pathisequoia Turner Corporation), Mountain View, CA, USA. 
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An important characteristic of a diode laser is that it 
emits a highly divergent beam. The divergence of the 
beam in the direction parallel to the emitting stripe of 
the semiconductor device is different from that in the 
perpendicular direction, which results in an elliptical 
cone. For the currently available diode lasers the as- 
pect ratio (ratio of the long and small axis of the ellip- 
tical spot) ranges from 2.5 to 5 (depending on the type 
of diode laser). Typical values for the divergence angles 
are 30" and 8" (half of the total cone angle, e-2 points). 
This difference in beam divergence seems a disadvan- 
tage at first sight, but in a flow cytometer we can use 
this phenomenon to our advantage. Because of the el- 
liptical cone a single lens is in principle sufficient to 
make an elliptical spot, as desired in a flow cytometer. 
According to Gaussian beam optics the direction in 
which the divergence is larger will have the smaller 
waist dimensions, and vice versa. In a flow cytometer 
the long axis of the elliptical spot must be chosen per- 
pendicular to the sample stream, in order to get an 
optimal illumination profile (5), so the emitting stripe 
of the diode laser is oriented horizontally. 

It should be noted that since a diode laser suffers 
from astigmatism, the simple description assuming 
Gaussian profiles does not hold any more. In particular 
the intensity distribution near the focal region can be 
rather complicated (1,6). However, as will be shown in 
the Results, a useful profile can be obtained close to the 
focal points. 

AVALANCHE PHOTODIODES 
In most flow cytometers orthogonally scattered light 

is collected by a microscope objective and detected with 
a photomultiplier. With a low power laser as light 
source the intensity of this scattered light is too low to 
be detected by a normal photodiode. This is due to the 
noise introduced by the amplifier following the photo- 
diode. This amplifier noise can be eliminated by using 
an internal amplification mechanism. In a photomul- 
tiplier the internal gain mechanism is almost free of 
noise, which means that the largest noise contribution 
is generated by either photon statistics of the signal, 
dark current or background. In flow cytometry the 
dark current noise of a photomultiplier is negligible 
due to the short measuring times. There also exist pho- 
todiodes with internal gain, avalanche photodiodes 
(APDs), but they have more noise than a photomulti- 
plier. 

When only signal and dark current noise are consid- 
ered, the signal-to-noise ratio (S/N ratio) of both detec- 
tors can be described by (8,9) 

In this formula N, and Nd are the number of incident 
signal photons and dark photons in T seconds (in this 
case T is the transition time of the cell). F is the excess 
noise figure and y the quantum efficiency of the detec- 
tor. In Figure 1 the S/N ratios of the APD, PMT and the 

ideal detector are plotted against the incident number 
of photons (in 5 ps) for two wavelengths. The S/N ratio 
of the APD is slightly higher than that of the PMT for 
780 nm at higher intensities, whereas a t  670 nm it is 
almost equal. For the very low intensities the PMT is 
better in both cases. This can also be seen in Table 1, 
noise characteristics, where we have calculated the 
minimum detectable signal power for both detectors: it 
is clear that the photomultiplier can detect lower light 
levels in the visible region. 

The silicon avalanche photodiode used was an RCA 
C30902S (RCA Inc., Vaudreuil, Canada). In Table 1 the 
specifications of this APD are compared to  that of a 
photomultiplier often used in flow cytometry (Hama- 
matsu R928). 

Because of the strong temperature dependent gain 
factor of an APD, we had to stabilize the temperature 
(35°C) using a feedback circuit with a thermoelectric 
heaterkooler (Peltier element). This circuit was able to 
keep the change of the gain within 0.75% per degree 
ambient temperature change, which is good enough for 
measurements of normal duration. 

INSTRUMENT DESIGN 
Diode Laser and Photomultipliers 

To illuminate the flow cell it is possible to use only 
one lens to collimate the laser light and to focus the 
light onto the flow cell. The size of the illumination 
spot is determined by the divergence of the emitted 
laser light, the distance from lens to cell and the focal 
length of the lens. Experiments with this set-up 
showed that high stability demands are put on the po- 
sition of the lens. A second possibility for illumination 
is to use one lens to collimate the divergent beam for 
the diode laser and one spherical lens or a combination 
of lenses (two cylinder lenses or a cylindrical and a 
spherical lens) to focus this collimated beam. 

The first experimental setup that was used to test 
the illumination of the second type is depicted in Fig- 
ure 2. The light from the diode laser (Hitachi 
HL6711G, 670 nm) is collimated by a CD-lens. In order 
to identify eosinophilic granulocytes by measuring de- 
polarized orthogonal light scattering, we have to use a 
vertically polarized illumination (2). The laser is ori- 
ented to get an elliptical spot perpendicular to the sam- 
ple stream, yielding an unwanted horizontal polariza- 
tion. Vertical polarization was obtained by using a 
retarder. This half-wave plate is followed by a linear 
polarizer to eliminate all residual horizontally polar- 
ized light. Two cylindrical lenses (with focal length 90 
mm resp. 25 mm) focus the collimated beam at the flow 
cell to a spot size of 75 pm by 5 pm. The power of the 
beam incident on the flow cell is about 2 mW. A PIN 
diode (model PIN 10.D, United Detector Technology, 
Santa Monica, CA, USA) detects the forward scattered 
light from 1" to 3". The scattered light in the orthogonal 
direction is collected by a Leitz H32 microscope objec- 
tive with NA = 0.6 (Wild Leitz, Wetzlar, Germany). A 
diaphragm in the image plane of the sample stream is 
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FIG. 1. The signal-to-noise ratios of the APD, PMT and an ideal detector are plotted against the 
incident number of photons during illumination (t 5 ps) for a laser wavelength of 670 nm (A) and 780 
nm (B). 

used to obstruct the scattered light originating from the 
quartz-water interfaces. Two photomultipliers (Hama- 
matsu, type R928) are used to detect the total and the 
depolarized orthogonal light scattering in this set-up. 

Diode Laser and Avalanche Photodiodes 
A significant further reduction in size of the instru- 

ment described in the previous section is obtained 
when the photomultipliers are replaced by avalanche 
photodiodes (APDs). This was done with the second set- 
up, shown in Figure 3. The light from the diode laser 

(Hitachi HL7838G, 780 nm), collimated by a CD-lens, 
is focused by a spherical lens (f = 40 mm). In order to 
increase the horizontal dimension of the focus we added 
a cylindrical lens (f = 200 mm). 

In order to reduce the size (and costs) further, we 
replaced the Leitz objective by the small CD-lens (Phil- 
ips, NA=0.4, f=4.5 mm). Because of the small sensi- 
tive area of APDs (0.5 mm in diameter), CD-lenses are 
positioned in front of them to focus the scattered light. 
This “all solid state” flow cytometer occupies a space of 
15 x 15 x 5 cm3 (see Fig. 4). 
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Table 1 
Characteristics of an Avalanche Photodiode 

and a PhotomultipEieP 

Hamamatsu 
RCAAPD PMT 
C30902S R928 Unit 

Internal gain 250 
Max. spectral response 128 

Wavelength max QE 830 
Max. quantum efficiency 77 
QE at 670 nm 60 
QE at 780 nm 75 
Rise time 0.5 
Temperature dependence 5-50' 
Sensitive area 0.2 
Supply voltage 225d 
Noise characteristics 

Dark current 10 
Excess noise factor 7 
MDSP~ 

Range (FWHM~) 470-940 

At 670 nm 2.1.10-l~ 
At 780 nm 1.4.10-14 
At 900 nm 1.5.10-14 

107 
6.8.105 
200-500 
260 
24 
8 
2.5 
2.2 
0.6 
192 
1,250" 

2 
1.2 

A/w 
nm 
nm 
% 
% 
% 
ns 
%/"C 
mm2 
v 
nA 

"Information is derived from data sheets from RCA 

b50% points of maximum QE. 
"Strongly dependent on the reverse voltage. 
dBreakdown voltage. 
eMaximum voltage. 
fMinimum detectable signal power; S/N = 1. 

Hamamatsu. 
and 

DL 

E, 

FIG. 2. Setup of a flow cytometer using a diode laser. DL, diode 
laser; CD, compact disk player lens; R, half-wave retarder; Pl,P2, 
polarizers; Cl,C2, cylindrical lenses; F, flow cell; 0, objective; B, beam 
stop; S, spherical lens; PD, photodiode; D, diaphragm; BS, beam split- 
ter; PMTl,PMT2, photomultiplier (drawing not to scale). 

RESULTS 
Because of astigmatism of the diode laser the inten- 

sity distributions in the focal region are not Gaussian 
(1,6). These illumination profiles occurring at  positions 
out of focus are indeed observed, see Figure 5. How- 

APD l 

CD4 5 
P 2  CD 3 

DL CD1 R P1 C l  S 1  CD2 1 S2 PD 

FIG. 3. Layout of a flow cytometer using a diode laser and two 
avalanche photodiodes for detection in the orthogonal direction. DL, 
diode laser; CDl,CD2,CD3,CD4, CD-lenses; R, retarder; Pl,P2, polar- 
izers; C1, cylindrical lense; F, flow cell; 0, objective; B, beam stop; S1, 
S2, spherical lenses; PD, photodiode; D, diaphragm; BS, beam splitter; 
APDl,APD2, avalanche photodiodes (drawing not to scale). 

FIG. 4. Photograph of set-up using a diode laser as a light source 
and avalanche photodiodes for detection in the orthogonal direction. 
The optical path has been cut out of a block of aluminum. All men- 
tioned parts are firmly attached to the cut out region, still diode laser, 
flow cell and both APDs can be adjusted with simple positioners. 

ever, the profile at the focus (profile C) is approxi- 
mately Gaussian and serves our purpose well. The pro- 
file in the other direction is shown in Figure 6. The flat 
top of the profile, due to the cylindrical lens allows 
measurements of large core diameters (here about 40 
w ) .  

The results of measurements of 1.0 pm microspheres 
are fairly good we obtained with the second set-up a 
CV of 2.2% in the side scattering signals. When we 
used a 1% transmission filter the noise was determined 
by signal noise and the CV increased to 7.3%. The first 
set-up gave similar results. The forward light scatter- 
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FIG. 5. Near focus intensity profiles in the direction ofthe flow. The 
curves were obtained by measuring the forward light scattering of 
small polystyrene beads (2.02 pm) as a function of time. Profiles at 
different positions of the laser beam were obtained by placing the 

particle stream in the flow cell a t  the indicated positions. Profiles A 
and B are 4 and 2 mm, respectively, in front of the focus, profile C is 
exactly in focus and profiles D and E are 2 and 4 mm behind the focus. 

0 1- __ 1 +--I 1 I-1 -1 
-20 0 20 40 60 80 100 120 

Position (microns) 

FIG. 6. Illumination profile in the direction perpendicular to the 
laser beam and sample stream (this is the long axis of the elliptical 
spot). The curves were obtained by measuring the forward light scat- 
tering of small polystyrene beads (2.02 pm) as a function of the posi- 
tion. Mark the flat top of the profile. 

FIG. 7. Scatter plots of human white blood cells obtained with a 
flow cytometer using a diode laser as a light source and PMTs for side 
scatter detection. L, lymphocytes, M, monocytes, G ,  granulocytes, N, 
neutrophils, E, eosinophils, D, debris. 

ing of 1.0 km microspheres yields a CV of 11.0% which 
is determined by the large background originating 
from scattering of impurities in the cuvette. 

In Figure 7 the results of a blood cell differentiation 
are shown which were obtained using the first setup. 

FIG. 8. Scatter plots of human white blood cells obtained with a 
flow cytometer using a diode laser as a light source and avalanche 
photodiodes for detection in the orthogonal direction. L, lymphocytes, 
M, monocytes, G, granulocytes, N, neutrophils, E, eosinophils. 

The scatter plots show four populations which we ten- 
tatively ascribe to the lymphocytes, monocytes, neutro- 
filic and eosinophilic granulocytes. Comparison with a 
He-Ne equipped system described previously (7) con- 
firmed this interpretation. Thus a 4-part differential 
white blood cell count is possible using a diode laser for 
illumination. 

Similar measurements on human blood obtained 
with the second set-up are shown in Figure 8. From the 
scatter plots it is clear that a 4-part differential white 
blood cell count is possible using a diode laser for illu- 
mination and APDs for low intensity orthogonal scat- 
tering detection. The definition of the different popu- 
lations is as good as in a setup using a He-Ne laser and 
PMTs (7). Even the very low intensity depolarized scat- 
tering channel gives a sufficient signal-to-noise ratio, 
as can be deduced from the good separation between 
the neutrophilic and eosinophilic granulocytes. 

An important aspect of automatic differentiation of 
white blood cells is the number of cells that be analyzed 
per second, the throughput. The throughput is limited 
by the relatively low concentration of the sample, due 
to the necessary dilution caused by the lysis procedure. 
Given an optimal lysis procedure (minimal dilution) 
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and maximum flow velocity (about 10 d s ) ,  a high 
throughput can only be achieved with a relatively 
large flow core diameter. With this system a maximum 
throughput of about 1,000 cells s-l was obtained, al- 
lowing 5% variation in laser intensity. 

DISCUSSION 
The experiments show that differentiation of the hu- 

man white blood cells can be done with diode lasers and 
APDs resulting in good discrimination of the cell pop- 
ulations. The resolution expressed in the quality of the 
separation of the different populations is comparable to 
set-ups using He-Ne lasers or argon ion lasers and pho- 
tomultipliers. 

Both the 670 nm laser and the 780 nm laser give 
good scatter plots, although the positions of the cell 
populations are shifted. This is the result of the use of 
different forward and side scattering detectors in the 
experiments and of the change in wavelength (3,4). 
When we compared our experiences with the 780 nm 
and 670 nm lasers, we prefer the 670 nm laser, because 
the light is clearly visible which facilitates the align- 
ment considerably. Although the 780 nm laser had 20 
mW and the 670 nm laser had only 5 mW of optical 
power, the observed signal-to-noise ratio was more 
than sufficient. 

The APDs performed very well in our systems, but 
they have two major disadvantages: the large temper- 
ature dependence and the small size of the sensitive 
area, which requires precise focusing of the scattered 
light. We solved the first problem by stabilizing the 
temperature externally. In future this problem will be 
solved when APDs with built-in temperature regula- 
tion will become commercially available. The second 
problem will be eliminated by using APDs with large 
sensitive areas (up to 175 mm', recently introduced by 
Advanced Photonix Inc. Camarillo, CA, USA), al- 
though they probably would have a higher dark cur- 
rent noise. As can be seen from Figure l, the APD can 
not be used to replace the PMT for detection of weak 
fluorescence measurements in the visible region. 

In the second set-up we used a CD-lens to collect 
scattered light in the orthogonal direction. The CD lens 
is a very cheap high-quality aspherical lens, originally 
designed for collimation and focusing 780 nm light 
from diode lasers for compact disk readout. When used 
to collect scattered light its numerical aperture of 0.4 is 
enough, but for future fluorescence measurements a 
higher NA value would be required. 

There are several advantages with a flow cytometer 
containing APDs, CD-lenses, and a diode laser. First, 
the flow cytometer system can be very small (see Fig. 
4). Second, the components used are very cheap. No 
high-voltage power supplies are needed for the APDs: a 
voltage of 200 V suffices. 

The value of the system would increase enormously 
if immunofluorescence measurements would become 

possible using a diode laser system. The problem of 
using diode lasers for excitation of fluorescence is that 
available diode lasers have wavelengths which are un- 
suitable for the currently available dyes. In principle, 
allophycocyanine (APC), can be excited with the 635 
nm diode laser (Power Technology Inc., Mablevale, AR, 
USA), but the power is still too low (3 mW). A suitable 
dye for the described system is Ultralite 720 (Ultralite 
Corporation, USA; not available anymore), which can 
be excited at 670 nm and has its emission around 720 
nm. 

Our first attempts to measure biotin-CD3 labeled 
lymphocytes with streptavidin-Ultralite 720 gave dis- 
appointing results. Although Ultralite 720 fluores- 
cence was measured, the high non-specific staining 
prevented distinction between CD3-positive and CD3- 
negative lymphocytes (data not shown). With a large 
effort in carefully optimizing the measurements it may 
be possible to get a separation, but better dyes or more 
powerful diode lasers with low wavelengths are needed 
(recently 100 mW 670 nm lasers were presented at 
SPIE '92 by Power Technology Inc., Mablevale, AR, 
USA.). 

CONCLUSIONS 

We have shown that it is possible to design and op- 
erate a flow cytometer using a diode laser for illumi- 
nation and avalanche photodiodes for the detection of 
low intensity scattered light. The results are compara- 
ble to the data obtained from a conventional flow cy- 
tometer. The major advantages of this new system are 
its small size and low costs. Immunofluorescence de- 
tection may be possible in the future if better red-ex- 
citable dyes and diode lasers with higher powers a t  
lower wavelengths become available. 
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