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DETECTION SYSTEM FOR DROPLET-BASED 
ASSAYS 

CROSS-REFERENCE TO PRIORITY 
APPLICATION 

This application is a continuation of PCT Patent Applica 
tion Serial No. PCT/US2011/030077, filed Mar. 25, 2011, 
which, in turn, claims the benefit under 35 U.S.C. S 119(e) of 
U.S. Provisional Patent Application Ser. No. 61/317,684, 
filed Mar. 25, 2010. Each of these priority applications is 
incorporated herein by reference in its entirety for all pur 
poses. 

CROSS-REFERENCES TO OTHER MATERIALS 

This application incorporates by reference in their entire 
ties for all purposes the following materials: U.S. Pat. No. 
7,041,481, issued May 9, 2006: U.S. Patent Application Pub 
lication No. 2010/0173394A1, published Jul. 8, 2010; and 
Joseph R. Lakowicz, PRINCIPLES OF FLUORESCENCE SPECTROSCOPY 
(2 Ed. 1999). 

INTRODUCTION 

Many biomedical applications rely on high-throughput 
assays of samples. For example, in research and clinical 
applications, high-throughput genetic tests using target-spe 
cific reagents can provide high-quality information about 
samples for drug discovery, biomarker discovery, and clinical 
diagnostics, among others. As another example, infectious 
disease detection often requires screening a sample for mul 
tiple genetic targets to generate high-confidence results. 

Emulsions hold Substantial promise for revolutionizing 
high-throughput assays. Emulsification techniques can create 
billions of aqueous droplets that function as independent 
reaction chambers for biochemical reactions. For example, an 
aqueous sample (e.g., 200 microliters) can be partitioned into 
droplets (e.g., four million droplets of 50 picoliters each) to 
allow individual Sub-components (e.g., cells, nucleic acids, 
proteins) to be manipulated, processed, and studied discretely 
in a massively high-throughput manner. 

Aqueous droplets can be suspended in oil to create a water 
in-oil emulsion (W/O). The emulsion can be stabilized with a 
Surfactant to reduce or prevent coalescence of droplets during 
heating, cooling, and transport, thereby enabling thermal 
cycling to be performed. Accordingly, emulsions have been 
used to perform single-copy amplification of nuclei acid tar 
get molecules in droplets using the polymerase chain reaction 
(PCR). The fraction of the droplets that are positive for a 
target can be analyzed with Poisson statistics to estimate the 
concentration of the target in a sample. 

Droplet-based assays often use one or more fluorophores 
as labels in droplets to report the occurrence of a reaction, 
Such as amplification, and thus the presence or absence of at 
least one copy of a target in individual droplets. The droplets 
may be generated and reacted (e.g., thermally cycled), and 
then light emission is measured from each droplet to deter 
mine whether or not a target is present in the droplet. The 
presence or absence of multiple different targets can be mea 
sured in each droplet if a different, distinguishable fluoro 
phore serves as a reporter for each different target. However, 
there are many technical hurdles to producing a light detec 
tion system for droplets that is relatively low cost, capable of 
distinguishably detecting two or more colors (fluorescence 
from two or more distinct fluorophores) at a single point, 
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2 
collects droplet data of high resolution, works with popular 
dyes (such as FAM and VIC dyes), and/or efficiently identi 
fies droplets within a signal. 

Improved light detection systems for droplets are needed. 

SUMMARY 

The present disclosure provides a system, including meth 
ods and apparatus, for light detection and signal processing 
for droplet-based assays. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a flowchart listing exemplary steps that may be 
performed in a droplet-based assay, in accordance with 
aspects of the present disclosure. 

FIG. 2 is a schematic view of selected aspects of an exem 
plary detection unit including an illumination assembly to 
irradiate droplets with light and a collection assembly to 
gather and detect light from the droplets, in accordance with 
aspects of the present disclosure. 

FIG. 3 is a schematic view of an exemplary detection 
system including the detection unit of FIG. 2, in accordance 
with aspects of present disclosure. 

FIG. 4 is a graph of normalized absorption and emission 
spectra for a pair of exemplary dyes that may be utilized in the 
detection systems disclosed herein. 

FIG. 5 is a schematic view of selected aspects of another 
exemplary detection system for droplet-based assays, in 
accordance with aspects of the present disclosure. 

FIG. 6 is a series of graphs illustrating how exemplary data 
collected with the detection system of FIG. 5 correspond with 
pulses of illumination generated by an illumination assembly 
of the system, in accordance with aspects of present disclo 
SUC. 

FIG. 7 is a schematic view of selected aspects of an exem 
plary controller for the system of FIG. 5, with the controller 
collecting data from only one of the corresponding pairs of 
light Source and detector based on which light source is pro 
viding illumination of the examination region, in accordance 
with aspects of the present disclosure. 

FIG. 8 is a schematic view of selected aspects of yet 
another exemplary detection system for droplet-based assays, 
in accordance with aspects of the present disclosure. 

FIG. 9 is a schematic view of selected aspects of an exem 
plary illumination assembly and capillary that may be 
included in the signal detection systems disclosed herein. 

FIG. 10A is a sectional view of the illumination assembly 
FIG. 9, taken generally along line 10A-10A of FIG. 9 to 
illustrate an exemplary relationship between a slit and a light 
beam of the illumination assembly. 

FIG. 10B is a sectional view of the capillary of FIG. 9, 
taken generally along line 10B-10B of FIG. 9 to illustrate a 
cross-sectional configuration of a beam shaped by the slit of 
FIG 10A. 

FIG. 10C is a schematic view of selected aspects of an 
exemplary detection unit and capillary that may be included 
in the signal detection systems disclosed herein. 

FIG. 11 is a series of graphs illustrating an exemplary 
approach to processing data collected with the detection sys 
tems disclosed herein, in accordance with aspects of the 
present disclosure. 

FIG. 12 is a view of an optical layout of an exemplary 
detection unit for the detection systems disclosed herein, Such 
as the system of FIG. 5, in accordance with aspects of the 
present disclosure. 
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FIG. 13 is the graph of FIG. 4 supplemented with exem 
plary wavebands of illumination and detection that may be 
suitable for the dyes of FIG. 4 used in the detection system of 
FIG. 5 equipped with the detection unit of FIG. 12, in accor 
dance with aspects of the present disclosure. 

FIG. 14 is a schematic view of selected aspects of still yet 
another exemplary detection system for droplet-based assays, 
with the system including a series of detection units arranged 
to define a discontinuous examination region formed of 
spaced examination sites disposed along a channel, in accor 
dance with aspects of the present disclosure. 

FIG. 15 is a schematic view of selected aspects of another 
exemplary detection system for droplet-based assays, with 
the system including multiple detection units from the system 
of FIG. 5 arranged to define a discontinuous examination 
region formed of spaced, multi-color examination sites dis 
posed along a channel, in accordance with aspects of the 
present disclosure. 

FIG. 16 a view of selected aspects of an embodiment of a 
detection system constructed according the system configu 
ration of FIG. 14, in accordance with aspects of the present 
disclosure. 

DETAILED DESCRIPTION 

The present disclosure provides a system, including meth 
ods and apparatus, for light detection and signal processing 
for droplet-based assays. 
A method of detection for droplets in provided. In the 

method, an examination region of a channel may be illumi 
nated with first pulses of light interleaved with second pulses 
of light as droplets pass through the examination region. The 
first pulses may be spectrally distinct from the second pulses. 
Data representing light detected during illumination of the 
examination region with the first pulses and the second pulses 
may be collected. 

Another method of detection for droplets is provided. In 
the method, an examination region of a channel may be illu 
minated alternately with pulses of light emitted by a first light 
Source and a second light Source as droplets pass through the 
examination region. Light may be detected from the exami 
nation region illuminated by the pulses of light. A first signal 
and a second signal may be generated. The first signal may 
represent light detected at least predominantly when the first 
region is illuminated with pulses of light from the first light 
Source, and the second signal may represent light detected at 
least predominantly when the second region is illuminated 
with pulses of light from the second light source. 
A system for detection for droplet-based assays is pro 

vided. The system may comprise a channel and an illumina 
tion assembly. The illumination assembly may be configured 
to illuminate an examination region of the channel with first 
pulses of light interleaved with second pulses of light as 
droplets pass through the examination region. The first pulses 
may be spectrally distinct from the second pulses. The system 
also may comprise one or more detectors configured to detect 
light from the examination region and may further comprise 
a controller that collects data representing light detected dur 
ing illumination of the examination region with the first 
pulses and the second pulses. 

Another system for detection for droplet-based assays is 
provided. The system may comprise a channel and an illumi 
nation assembly configured to produce a beam of light that 
illuminates an examination region of the channel as droplets 
pass through Such region. The system also may comprise a 
detector configured to detect light received from the exami 
nation region and a controller that collects data representing 
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4 
light detected by the detector. The beam of light may be 
elongated in cross section where the beam intersects the chan 
nel. 

Yet another system for detection for droplet-based assays is 
provided. The system may comprise a channel and a light 
Source that illuminates an examination region of the channel 
as droplets pass through Such region. The system also may 
comprise a detector configured to detect light received from 
the examination region and a controller that collects data 
representing light detected by the detector. Light emitted by 
the light source may travel through at least one slit between 
the light source and the detector. 

Still another method of detection for droplets is provided. 
In the method, an examination region of a channel may be 
illuminated with a beam of light that is elongated in cross 
section. Data representing light detected over time from the 
region may be collected as a plurality of droplets pass through 
the examination region. 

Another method of detection for droplet-based assays is 
provided. In the method, at least two separate signals may be 
generated, with each separate signal representing light 
detected with a different detection configuration during a 
series of time intervals from a stream of fluid carrying drop 
lets. The at least two separate signals may be combined to 
form a combined signal. The combined signal may be pro 
cessed to identify time intervals that correspond to droplets. 

Yet another method of detection for droplet-based assays is 
provided. In the method, at least two separate signals may be 
generated, with each separate signal representing a respective 
different wavelength or waveband of light detected during a 
series of time intervals from a stream of fluid carrying drop 
lets. Light detected from each wavelength or waveband may 
report the presence or absence of a different target in indi 
vidual droplets. The at least two separate signals may be 
combined to form a combined signal. The combined signal 
may be processed to identify time intervals that correspond to 
droplets. Droplets containing each different target may be 
determined based on values of each separate signal detected 
during the identified time intervals. 

Still another method of detection for droplet-based assays 
is provided. In the method, at least two signals may be gen 
erated, with each signal representing a respective different 
waveband of light detected during a series of time intervals 
from a stream of fluid with droplets. Values of the at least two 
signals may be combined to form a combined signal. Portions 
of the combined signal that correspond to droplets may be 
identified. Values of each of the at least two signals may be 
processed, with the values corresponding to the portions iden 
tified, to determine which droplets contain each target. 

Another system for detection for droplet-based assays is 
provided. The system may comprise one or more detectors 
configured to detect light from a stream of fluid carrying 
droplets containing at least two different dyes. The system 
also may comprise a controller configured to generate sepa 
rate signals each representing light detected with a different 
detection configuration during a series of time intervals from 
a stream of fluid carrying droplets, to combine the at least two 
separate signals to form a combined signal, and to process the 
combined signal to identify time intervals that correspond to 
droplets. 

Still yet another method of detection for droplets is pro 
vided. In the method, droplets may be obtained, with the 
droplets including a first dye and a second dye. An emission 
spectrum of the first dye and an absorption spectrum of the 
second dye may define a waveband of overlap and overlap 
Sufficiently to produce at least half-maximal emission from 
the first dye if the first dye is excited at a maximal absorption 
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wavelength of the second dye. The droplets may be illumi 
nated with excitation light capable of exciting the first dye and 
the second dye, with the excitation light being emitted by one 
or more LEDs and including only a shorter-wavelength seg 
ment of the waveband of overlap. Light emitted by the first 
dye and the second dye may be detected. Light emitted from 
the second dye may be detected in a wavelength range includ 
ing only a longer-wavelength segment of the waveband of 
overlap that is spaced from the shorter-wavelength segment. 

Another method of detection for droplets is provided. In 
the method, a beam of light may be generated. The beam of 
light may be split into a main beam and at least one sampling 
beam. An intensity of the sampling beam may be monitored. 
An intensity of the beam of light may be adjusted based on 
one or more measurements from the step of monitoring. An 
examination region of a channel may be illuminated with 
light from the main beam as droplets pass through the exami 
nation region. Data representing light detected from the 
examination region may be collected. 

Further aspects of the present disclosure are described in 
the following sections: (I) overview of detection systems for 
droplet-based assays, (II) detection system with pulsed illu 
mination, (III) detection unit with a slit, (IV) droplet identi 
fication with combined signals, (V) optical layout for a detec 
tion unit, (VI) detection system with spaced examination 
sites, and (VII) selected embodiments. 

I. Overview of Detection Systems for Droplet-Based 
Assays 

FIG. 1 shows an exemplary system 50 for performing a 
droplet-, or partition-, based assay. In brief, the system may 
include sample preparation 52, droplet generation 54, reac 
tion (e.g., amplification) 56, detection 58, and data analysis 
60. The system may be utilized to perform a digital PCR 
(polymerase chain reaction) analysis. More specifically, 
sample preparation 52 may involve collecting a sample, Such 
as a clinical or environmental sample, treating the sample to 
release associated nucleic acids, and forming a reaction mix 
ture involving the nucleic acids (e.g., for amplification of a 
target nucleic acid). Droplet generation 54 may involve 
encapsulating the nucleic acids in droplets, for example, with 
about one copy of each target nucleic acid per droplet, where 
the droplets are Suspended in an immiscible carrier fluid, Such 
as oil, to form an emulsion. Reaction 56 may involve subject 
ing the droplets to a suitable reaction, such as thermal cycling 
to induce PCR amplification, so that target nucleic acids, if 
any, within the droplets are amplified to form additional cop 
ies. Detection 58 may involve detecting some signal(s), Such 
as radiation, from the droplets indicative of whether or not 
there was amplification. Finally, data analysis 60 may involve 
estimating a concentration of the target nucleic acid in the 
sample based on the percentage (e.g., the fraction) of droplets 
in which amplification occurred. The detection systems dis 
closed herein may perform any suitable combination of the 
steps of FIG. 1, in any suitable order, but particularly may 
perform detection 58 and/or data analysis 60. Further aspects 
of droplet-based assay systems that may be suitable for the 
detection systems of the present disclosure are described in 
the Cross-References listed above, which are incorporated 
herein by reference, particularly U.S. Provisional Patent 
Application Ser. No. 61/317,684, filed Mar. 25, 2010; U.S. 
Pat. No. 7,041,481, issued May 9, 2006; and U.S. Patent 
Application Publication No. 2010/0173394 A1, published 
Jul. 8, 2010. 

Droplet-based assay systems, and detection step 58 in par 
ticular, generally may involve sensing or detecting droplets 
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6 
themselves and/or contents of the droplets. The detection of 
droplets themselves may include determining the presence or 
absence of a droplet (or a plurality of droplets) and/or a 
characteristic(s) of the droplet, such as its size (e.g., radius or 
Volume), shape, type, and/or aggregation state, among others. 
The detection of the contents of droplets may include deter 
mining the nature of the contents (e.g., whether or not the 
droplet contains a target(s)) and/or a characteristic of the 
contents (e.g., whether or not the contents have undergone a 
reaction, such as PCR, the extent of any such reaction, etc.). 
The detection of droplets and their contents, if both are 
detected, may be performed independently or coordinately, in 
any suitable order. For example, the detection may be per 
formed serially (one droplet at a time), in parallel, in batch, 
and so forth. 

Detection generally may be performed using any tech 
nique(s) or mechanism(s) capable of yielding, or being pro 
cessed to yield, the desired information. These mechanisms 
may include optical techniques (e.g., measuring absorbance, 
transmission, reflection, scattering, birefringence, dichroism, 
fluorescence, phosphorescence, etc.), electrical techniques 
(e.g., measuring bulk resistance, conductance, capacitance, 
etc.), and/or acoustic techniques (e.g., ultrasound), among 
others. The fluorescence techniques, in turn, may include 
fluorescence intensity, fluorescence polarization (or fluores 
cence anisotropy) (FP), fluorescence correlation spectros 
copy (FCS), fluorescence recovery after photobleaching 
(FRAP), total internal reflection fluorescence (TIRF), fluo 
rescence resonance energy transfer (FRET), fluorescence 
lifetime, and/or fluorescence imaging, among others. 

FIG. 2 shows an exemplary detection unit 70 for detecting 
light 72 from droplets 74 disposed in a channel 76. The 
detection unit may include at least one illumination assembly 
78 and at least one collection assembly 80. Light may include 
ultraviolet radiation, visible light, infrared radiation, or any 
combination thereof. 
The droplets may have any suitable diameter relative to the 

channel. For example, the droplets may have about the same 
diameter as the channel (e.g., slightly larger or Smaller than 
the channel). With this relative size arrangement, each droplet 
may be substantially centered in the channel, thereby avoid 
ing variability in measurements that may be produced by 
off-center droplets. Alternatively, the diameter of the channel 
may be substantially greater than the diameter of the droplets, 
such as at least about 50% greater. In this case, some of the 
droplets may be off-center when they are detected, which may 
change the signal intensity. 

Illumination assembly 78 illuminates channel 76 with at 
least one beam of light (also termed radiation) produced by at 
least one light source, Such as light sources 82, 84. Illumina 
tion also or alternatively may be described as irradiation, and 
a light Source as a radiation source. Exemplary light Sources 
include light-emitting diodes (LEDs), lasers, and so on. Each 
light source may be an excitation source configured to emit 
radiation at a particular wavelength or range of wavelengths. 
Each Source in a multiple source excitation system may (or 
may not) be configured to emit radiation having a different 
spectral signature, to react with fluorophores that are respon 
sive to those various signatures. For example, the excitation 
Sources may be LEDs configured to emit radiation with peak 
amplitudes at different frequencies, i.e., radiation of different 
colors. Light from each light source may be transmitted to 
channel 76 via illumination optics 85. The illumination optics 
may modify the spectral signature of light emitted by each 
light source, Such as by limiting the range of wavelengths 
used for illumination. 
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Collection assembly 80 gathers and detects light from 
channel 76. Such as light produced in response to illumination 
of the channel by illumination assembly 78. Collection 
assembly 80 may include at least one detector, such as detec 
tors 86, 88, and collection optics 90 that transmit light from 
the channel to the detector(s). Exemplary detectors include 
photomultiplier tubes (PMTs), photodiodes, avalanche pho 
todiodes, charge-coupled devices (CCDs), CMOS devices, or 
the like. Accordingly, each detector may be a point detector or 
an imaging detector. At least one of the detectors may be a 
scatter detector configured to detect scattered light, such as 
light that is forward-scattered. A scatter detector can provide 
information about droplet sizes (e.g., Volume and/or diam 
eter), in Some cases with the assumption that droplets are 
traveling at a constant Velocity. Further aspects of Scatter 
detectors and detection of light scattered from droplets are 
described in U.S. Patent Application Publication No. 2010/ 
0173394A1, published Jul. 8, 2010, which is incorporated 
herein by reference. 

Illuminations optics 85 and collection optics 90 each may 
include one or more optical elements that transmit light from 
each light source to channel 76 (for optics 85) or from the 
channel to each detector (for optics 90). Accordingly, the 
illumination optics may define an optical path traveled by 
light from each light source to the channel, and the collection 
optics may define an optical path traveled by light from the 
channel to each detector. Each optical path may be branched 
or unbranched. If two or more light sources are used in the 
detection unit, illumination optics 85 may combine beams 
from the light sources, such that radiation incident on the 
channel is a combined beam from multiple light Sources. In a 
combined beam, individual beams from the light sources 
overlap one another. If two or more detectors are used in the 
detection unit, collection optics 90 may split collected light 
(e.g., emission light) received from the channel, to send a 
portion of the collected light to each detector. In some cases, 
within a single detection unit, the illumination optics may 
combine beams from multiple light Sources, and the collec 
tion optics may distribute collected light between or among 
multiple detectors. Alternatively, in some embodiments, the 
illumination optics may combine beams, or the collection 
optics may split a collected beam, but not both. 
An optical element can be any structure or device that 

collects, directs, and/or focuses light and/or selectively 
blocks undesired light, among others. An optical element may 
function by any suitable mechanism, such as light refraction, 
reflection, diffraction, blocking, and/or filtering, among oth 
ers. Exemplary optical elements include lenses, mirrors, grat 
ings, prisms, filters, beam splitters, transmissive fibers (fiber 
optics), apertures, diffusers, or the like. The walls of the 
channel 76 also may act as an optical element. For example, 
the channel may be defined by a tube forming a cylindrical 
lens that helps to focus light for illumination for collection. 

In some cases, illumination optics and/or collection optics 
are not used in the detection unit. For example, a light beam 
from a light source may travel directly to the channel without 
being transmitted by any interposed optical element(s). 
Alternatively, or in addition, light from the channel may travel 
directly to a detector (e.g., a detector close to the channel) 
without being transmitted by any interposed optical ele 
ment(s). 
The illumination assembly and collection assembly collec 

tively define an examination region 92 of the channel. The 
examination region includes any portion or portions of the 
channel illuminated by the illumination assembly (or assem 
blies), from which light is detected by the collection assembly 
(or assemblies). Accordingly, an examination region may be 
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8 
continuous or may be discontinuous, with two or more spaced 
examination sites forming the examination region. In some 
cases, at least two light sources (and/or pulses of light that are 
spectrally distinct from each other) may illuminate overlap 
ping portions or Volumes of an examination region and/or at 
least two detectors may detect light from overlapping por 
tions or Volumes of the examination region. The overlapping 
portions can be considered the same portion if there is more 
than 50% overlap. 

Droplets 74 may be a dispersed phase of an emulsion 96 
including a continuous phase 98. The emulsion, and the drop 
lets and continuous phase thereof, may be driven, indicated 
by motion arrows at 100, along the channel through exami 
nation region 92. Accordingly, light may be detected from a 
stream of fluid carrying droplets, with droplets passing, Such 
as serially as shown here, through the examination region. 
The droplets may travel through the examination region in 
single file and spaced from each other, to permit detection of 
light from individual droplets as each passes through the 
examination region. The droplets may be separated from one 
another by travel through at least one spacer (also termed a 
singulator) disposed upstream of the examination region. The 
spacer, which may be a flow-focusing region, may place 
droplets in single file. The spacer also or alternatively may 
dilute the emulsion in which the droplets are disposed, by 
adding a carrier fluid (e.g., additional continuous phase) to the 
emulsion. Exemplary structures for the spacer are shaped as a 
cross and a T, among others. The examination region may be 
relatively close to the spacer, such as less than about 100, 50. 
25, or 10 droplet or channel diameters from a separation 
region or confluence region of the spacer. 

Collected light 102 (e.g., emitted light) from the droplets 
(and/or emulsion) may be generated in response to incident 
light 104 (e.g., excitation light) from the illumination assem 
bly. The respective optical paths 106, 108 of collected light 
102 from the channel and incident light 104 to the channel 
may have any Suitable directional relationship. Here, to sim 
plify the presentation, the optical paths of incidence (106) and 
collection (108) are shown as being in a trans configuration, 
with illumination and collection performed on opposing sides 
of the channel. In other exemplary configurations, collection 
may be performed transversely (e.g., orthogonally) to illumi 
nation or in an epi configuration, where the directions of 
illumination and collection are anti-parallel to each another. 

Detection unit 70 may include any suitable combination of 
one or more light sources and one or more detectors. For 
example, a single light Source may be used with a single 
detector, a single light source may be used with multiple 
detectors, two or more light Sources may be used with a single 
detector, or two or more light sources may be used with two or 
more detectors. 

In some embodiments, detection unit 70 may include only 
one light source 82 configured to emit radiation at a particular 
wavelength or range of wavelengths, and at least two detec 
tors 86,88. Collection optics 90 may split radiation collected 
from examination region 92, to provide a suitable portion of 
the radiation for each detector. The radiation emitted by an 
illuminated droplet may be split by a beam-splitter and/or 
filtered by one or more filters, so that only radiation within a 
particular wavelength regime will arrive at a particular detec 
tor. This allows detection of multiple dyes with potentially 
overlapping emission spectra. If one or more targets are 
present in an illuminated droplet, reporters for those targets 
will be excited by incident radiation from the single light 
Source and will fluoresce at a particular wavelength or range 
of wavelengths. The signature (i.e., color) of the resulting 
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fluorescence will depend upon which target or combination 
of targets was present in the droplet. 
The one or more detection units of a detection system may 

illuminate the examination region with any Suitable wave 
lengths of light. The light may be ultraviolet radiation, visible 
light, infrared radiation, or any combination thereof, in over 
lapping or separate illumination Volumes. Also, the detection 
units may detect light of any suitable wavelength, such as 
ultraviolet radiation, visible light, and/or infrared radiation, 
from overlapping or separate detection Volumes. For 
example, in Some embodiments, the droplets may include an 
absorbing or fluorescent dye that absorbs and/or emits in the 
infrared range (e.g., near infrared or shortwave infrared, 
among others) upon excitation or illumination with ultravio 
let radiation, visible light, or infrared radiation. The infrared 
dye may be a droplet marker used to identify droplet regions 
(and thus droplets) in a signal representative of detected infra 
red radiation and/or may serve an internal reference for 
instrument calibration (e.g., adjusting the detector gain). 
Alternatively, the infrared dye may a reporter (e.g., a probe) 
for a target in the droplets. The use of an infrared dye expands 
the range of wavelengths available for detection and thus may 
enable a higher level of multiplexing, more accurate droplet 
identification, or a combination thereof, among others. 
One or more detection units may provide multiple detec 

tion configurations that are different from each other. A detec 
tion configuration generally includes an operative combina 
tion of a light source, illumination optics (if used), collection 
optics (if used), and a detector. Accordingly, different detec 
tion configurations may be created by changing the light 
source used for illumination, the wavelength filter(s) (if any) 
used to filter illumination light from the light source, the 
wavelength filter(s) (if any) used to filter light collected from 
the examination site, the detector, or any combination thereof, 
among others. In some cases, separate signals may be gener 
ated from respective different detection configurations and/or 
multiple signals may be generated from a corresponding 
number of different detection configurations. With two or 
more detection configurations, each detection configuration 
may have different sensitivities to dyes present in droplets. 
For example, in an assay with two dyes, two separate signals 
generated from two different detection configurations may be 
deconvolved to infer dye-specific signals. 

FIG.3 shows an exemplary detection system 120 including 
detection unit 70 of FIG. 2. The detection system also may 
include fluidics 122, one or more feedback sensors 124 (also 
termed monitoring sensors) for the illumination assembly, 
and at least one controller 126. 

Fluidics 122 may include any suitable combination of flu 
idic elements in addition to channel 76. These fluidic ele 
ments may include least one pump 128 to drive flow of fluid 
through the channel, one or more valves 130 to regulate or 
direct flow into, through, and/or out of the channel, other 
channels that communicate with channel 76, or the like. The 
other channels may include one or more dilution channels 
that add a dilution fluid, to separate droplets from each other 
at one or more droplet spacers (e.g., a T-shaped or cross 
shaped spacer/singulator 132), disposed upstream of the 
examination region. 
A feedback sensor 124 may detect the intensity of a sample 

of light from each light Source. In some cases, the illumina 
tion optics may split the beam from the light source(s) into an 
illumination beam and a sampling beam. The sampling beam 
may be directed to feedbacks sensor 124, instead of channel 
76, via sampling optics 134. The sensor monitors the intensity 
of the sampling beam, which may be proportional to the 
intensity of the illumination beam. The sampling beam may 
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10 
be split from a main beam of light from a light source at any 
position along the optical path of the illumination optics, such 
as before or after a waveband for illumination has been 
defined by one or more filters. Intensity information from 
sensor 124 may be communicated to controller 126, which 
may adjust the Voltage or power Supplied to the light source, 
to maintain a more constant intensity of the light Source over 
time, such as within an assay or between assays. In other 
words, the light source, feedback sensor, and controller may 
form a feedback loop to maintain a more constant intensity of 
illumination with changes in temperature, light source age, 
etc. Positioning the feedback sensor after the illumination 
waveband has been defined may be particularly advanta 
geous, because Some light sources (such as LEDs) may 
exhibit a wavelength shift in their emission maximum with 
changes in temperature or age, among others. By detecting 
sampled light after waveband definition, the feedback loop 
can maintain a more uniform intensity of illumination, 
because any effect of spectral change on illumination inten 
sity is measured by the sensor. Exemplary feedback sensors 
include any of the detectors disclosed herein, Such as a pho 
todiode, among others. Further aspects of monitoring light 
source intensities are described below in Section V. 

Controller 126 may control operation of receive inputs 
from, and/or otherwise communicate with any other compo 
nents of the system, such as the light sources, illumination 
optics, fluidics, collection optics, detectors, feedback sensors, 
or any combination thereof. For example, the controller may 
control when and how much power is Supplied to each light 
Source (e.g., to control when each light source is turned on and 
off), the sensitivity of each detector (e.g., by adjusting the 
gain), creation of signals from detected light, a shuttering 
function of the optics, and/or any combination thereof. Alter 
natively, or in addition, the controller may control generation 
of detector-specific and/or periodic signals, may process sig 
nals for droplet identification, may determine whether each 
identified droplet should be excluded from an analysis and/or 
contains one or more targets, may estimate one or more target 
concentrations, or any combination thereof, among others. 
The controller may include one or more processors (e.g., 
digital processors, also termed central/computer processing 
units (CPUS)) for data processing and also may include addi 
tional electronic components to Support and/or Supplement 
the processors, such as amplifiers, frequency filters, analog to 
digital converters, busses, one or more data storage devices, 
etc. The controller may be connected to any suitable user 
interface. Such as a display, a keyboard, a touchscreen, a 
mouse, etc. 

II. Detection System with Pulsed Illumination 

This Section describes an exemplary detection system that 
uses time multiplexing of excitation light (e.g., pulsed illu 
mination) and/or emission readings to provide 'single point' 
detection of light from fluorescent dyes with overlapping 
absorption and emission spectra; see FIGS. 4-8. (Fluorescent 
dyes are compounds including a fluorophore.) 
The wavelength regimes in which fluorescence emission 

occurs may, in Some cases, overlap. For example, in some 
embodiments, there may be two or more fluorophores in the 
same (or different) droplets, with the excitation spectrum of 
one fluorophore overlapping the absorption spectrum of 
another fluorophore (e.g., a first fluorophore might absorb in 
the blue and emit in the green, while a second fluorophore 
might absorb in the green and emit in the red). In Such cases, 
it is desirable to separate light detected from the two fluoro 
phores, either by spatially separating the fluorophores (e.g., 
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by spatially separating different droplets containing different 
fluorophores) and/or by temporally separating the emissions 
from the fluorophores (e.g., by first exciting and detecting 
fluorescence from one type of fluorophore, and then exciting 
and detecting fluorescence from a different type of fluoro 
phore). 

FIG. 4 shows a graph illustrating spectral properties of a 
pair of exemplary dyes with the type of overlap described 
above. The graph shows normalized absorption and emission 
spectra for the dyes, which may be utilized in the detection 
systems disclosed herein. Absorption is used here to represent 
the excitation spectrum of each dye. The dyes, carboxyfluo 
rescein (FAM) and VIC (Applied Biosystems), are popular as 
labels for fluorescent oligonucleotide probes, such as TAQ 
MAN probes for real-time PCR assays. Other popular labels 
that may pose similar problems to FAM dye and VIC dye are 
TAMRA dye and ROX dye, among others. 
FAM and VIC dyes could be used as labels for “two-color” 

assays in droplets, where light emitted by each label is dis 
tinguishable. Such as to report the presence or absence of two 
different targets in each droplet. However, the dyes exhibit a 
problematic overlap 140 in their spectra: the absorption spec 
trum of VIC dye and the emission spectrum of FAM dye 
overlap Substantially, and their maxima are nearly at the same 
wavelength. Overlap 140 extends for about 45 nm and is 
defined as the waveband where the spectra overlap at 20% or 
more of their respective maximum values. Accordingly, any 
light from within a relatively large waveband suitable for VIC 
dye excitation (i.e., overlap 140) could be detected errone 
ously as light emission from FAM, thereby giving false or 
inaccurate results. Also, it may be difficult to select excitation 
and emission wavelengths for FAM dye and VIC dye that 
provide sufficient sensitivity to detect VIC emission and suf 
ficient discrimination from FAM emission. In other words, it 
may be difficult to determine whether strong emission 
detected with a “VIC detection configuration results from a 
droplet producing VIC emission, producing strong FAM 
emission that is picked up by the VIC detection configuration, 
or both. 
The problem caused by overlap 140 may be eliminated by 

detecting emitted light from FAM and VIC dyes at respective 
spatially-shifted examination sites within an examination 
region of a detection system. In other words, emission from 
FAM dye could be detected selectively in response to FAM 
selective excitation at one examination site and from VIC dye 
after VIC-selective excitation at the other site. However, sepa 
rating the examination sites may cause problems correlating 
fluorescence data from the two sites. In particular, it may be 
difficult to align or match droplet signals from one site with 
those of the other site because the relative spacing of droplets 
and thus the time it takes each droplet to travel between the 
sites can vary. In other words, droplets can speed up or slow 
down relative to each other as they travel through an exami 
nation region. Stated differently, droplet signals from the sites 
may not match up with each other with application of only 
one time offset. Accordingly, two-color droplet assays with 
spaced examination sites may not be capable of determining 
how two targets are distributed relative to each other among 
droplets. 
The use of lasers as light Sources may overcome some or all 

of the problems caused by overlap 140. Lasers can provide 
excitation light of high intensity at a single wavelength, which 
can promote relatively strong fluorescence emission of a cor 
responding dye. Because laser excitation may occur at a 
single wavelength, the laser does not place a Substantial limit 
on the size of the remaining, nonoverlapping range of wave 
lengths available for detection of emitted light. Also, the 
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strong fluorescence emission stimulated by a laser can enable 
collection of sufficient emitted light from a relatively narrow 
waveband, which also helps to avoid any overlap between 
excitation and emission light. Despite these and other advan 
tages, lasers of Sufficient intensity for droplet-based assays 
can be expensive and in Some cases dangerous. 

Light-emitting diodes (LEDs) provide a much cheaper and 
safer light source for fluorescence measurements. However, 
LEDs would appear to be impractical for many types of 
fluorescence assays for several reasons. First, LEDs produce 
light of low intensity compared to lasers, which results in low, 
and sometimes undetectable, levels of emitted light. The 
problem can be compounded if much of the emitted light for 
a dye must be discarded (i.e., filtered out) to minimize or 
avoid contamination with emitted light from another dye or 
with excitation light. Second, LEDs emit light over a rela 
tively broad range of wavelengths, such as up to 50 nm or 
more, while a laser is a single wavelength source. Accord 
ingly, it can be difficult to prevent LED excitation light from 
contaminating a detection waveband. This problem is greatly 
exacerbated in a two-color assay, such as with FAM and VIC 
dyes, for the reasons described above. Third, the spectrum of 
light produced by an LED is not constant. For example, the 
wavelength maximum of the LED and/or the shape of its 
spectral profile may change with temperature, physical 
changes to the LED itself (such as through aging), or based on 
the Voltage used to energize the LED, among others. In com 
bination, the problems inherent in LEDs as light sources 
would appear to be insurmountable for a two-color droplet 
based assay, particularly with a pair of dyes having spectral 
overlap 140. 

Pulsed illumination, as disclosed herein, may solve some 
of the problems posed by use of LEDs. Radiation from mul 
tiple sources may be configured to intersect with droplets at 
Substantially the same spatial location, for example, by 
employing a dichroic Surface that allows one wavelength 
range to pass through while reflecting others. In this case, it 
may be desirable to pulse the excitation sources sequentially 
so that radiation from only one of the sources arrives at the 
excitation region at one time. This allows detection of an 
unambiguous emission signal corresponding to one excita 
tion source at any given instant. Radiation within a particular 
wavelength regime will arrive at a particular detector. This 
allows detection of multiple and potentially overlapping 
emission signals from the same droplet, indicating the pres 
ence of multiple different targets in the droplet. The sources 
may be pulsed sufficiently rapidly that each droplet in an 
emulsion will be exposed to radiation at least once or multiple 
times from each Source before passing through and out of the 
excitation region. 
The frequency with which different fluorophores are 

pulsed may be determined by (or at least informed by) the 
respective lifetimes of the fluorophores. In particular, it may 
make sense to wait at least a few (e.g., two, three, five, ten, or 
more) fluorescence lifetimes after exciting one type of fluo 
rophore before exciting (and/or detecting) another type, so 
that fluorescence from the first type of fluorophore will have 
Sufficiently decayed before exciting (and/or detecting) the 
other type of fluorophore, to avoid significant signal contami 
nation. In exemplary embodiments, pulse frequencies in the 
kilohertz and higher range can be achieved with common 
fluorophores (which can have fluorescence lifetimes in the 
nanosecond range, among others). 

FIG. 5 shows an exemplary detection system 150 that 
utilizes pulsed illumination, such as from pulsed light 
sources. In alternative embodiments, illumination optics 85 
transmits pulses of light produced from one or more continu 
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ous beams generated by continuous light sources. For 
example, optics 85 may include an electro-optical shutter that 
blocks a continuous beam of light from a light source between 
each light pulse. In still other embodiments, the illumination 
may not be pulsed. 

System 150 may offer the same advantage as a system with 
a pair of light Sources at spatially separated examination sites 
for dye discrimination, without the potential disadvantage of 
being unable to correlate data from the sites with each other. 
Furthermore, system 150 enables the use of LEDs as light 
sources. System 150 may include any suitable combination of 
the elements, aspects, and features disclosed elsewhere 
herein for detection systems, such as detection system 120 of 
FIG. 3. 

Detection system 150 may include a pair (or more) of 
pulsed light sources, such as pulsed source 152 and pulsed 
source 154. Each light source may emit light of a different 
(single) wavelength or different wavelength range from the 
other light Source(s). Alternatively, the light sources may emit 
the same wavelength range of light, but the emitted light may 
be filtered differently for each source. Illumination assembly 
78 of system 150, via pulsed light sources and/or optics 85. 
may be configured to illuminate examination region 92 in 
alternation with pulses of light that are spectrally distinct. 
Spectrally distinct pulses have different wavelength maxima, 
cover different wavelength ranges, and/or have spectral pro 
files with distinct shapes, among others. 

Detection system 150 can use pulsed sources 152, 154 and 
detectors 86.88 as if they form two spatially separated exami 
nation sites. The pulses of light from each source may be 
synchronized with periodic data collection from the detec 
tors. Each source of pulsed illumination may have a corre 
sponding detector, as indicated by the matching hatch pat 
terns: Source 152 is operatively paired with detector 86, and 
source 154 is operatively paired with detector 88. The exami 
nation site defined by source 152 and detector 86 may overlap 
the examination site defined by source 154 and detector 88, 
but signals from the Source/detector pairs can be distin 
guished temporally by time-shifted detection and/or data col 
lection from the detectors. 
A controller of the system may be operatively connected to 

the light sources and the detectors (and/or the optics). The 
controller may generate a separate periodic signal for each 
Source? detector pair. The periodic signal corresponding to a 
light Source? detector pair may result from periodic data col 
lection from the detector, at least predominantly or exclu 
sively during illumination by pulses of light from the light 
Source. Alternatively, or in addition, the periodic signal may 
result from periodically changing the gain of the detector, 
synchronized with pulses of light from the light source, or 
synchronizing pulsed transmission of collected light to the 
detector with pulses of illumination from the light source. In 
any event, the periodic signal may represent light detected 
during illumination of the examination region at least pre 
dominantly or exclusively with light emitted by only one of 
the light sources. Stated differently, the signal may represent 
light detected by a detector at least predominantly or exclu 
sively during a plurality of spaced time intervals when the 
examination region is illuminated by a corresponding light 
source for the detector. 

Illumination optics 85 and/or collection optics 90 may help 
to limit or define wavebands of light used for illumination and 
detection. 

Each light source 152,154 may be operatively connected to 
at least one dedicated (or shared) wavelength filter, such as 
illumination filters 156, 158. The filters may be disposed on 
dedicated branches of the optical path from each source to 
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14 
channel 76, namely, before beams from the light sources are 
combined at a combining element 160 (e.g., a dichroic ele 
ment), such that each filter only affects light from one of the 
light sources. Illumination filters 156, 158 may function to 
remove at least one tail formed by the emission spectrum of a 
light source and/or may improve the ability of each light 
Source to selectively excite a particular dye in the droplets. In 
other words, the filters may improve the ability of excitation 
light to discriminate between two or more dyes. 

Each detector 86, 88 may be operatively connected to at 
least one dedicated (or shared) wavelength filter, such as 
collection filters 162, 164. The filters may be disposed on 
dedicated branches of the optical path from channel 76 to the 
detectors. In other words, each filter may be disposed between 
a beam splitter 166 (e.g., a dichroic filter) and a detector. 
Collection filters 162, 164 may function to transmit different 
wavebands of detected light 168, 170 to each detector. 
Accordingly, the collection filters may be configured to 
enable each detector to selectively receive emitted light from 
a particular dye in the droplets. Alternatively, or in addition, 
the collection filters may be configured, in combination with 
the illumination filters, to prevent wavelength overlap 
between incident light 104 and detected light 168, 170. In 
Some embodiments, system 150 also may include a scatter 
detector to detect light scattered from droplets, which may 
enable determination of the size of individual droplets pass 
ing through the examination region. 

FIG. 6 shows a series of graphs 180-184 all representing 
the same time span and illustrating periodic data that is syn 
chronized with illumination from each of light sources 152, 
154. To simplify the presentation, source 152 and source 154 
are arbitrarily designated in graphs 180, 182 as "Source 1” 
and "Source 2. respectively. Also, data representing light 
detected during pulses of illumination with light from Source 
1 is designated as "Signal 1. and data representing light 
detected during pulses of illumination with light from Source 
2. “Signal 2.” 

Graphs 180, 182 show alternating light pulses 186, 188 of 
light from Source 1 and Source 2. Each pulse 186, 188 is 
followed by a pause 190 or 192, with the pulses of light from 
each respective source occurring during a plurality of spaced 
time intervals 194. Pulses of illumination of light from each 
Source may be separated by a Succession of pauses, generally 
with the light source emitting (or transmitting) Substantially 
less or no light (e.g., the light source is turned on and off 
repeatedly, or an electro-optical shutter is opened and closed 
repeatedly), with each pulse and pause defining one pulse 
cycle 196. The pulses and pauses for illumination with a light 
source may be of about the same length or may be of different 
lengths. Also, the pulse lengths for illumination with each 
source may be the same or different from each other. The 
pulses of illumination with the light sources may be at the 
same frequency (e.g., pulses per second) relative to each other 
and thus with the same length of pulse cycle, but with a time 
offset from each other that interleaves pulses of illumination 
from the light sources. For example, one light source may 
emit a pulse of light each time the other light source pauses, 
and vice versa. The time offset between pulses of illumination 
from the light sources may be about one-half of the duration 
of one pulse cycle. The interleaved pulses of light from the 
light sources may exhibit a short time gap where no illumi 
nation is occurring (as shown here), may occur in immediate 
Succession with no time gap, or may overlap slightly, among 
others. Pulsed illumination from each light source may occur 
at any suitable frequency, such as at least about 100 HZ, 1 kHz, 
10 kHz, or 100 kHz, among others. In exemplary embodi 
ments, pulses of illumination with light from each light 
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source more occurata frequency of about 100 kHz. The pulse 
cycle may be 10 microseconds, with each pulse and each 
pause lasting about 5 microseconds. In other embodiments, 
each pulse may last for less than about 1 millisecond, or less 
than about 100, 10, or 1 microseconds, among others. 

In some cases, the pulse frequency of illumination may be 
selected to illuminate each droplet with at least one pulse, or 
two or more pulses, of light from each light source. Accord 
ingly, a suitable pulse frequency may depend on the residence 
time for a droplet in an examination site and the number of 
measurements (e.g., signal values) desired for each droplet. 
The pulse rate may be faster than the time it takes for a droplet 
to traverse an examination site. Such that the droplet is illu 
minated at least once or multiple times with light from a light 
source. The pulse rate may be increased for smaller droplets 
and/or droplets that travel faster. A faster detector may be 
needed if the pulse rate is increased. 

Graph 184 shows how periodic signals 210, 212 generated 
from light detected by detectors 86, 88 (see FIG. 5) may be 
synchronized with pulses 186,188. Periodic Signal 1 (at 210) 
may be generated from light that is detected by detector 86 at 
least predominantly or exclusively during pulses of illumina 
tion with light from Source 1 (source 152), and periodic 
Signal 2 (at 212) may be generated from light that is detected 
by detector 88 at least predominantly or exclusively during 
pulses of light from Source 2 (source 154). 

Graph 184 marks portions of Signals 1 or 2 where each 
signal is stronger due to the presence of a droplet that is 
positive for a target (i.e., “Droplet A' for Signal 2 and “Drop 
let B” for Signal 1). Each droplet is represented by two or 
three signal values 216 from each of Signal 1 and Signal 2. In 
some embodiments, more than one signal value 216 may be 
generated from light detected at different times during each 
pulse. 
The pulse frequency of illumination may be selected to 

illuminate each droplet with at least one pulse, or two or more 
pulses, of light from each light source. Accordingly, a Suitable 
pulse frequency may depend on the time of occupancy for a 
dropletin an examination site and the number of signal values 
(from different pulses) desired for each droplet. In exemplary 
embodiments, illumination may be pulsed at 100 kHz for 
each light source, 1000 droplets per second may pass through 
the examination site, droplets may be separated from each 
other on average by two droplet diameters, and about thirty 
signal values of each signal may be generated for each droplet 
during thirty pulses of illumination with light from each light 
SOUC. 

FIG.7 shows an exemplary controller 230 for system 150. 
Controller 230 may have any of the properties, structures, or 
features described elsewhere herein, such as for controller 
126 of FIG. 3. Controller may include any combination of a 
gate 232, an amplifier 234, a low-pass frequency filter 236, an 
analog-to-digital converter 238, and a processor 240, among 
others. Any of these components may be dedicated to detector 
86 or may be shared with detector 88. Amplifier 234 may 
amplify a signal received from the detector. Filter 236 may 
remove high frequency components of the signal, to improve 
the signal-to-noise ratio. Converter 238 may convert an ana 
log signal to a digital signal. Processor 240 may manipulate 
and/or store the digital signal. 

In the configuration shown here, controller 230 is generat 
ing a signal value from light 242 detected by only one of the 
detectors, namely, detector 86 (DET 1). Signal generation 
is indicated by a series of arrows extending between control 
ler components to processor 240. The absence of arrows on 
the lower line of controller components indicates no signal 
generation from detector 88. 
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Light 242 may be detected predominantly from a first dye 

244 during a pulse of light from source 152. Controller 230 is 
not generating a signal value from unwanted light 246 
detected by the other detector (detector 88 (“DET 2)), and 
source 154 is off. Unwanted light 246 may be produced by 
various mechanisms, such as emission 248 from first dye 244. 
and emission 250 from a second dye 252 that may absorb light 
in the pulse from Source 152, among others. 

Gate 232 is configured to synchronize signal generation 
from each detector with pulses of illumination with light from 
the light source corresponding to the detector. The gate may 
be configured to permit signal generation, and particularly 
one or more signal values thereof, during each pulse of illu 
mination, while blocking signal generation from the other 
detector during the pulse. In the present illustration, the gate 
is blocking signal generation from light detected by detector 
88, while permitting signal generation from detector 86. Dur 
ing a Subsequent pulse of light from source 154, gate 232, as 
indicated Schematically in phantom at 254, may have the 
opposite effect on signal generation by the detectors. Gate 
232 may be described as a time gate because the gate may 
operate according to a temporal Schedule that corresponds to 
the schedule of illumination. 
The gate may operate on any Suitable component(s) to 

permit and block signal generation. For example, the gate 
may control operation of the detectors themselves, such as by 
alternately increasing and decreasing the gain of each detec 
tor 86, 88 in substantial synchrony with each pulse of light. In 
Some cases, the gate may be an optical gate, such as an 
electro-optical shutter, that blocks collected light from reach 
ing the wrong detector (i.e., detector 88 in the configuration of 
FIG. 7) during a pulse of illumination. Alternatively, the gate 
may periodically block processing of a Substantially continu 
ous signal detected by the detector, in Substantial synchrony 
with illumination pulses from the non-corresponding light 
Source, to convert the continuous signal into a periodic signal. 
The continuous signal may be analog or digital, and process 
ing may be blocked by gate 232 with the continuous signal in 
analog or digital form. The gate may, for example, blockinput 
of the continuous signal from the detector to amplifier 234, 
input of the amplified continuous signal to filter 236, or input 
of the filtered signal to converter 238, among others. In some 
cases, a continuous signal may be processed digitally by 
processor 240. Such as by selective removal of signal values, 
to generate a periodic signal. However, passing a continuous 
signal through analog filter 236, and then converting the 
continuous signal into a periodic signal by digital processing 
may be undesirable. The analog filter can degrade the quality 
of the resulting periodic signal, because the analog filter can 
Smear together portions of the continuous signal, making 
them difficult to separate when the periodic signal is formed 
digitally. 
FIG.8 shows yet another exemplary detection system 280 

for droplet-based assays. System 280 is similar to detection 
system 150 of FIG. 5, with the capability of producing pulsed 
illumination, such as with at least two light sources 152, 154. 
However, a single detector 282 may be utilized to detect light 
during illumination with light from each light source. Collec 
tion optics of the system may include at least one wavelength 
filter 284 that selectively excludes one or more wavelength 
ranges of light. The wavelength filter(s) may be selected to 
exclude collected light 102 that was emitted by one or both of 
the light Sources, while transmitting collected light emitted by 
at least a pair of fluorophores in the droplets. Discrimination 
between signals corresponding to different targets may be 
based on the ability of the light sources to selectively excite 
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different fluorophores, but generally not based on different 
emission spectra of the fluorophores, since only a single 
detector is used. 

Detector 282 may create a Substantially continuous signal 
that is representative of light detected during pulsed illumi- 5 
nation with light from both of the light sources. The system 
may use a controller to convert the continuous signal into two 
or more periodic signals each representing light detected 
during pulses of illumination with light from a different light 
SOUC. 10 

III. Detection Unit with a Slit 

This Section describes a slit that may be incorporated into 
the illumination optics and/or collection optics of any of the 15 
detection systems disclosed herein; see FIGS. 9 and 10A-C. 

FIGS. 9, 10A, and 10B shows selected aspects of an exem 
plary illumination assembly 310 and a tube 312 (e.g., a cap 
illary) that may be included in the detection systems disclosed 
herein. Tube 312 defines channel 76 in which droplets 74 are 20 
illuminated. In exemplary embodiments, tube 312 and chan 
nel 76 are cylindrical. 

Illumination assembly 310 may include at least one light 
source 314 and illumination optics 316 that transmit light 
from the light source to tube 312. The illumination optics may 25 
include an aperture element 318that defines a slit 320. The slit 
may be disposed before and/or after one or more optical 
elements 322, 324 on an optical path traveled by light from 
the light source to channel 76 (see FIG. 9). 
Abeam 326 of light from light source 314 may be incident 30 

on aperture element 318, but only a portion of the beam is 
permitted to travel through slit 320, to form a shaped beam, 
namely, a blade 328 of light. In particular, aperture element 
318 may include an optically transmissive substrate 330, such 
as glass, and a blocking layer 332 formed on the Substrate. 35 
The blocking layer may be substantially opaque, such that it 
blocks passage of light. In exemplary embodiments, the 
blocking layer may be formed by selectively removing layer 
332, such as by etching. A mask may be formed over layer 
332, such as by photolithography, to restrict etching of layer 40 
332 to the position of the slit. The blocking layer may have 
any suitable composition. In exemplary embodiments, the 
blocking layer may be composed of gold and chromium. An 
opposing Surface of Substrate 330 may include a coating of 
MgF2. 45 

Blade 328 is elongated in cross section, namely, in a cross 
sectional plane taken orthogonal to the direction of travel of 
the blade of light (as in FIG. 10B). Blade 328 may be 
described as a planar beam with opposing sides 334 that are at 
least generally planar. The blade of light may, for example, be 50 
formed by illuminating the slit with a substantially collimated 
beam from a light source of the detection unit. Alternatively, 
the light source may be imaged onto the slit. In some cases, 
imaging the light Source onto the slit may produce higher 
intensity illumination of the examination site, everything else 55 
being equal, because more light from the light Source is 
incident on the slit (and thus passes through slit) and less light 
from the light Source is incident on and blocked by non 
transmissive material flanking the slit. 

Slit 320 may have any suitable properties. The slit may be 60 
about the same length as, longer than, or shorter than the 
diameter of beam 326. For example, in shown in FIG. 10A, 
slit 320is longer than the beam’s diameter. Such that opposing 
ends 336 ofblade 328 may not be shaped by the slit (see FIGS. 
10A and 10B). The slit may have any suitable width, based on 65 
the desired volume of channel 76 to be illuminated, and the 
amount of magnification or demagnification that will occur 
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between the slit and the channel. For example, blade 328 may 
travel through at least one lens 324 before the blade illumi 
nates a region of channel 76. Lens 324 may focus an image of 
the slit onto channel 76 and, optionally, may demagnify the 
slits image relative to the slit itself. In exemplary embodi 
ments, slit 320 is about 10 to 200 microns wide, and the image 
of the slit at the channel is demagnified, such that the thick 
ness of blade 328 at the channel is about 5 to 150 microns, or 
about 50 to 100 microns, among others. 

FIG. 10B shows a cross-sectional area 338 of blade 328 
taken at one-half of the distance across channel 76. Blade 328, 
in cross section, is elongated transversely to a long axis 340 
defined by channel 76. The blade may be elongated at least 
substantially orthogonally to axis 340, namely, within about 
20, 10°, or 5 of orthogonal. A length 342 of the area is 
substantially greater than its width 344, such as at least about 
2, 5, or 10 times as great. Length 342 may be greater than the 
diameter of channel 76 and/or tube 312. Accordingly, the 
cross-sectional area of blade 328 at this position along the 
blade may only partially overlap the channel and/or tube, with 
the area projecting from one or both opposing sides of the 
channel and/or tube. A blade in general, and a blade with a 
cross-sectional length that is greater than the diameter of the 
channel and/or tube in particular, may offer one or more 
advantages over illumination with a cylindrical or conical 
beam of light. These advantages may include a greater toler 
ance for misalignment of the illumination optics with the 
channel and/or a decreased tendency for illumination light 
from two light sources to illuminate non-overlapping regions 
of the channel. 

Blade 328 may illuminate a volume 346 of channel 76 (see 
FIG. 9). Volume 346 may have a cross sectional shape that 
corresponds to the cross-sectional shape of channel 76. 
Accordingly, Volume 346 may be substantially disk-shaped if 
the channel has a substantially cylindrical shape. Volume 346 
may have opposing planar sides and a dimension (i.e., width 
344 in FIG. 10B), measured parallel to channel axis 340, that 
is greater than, about the same as, or less than the diameter of 
a droplet (as shown here). A thinner blade 328 (i.e., a smaller 
width.344) may permita higher resolution signal to be created 
from light detected from volume 346. For example, a blade 
thinner than the diameter of a droplet may permit collection of 
more accurate data on droplet size and shape, and better 
resolution of droplets that are close together in the channel. 
Also, the use of a slit may permit the use of a lens with a higher 
numerical aperture to collect the emitted light because illu 
mination is more precise. Alternatively, the use of a slit may 
permit detection without collection optics. 

FIG.9 shows additional aspects of tube 312. The tube may 
include a coating or sheath 348 that restricts transmission of 
light across tube 312. Coating 348 may be selectively 
removed along a segment 350 of the tube where illumination 
is conducted. It may be difficult to accurately remove only a 
short portion of coating 348, so the length of segment 350 
may be much greater than the diameter of a droplet. Accord 
ingly, blade 328 may restrict illumination to a short region of 
segment 350. An exemplary coating is formed of polyimide. 
In some embodiments, only a short section of coating 348 
may be removed (e.g., on the order of the diameter of a droplet 
or less). 

FIG. 10C shows selected aspects of another exemplary 
detection unit 360 that may be included in the signal detection 
systems disclosed herein. An illumination assembly 362 may 
illuminate channel 76 with a beam 364 to produce an illumi 
nated volume 366. The illuminated volume may have a 
dimension, measured along channel 76, that is greater than 
the diameter of the droplets. Alternatively, the illuminated 
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volume may be produced a blade of light (e.g., see FIGS. 9. 
10A, and 10B). In any event, aperture element 318 with slit 
320 may be included in collection optics 368 of unit 360. The 
slit may be oriented Substantially orthogonal to a long axis 
defined by channel 76. The slit may be very close to the 
channel, such as abutted with a tube or other member that 
defines the channel. Alternatively, the slit may be disposed in 
an image plane formed by the collection optics between the 
channel and a detector 370. A slit included in the collection 
optics may restrict collection of light to only a portion of an 
illuminated Volume. In some cases, the use of a slit in the 
collection optics may permit illumination without any illumi 
nation optics. 

In some embodiments, a slit may be included in the illu 
mination optics, and another slit may be included in the 
collection optics. The slits may be parallel to each other. The 
use of a double slit configuration may help to reduce back 
ground by more precisely defining illumination and collec 
tion Volumes of the channel. In some cases, the use slits on 
both the illumination and collection sides may permit illumi 
nation and collection without any other illumination or col 
lection optics. 

IV. Droplet Identification with Combined Signals 

This Section describes an exemplary approaching to drop 
let identification by using a combined signal; see FIG. 11. 

FIG. 11 shows a flowchart illustrating, with graphs 380 
388, an exemplary approach to processing data collected with 
the detection systems disclosed herein. 

Graph 380, which has been described already in relation to 
FIG. 6, shows a pair of separate signals 210, 212 representa 
tive of light detected as droplets in a continuous phase pass 
through an examination region. Each separate signal includes 
droplet data 400 for individual droplets interspersed with 
baseline data 402 for droplet-free regions. One goal is to 
efficiently identify droplet data for further analysis, free of the 
baseline data. However, with two or more separate signals 
(e.g., for two or more targets), the separate signals may not 
always be in agreement about the location of droplet data, 
particularly when one or both of the separate signals is close 
to background. For example, droplet A is identified clearly 
from Signal 2, but not Signal 1, while the converse is true for 
droplet B. A signal processing algorithm could examine each 
signal individually to look for the signature of a droplet, but 
sometimes a droplet will be identified in one signal but not the 
other. An approach is need for identifying droplet data that 
benefits from the information in two or more separate signals 
representing the same time period of light detection. 

Graph 382 illustrates the results of combining the separate 
signals of graph 380 to form a combined signal 404. In par 
ticular, individual signal values 406, 408 representing light 
detected during the same time interval 410 and from each 
separate signal 210, 212 may be combined, for each of a 
Succession of time intervals, to produce combined values 412 
forming combined signal 404. In some embodiments, signal 
values from more than two separate signals may be combined. 
The signal values combined for each time interval may rep 
resent light detected during overlapping or nonoverlapping 
portions of the time interval. For example, in the present 
illustration, the two separate signals are periodic and tempo 
rally offset from each other, and the individual signal values 
that are combined represent successive, instead of overlap 
ping, portions of the time interval. In other examples, the two 
(or more) separate signals may be synchronized instead of 
temporally offset. 
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Signal values from separate signals may be combined in 

any suitable fashion. For example, two (or more) signal val 
ues for each time interval may be combined to form a linear 
combination using the following formula: 

where Y is a combined value of the combined signal, a and b 
are constants, and X and X are corresponding individual 
signal values from the two separate signals. Additional signal 
values from other separate signals (e.g., cX, dX, etc.) also 
may be included. The constants may be the same or different. 
In exemplary embodiments, the constants are at least Substan 
tially the same, such that equal proportions of the separate 
signals are used to generate the combined signal. Accord 
ingly, the combined signal may correspond to an average of 
separate signals 210, 212. 

Individual droplet regions 414 (e.g., peaks or valleys) of 
the combined signal representing droplets may be identified, 
as indicated in graph 384. Each droplet region may include a 
temporal sequence of combined values 412 that collectively 
produce the signature of a droplet. Droplet identification may 
be performed by processing the combined signal with any 
Suitable algorithm to look for a droplet signature. Exemplary 
droplet identification algorithms may be based on one or 
more predefined conditions corresponding to an acceptable 
range for the height (or depth), width, Smoothness, and/or 
monotonicity of a peak 415 (or valley) formed by the com 
bined signal. 

Signal values corresponding to each droplet region 414, 
from each separate signal, indicated at 416, 418, may be 
processed selectively relative to other signal values, as indi 
cated in graphs 386, 388. This selective processing may 
ignore any signal values, not shown in the graphs, disposed 
outside of identified droplet regions. The selective processing 
may determine whether a target represented by each separate 
signal is present or absent in droplets corresponding to the 
droplet regions. 

V. Optical Layout for a Detection Unit 

This Section describes an exemplary detection unit 440, 
particularly an exemplary optical layout thereof, for the 
detection systems disclosed herein; see FIGS. 12 and 13. 
Detection unit 440 may, for example, be incorporated into 
detection system 150 (see FIG. 5). 

Detection unit 440 may include an illumination assembly 
442, a collection assembly 444, and a monitoring assembly 
446, among others. Illumination assembly 442 may illumi 
nate a capillary 448 defining channel 76. The collection 
assembly may collect and detect light received from channel 
76, particularly emitted light. 
The illumination assembly may be equipped with a blue 

LED 450 and a cyan LED 452 that emit light at about 440-520 
nm (maximum at 480-485 nm) and 470-550 nm (maximum at 
505-510 nm), respectively. The LEDs may produce a lumi 
nous flux of about 10 to 200 lumens, among others, at a drive 
current of about 300 to 1000 mA. Each LED may be config 
ured to be pulsed at any suitable frequency, such as about 100 
kHZeach, with the pulses of the light sources interleaved with 
each other. 

Light from each LED 450, 452 may travel through a lens 
doublet 454 that collimates light emitted by the LED, to form 
a collimated beam 456. Each collimated beam may be filtered 
through a respective filter, namely, wavelength filter 458 or 
460. Filter 458 may be a short-pass filter that permits passage 
of light of 485 nm or less, and filter 460 may be a band-pass 
filter that permits passage of light of 497-518 nm, to produce 

BIO-RAD EX.1029.028



US 8,730,479 B2 
21 

filtered beams 462, 464. The filtered beams may be combined 
at a dichroic element 466 oriented at 45 degrees to optical 
axes 468, 469 extending to the beams from the LEDs. Dich 
roic element 466 may have a nominal reflection cut off of 
about 495 nm, such that light from blue LED 450 and cyan 
LED 452 are combined efficiently. In some embodiments, 
dichroic element 466 may be rotated 90 degrees about axis 
469. Also, the optical axis of filtered blue beam 462 may 
extend to the rotated dichroic element from back to front in 
the current view, with blue LED 450 positioned behind dich 
roic element 466 in the current view. 

In any event, filtered beams from the LEDs may be com 
bined by dichroic element 466, to produce a combined beam 
470 that is split by a dichroic beam splitter 471, to form a main 
beam 472 and a sampling beam 474. A majority of the light 
(e.g., 95%) may form the main beam and a minority of the 
light (e.g., 5%) may form the sampling beam. The sampling 
beam will be described further below in relation to monitor 
ing assembly 446. Main beam 472 may travel through a slit 
476 defined by an aperture element 478 (e.g., see aperture 
element 318 of FIGS. 9 and 10A-C), to form a blade of light 
480, which may be focused onto capillary 448 by a pair of 
spaced lenses 482. The blade of light may define a plane that 
that is substantially orthogonal to the long axis of the capillary 
448 where the blade of light intersects the capillary. 

Collection assembly 444 gathers and detects light received 
from capillary 448. The optical axis of the collected light may 
be substantially orthogonal to both the long axis of the cap 
illary and to the axis of illumination defined by the illumina 
tion light of blade 480. The collection assembly 444 may, for 
example, be equipped with a pair of photomultiplier tubes 
(PMTs) 484, 486 that serve as detectors of light collected 
from the capillary by collection optics 488. Optics 488 
receives light for the two detectors from the capillary along a 
shared optical axis that branches into a pair of optical axes 
extending to the respective PMTs. 
The shared optical axis extending from the capillary may 

include an aspheric lens 490 disposed close to the capillary. 
Lens 490 may provide a high numerical aperture (10 mm 
diameter, 0.625NA) for efficient collection of emitted light. 
Also, the examination site of the capillary that is illuminated 
may be substantially enclosed by a chamber 492, which per 
mits entry of incident illumination light and exit of emitted 
light via the aspheric lens, but otherwise blocks light. The 
chamber may be lined with a light-absorbing material (i.e., a 
blackened chamber) and may minimize or eliminate the 
occurrence of objects or edges, to minimize scattered and 
reflected light. The chamber also may contain at least one 
mirror 493 that reflects emitted light toward aspheric lens. In 
other words, the mirror may help collect light that is emitted 
away from the aspheric lens, to improve the efficiency which 
emitted light is detected. The mirror may, for example, bean 
elliptical mirror. In some cases, the examination site may be 
disposed at least generally between the mirror (or at least a 
region thereof) and a collection optical element (e.g., aspheric 
lens 490) and/or a detector (e.g., if no collection optics are 
used). 

The collected light from aspheric lens 490 may travel 
through a clean-up dichroic element 494, which rejects light 
ofless than 500 nm, to remove residual excitation light, if any, 
from the LEDs, particularly light emitted by blue LED 450. 
Light transmitted through dichroic element 494 next encoun 
ters dichroic beam splitter 496, which splits the light to form 
a reflected split beam portion 498 of less than about 550 nm 
and a transmitted split beam portion 500 of greater than about 
550 nm. Split beam portion 498 is transmitted to PMT 484, 
and split beam portion 500 to PMT 486. Each beam portion 
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may travel through one or more wavelength filters, such as 
respective filters 502 or 504, at least one lens 506, and an 
optional aperture element 508 before reaching the respective 
PMT. Filter 502 may be a long-pass filter that rejects light of 
less than about 540 nm. Filter 504 may be a band-pass filter 
that rejects light offless than about 520 nm and of greater than 
about 555 nm. 
The filters used in the illumination optics and the collection 

optics may effectively prevent all excitation light from reach 
ing the detectors. However, contamination of detected light 
with excitation light also or alternatively may be reduced or 
eliminated by the use of polarization filters that are cross 
polarized with respect to each other. Illumination light from 
each light source may be polarized on the optical path to the 
capillary, after the beams are combined, with a first polariza 
tion filter 510 (an illumination filter), to form a polarized light 
beam from the light sources. Collected light may be transmit 
ted through a second polarization filter 512 (a collection 
filter) before the collected light beam has been split. Accord 
ingly, second filter 512 will block light polarized by first filter 
510 because such light is polarized in the cross plane that is 
blocked by the second filter. In this way, illumination/excita 
tion light that is collected can be blocked by the second 
polarization filter from reaching either detector. This arrange 
ment offilters may be particularly suitable with a pair of dyes, 
such as VIC and FAM dyes, where one of the dyes (e.g., VIC 
dye) has an excitation spectrum that overlaps the emission 
spectrum of the other dye. Also, or alternatively, this filter 
arrangement may reduce channel cross-talk. Filters 510 and 
512 may be absorptive linear polarizers that polarize light in 
respective orthogonal planes. Light emitted from capillary 
448 generally is unpolarized, so a substantial part of the 
emitted light (e.g., about half) may be capable of traveling 
through polarization filter 512. 

Monitoring assembly 446 may monitor the illumination 
intensity of illumination light from each LED 450, 452. The 
monitoring assembly may be arranged as part of a feedback 
loop with a controller and LEDs 450, 452 to maintain the 
illumination intensity at the capillary Substantially constant. 
Sampling beam 474 is received by assembly 446 from beam 
splitter 470 after the waveband of capillary illumination by 
each LED has been determined by respective filters 458, 460. 
Accordingly, any intensity change for each waveband that is 
produced by an overall increase or decrease in light output by 
an LED, in addition to any intensity change produced by a 
shift or other alteration in the spectral profile of the corre 
sponding LED, can be measured by assembly 446. 

Monitoring assembly 446 may include a corresponding 
sensor 514 or 516 for each light source. The sensor may, for 
example, be a photodiode. Sampling beam 474 may be split 
by a dichroic beam splitter 518, which may have at least 
substantially the same reflection properties as dichroic ele 
ment 466 (e.g., a nominal reflection cut-off of 495 nm). In 
other words, beam splitter 518 acts to reverse the effect of 
dichroic combining element 466. Beam splitter 518thus may 
produce respective blue and green beam portions 520, 522 
corresponding respectively to LEDs 450, 452. Green beam 
portion 522 may be reflected by a mirror 524 toward sensor 
516. Each beam portion may be passed through a diffuser 526 
before reaching the respective sensor 514 or 516. 

FIG. 13 shows the graph of FIG. 4 supplemented with 
exemplary wavebands of illumination and detection that may 
be suitable for the dyes of FIG.4, namely FAM dye and VIC 
dye, in the detection system of FIG.5 equipped with detection 
unit 440 of FIG. 12. One of the light sources, namely, blue 
LED 450, may illuminate capillary 448 with a waveband 530 
of less about 485 nm. Waveband 530 may or may not have a 
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defined shorter wavelength boundary. The other light source, 
namely, cyan LED 452 may illuminate capillary 448 with a 
waveband 532 of about 495-515 nm. Accordingly, there may 
(or may not) be overlap between the wavebands. In some 
cases, a gap 534 may be formed between illumination wave 
bands 530, 532. Gap 534 may, for example, be at least about 
2, 5, or 10 nm, among others. In some cases, one or both of the 
light sources (e.g., a laser) may emit light of a single wave 
length instead of a range of wavelengths. In some cases, a 
single light source may produce excitation light for both dyes. 
In any event, light from waveband 530 is selectively absorbed 
by one of the dyes (FAM dye) and light from waveband 532 
is selectively absorbed by the other dye (VIC dye). Accord 
ingly, LED 450 selectively excites FAM dye, and LED 452 
selectively excites VIC dye. 

Light may be collected in detection wavebands 536, 538. 
The detection wavebands may or may not overlap. If there is 
overlap, the amount of overlap may be about 0-20 or 0-10 nm, 
among others. Detection waveband 536 is selective for emis 
sion from one of the dyes (FAM dye), and detection wave 
band 538 for emission from the other dye (VIC dye). Accord 
ingly, detection waveband 536 corresponds to illumination 
waveband 530, blue LED 450, and FAM dye, and detection 
waveband 538 corresponds to illumination waveband 532, 
cyan LED 452, and VIC dye. 

Illumination waveband 532 and detection waveband 536 
represent different dyes. These wavebands potentially could 
overlap if light is detected from detection waveband 536 only 
when cyan LED 452 is off, e.g., by using interleaved pulses of 
light as described above in Section II. However, the detector 
for detection waveband 536 may become saturated by the 
light from illumination waveband 532, during a pulse from 
LED 452. The pulse may render the detector incapable of 
accurately measuring light during the next pulse with the 
other light source, after LED 452 is turned off, because the 
recovery time for the detector may be much longer than the 
pulse duration. Therefore, it may be desirable to separate 
illumination waveband 532 from detection waveband 536. 
Alternately, or in addition, it may be desirable to gate off a 
detector (e.g., detector 486) for waveband 536 during the 
period of illumination with waveband 532. This can, for 
example, be accomplished by decreasing the dynode Voltage 
of a PMT detector or the bias voltage on an APD (avalanche 
photodiode) detector, or using an electro-optical shutter to 
block light from reaching the detector, among others. 
An exemplary strategy for dividing up overlap 140, in a 

balanced manner, between illumination waveband 532 and 
detection waveband 536 is shown in the graph. A shorter 
wavelength segment (i.e., waveband 532) may be dedicated 
to illumination, and a nonoverlapping, longer wavelength 
segment (i.e., waveband 536) may be dedicated to detection. 
Segments of about the same size (within about 50% of each 
other in length) from overlap 140 may be assigned to illumi 
nation and detection. Wavebands 532 and 536 may be sepa 
rated by a gap 540 of at least about 2, 5, or 10 nm, to prevent 
any excitation light from reaching the detector. Gap 540 may 
be positioned near (e.g., within about 10 nm or 20 nm) a 
maximum value of the absorption spectrum of one of the dyes 
and/or a maximum value of the emission spectrum of the 
other dye. 

VI. Detection System with Spaced Examination 
Sites 

This Section describes exemplary detection systems that 
define spaced examination sites with spatially separated exci 
tation/emission volumes; see FIGS. 14-16. 
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In some system embodiments, radiation from multiple 

excitation Sources may be spatially shifted, i.e., may intersect 
with droplets at substantially different spatial locations. In 
this case, the excitation sources need not be pulsed or other 
wise alternating, since radiation from only one source reaches 
any particular droplet at a given time. As in the case of 
systems with a single common excitation region or point, 
systems having multiple spatially shifted excitation regions 
may use a beam splitter and/or filters in conjunction with 
multiple detectors to distinguish between droplet emission 
signals, or may use a single detector capable of distinguishing 
between emission spectra resulting from excitation of differ 
ent target molecules. 

FIG. 14 shows an exemplary detection system 550 with 
spatially shifted examination sites for droplet-based assays. 
System is equipped with multiple detection units 552 
arranged to define a discontinuous examination region 554 
formed of spaced examination sites 556-560 disposed along 
channel 76. 
The examination sites may have any suitable spacing from 

one another (e.g., less than about 5 cm, 1 cm, or 1 mm, or less 
than about 100, 50, 25, or 10 droplet or channel diameters, 
among others). It may be desirable to place the examination 
sites as close together as possible because closer examination 
sites make correlating data detected from different examina 
tion sites less problematic. There is less time for droplets to 
change their relative separations from one another in the flow 
stream as such droplets travel between examination sites. In 
Some configurations, a series of examination sites may be 
close enough to one another that each droplet travels through 
all of the sites before the next droplet enters the examination 
region. With sites this close, there is no problem syncing 
droplet data collected from the examination sites. 

Each detection unit 552 may include at least one light 
source 562, illumination optics 564, collection optics 566, 
and a detector 568. The detection units, relative to one 
another, may provide different wavelengths or wavebands of 
illumination light and/or may detect different wavelengths or 
wavebands of collected light. 

FIG.15 shows yet another exemplary detection system 580 
for droplet-based assays. System 580 includes multiple 
detection units 582 arranged to define a discontinuous exami 
nation region 584 formed of spaced examination sites 586 
590 disposed along channel 76. Each detection unit may 
include at least one or at least a pair of light sources 592. 594 
and at least one or at least a pair of detectors 596,598. In some 
embodiments, one or more of the detection units may incor 
porate any combination of features disclosed above for detec 
tion system 150 or 280 (FIGS. 4-8), illumination assembly 
310 (FIGS. 9 and 10A-C), and/or detection unit 440 (FIG. 
12). Such as pulsed illumination and generation of a periodic 
signal corresponding to pulses of illumination, a slit to shape 
and/or selectively block a light beam, use of a combined 
signal to identify droplets, balanced division of a region of 
excitation/emission overlap for dyes to an illumination wave 
band for one dye and a detection waveband for the other dye, 
and/or closed-loop monitoring of illumination intensities, 
among others. 

FIG. 16 shows an embodiment 610 of detection system 
550. A capillary 612 defining channel 76 extends through 
each detection unit 552. The capillary is clamped in place by 
brackets 614. Each light source 562 includes an LED. An 
alternative light source or light collector, an optical fiber 616, 
extends through the detection units. Collection optics 566 of 
each unit 552 may include a filter 618, which may be inter 
changeable readily by a user. Light may be detected by pho 
tomultiplier tubes 620. 
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VII. Selected Embodiments 

This section describes additional aspects and features of 
detection systems for droplet-based assays, presented with 
out limitation as a series of numbered paragraphs. Each of 
these paragraphs can be combined with one or more other 
paragraphs, and/or with disclosure from elsewhere in this 
application, in any suitable manner. Some of the paragraphs 
below expressly refer to and further limit other paragraphs, 
providing without limitation examples of some of the suitable 
combinations. 

1. A method of detection for droplets, comprising: (A) 
illuminating an examination region of a channel with first 
pulses of light interleaved with second pulses of light as 
droplets pass through the examination region, the first pulses 
being spectrally distinct from the second pulses; and (B) 
collecting data representing light detected during illumina 
tion of the examination region with the first pulses and the 
second pulses. 

2. The method of paragraph 1, wherein the first pulses 
define a first range of wavelengths of light and the second 
pulses define a second range of wavelengths of light, and 
wherein the first range is different from the second range. 

3. The method of paragraph 1, wherein only the first pulses 
are produced by a single wavelength of light, or both the first 
pulses and the second pulses are produced by respective 
single wavelengths of light. 

4. The method of any of paragraphs 1 to 3, wherein the first 
pulses are produced by a pulsed light source. 

5. The method of any of paragraphs 1 to 4, wherein the first 
pulses and the second pulses are produced by respective 
pulsed light sources. 

6. The method of paragraph 1, wherein the first pulses, the 
second pulses, or both the first and second pulses are pro 
duced by at least one continuous light beam that is transmitted 
intermittently to the examination region. 

7. The method of paragraph 1, wherein the first pulses and 
the second pulses include light emitted by at least one LED. 

8. The method of paragraph 7, wherein the first pulses and 
the second pulses are emitted by respective pulsed LEDs. 

9. The method of paragraph 1, wherein overlapping Vol 
umes of the examination region are illuminated by the first 
pulses and the second pulses. 

10. The method of paragraph 1, further comprising a step of 
detecting light from overlapping Volumes of the examination 
region during the first pulses and the second pulses. 

11. The method of paragraph 1, wherein each droplet is 
illuminated with at least one first pulse and at least one second 
pulse. 

12. The method of paragraph 11, wherein each droplet is 
illuminated with multiple first pulses and multiple second 
pulses. 

13. The method of paragraph 1, wherein each droplet is 
illuminated with a beam of light that is narrower than a 
diameter of the droplets. 

14. The method of paragraph 1, wherein the first pulses and 
second pulses contain light emitted by respective first and 
second light Sources, further comprising a step of passing the 
light emitted by the first and second sources through a slit 
before such light illuminates the examination region. 

15. The method of paragraph 1, wherein the step of col 
lecting data includes a step of generating a first signal and a 
second signal representing light detected during illumination 
of the examination region with the first pulses and the second 
pulses, respectively. 

16. The method of paragraph 15, wherein the droplets 
include a first dye and a second dye, wherein the first signal is 
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generated from a first detection configuration and the second 
signal is generated from a second detection configuration, and 
wherein the first detection configuration has a different rela 
tive sensitivity to the first and second dyes than the second 
detection configuration. 

17. The method of paragraph 15, further comprising a step 
of detecting light from the examination region with a first 
detector and a second detector, and wherein the first signal 
represents light detected at least predominantly by the first 
detector and the second signal represents light detected at 
least predominantly by the second detector. 

18. The method of paragraph 17, wherein each detector 
detects light during the first pulses and the second pulses. 

19. The method of paragraph 17, wherein a gain of each 
detector is adjusted over time according to whether a first 
pulse or a second pulse is illuminating the examination region 
of the channel. 

20. The method of paragraph 15, wherein the first signal 
and the second signal are periodic signals. 

21. The method of paragraph 1, wherein the data represents 
light detected with a same detector during illumination of the 
examination region with the first pulses and the second 
pulses. 

22. The method of paragraph 1, further comprising a step of 
detecting light from the examination region during the first 
pulses and the second pulses, wherein the step of detecting 
light creates a first signal and a second signal, and wherein the 
step of collecting data includes a step of periodically gating 
the first signal and the second signal in correspondence with 
the first pulses and the second pulses, respectively. 

23. The method of paragraph 1, wherein the step of illumi 
nating includes a step of intersecting the channel with a beam 
oflight having a cross section that is elongated transversely to 
a long axis defined by the channel. 

24. The method of paragraph 1, wherein the step of illumi 
nating includes a step of illuminating a disk-shaped Volume of 
the channel. 

25. The method of paragraph 1, wherein the step of illumi 
nating includes a step of illuminating the examination region 
of the channel with third pulses of light that are spectrally 
distinct from the first pulses and the second pulses. 

26. A method of detection for droplets, comprising: (A) 
illuminating an examination region of a channel alternately 
with pulses of light emitted by a first light Source and a second 
light Source as droplets pass through the examination region; 
(B) detecting light from the examination region illuminated 
by the pulses of light; and (C) generating a first signal and a 
second signal, the first signal representing light detected at 
least predominantly when the first region is illuminated with 
pulses of light from the first light source and the second signal 
representing light detected at least predominantly when the 
second region is illuminated with pulses of light from the 
second light source. 

27. The method of paragraph 26, further comprising a step 
of estimating a concentration of a first target and a second 
target in the droplets based on the first signal and the second 
signal. 

28. The method of paragraph 26, further comprising a step 
of determining whether an amplification reaction occurred in 
individual droplets. 

29. A system for detection for droplet-based assays, com 
prising: (A) a channel; (B) an illumination assembly config 
ured to illuminate an examination region of the channel with 
first pulses of light interleaved with second pulses of light as 
droplets pass through the examination region, the first pulses 
being spectrally distinct from the second pulses; (C) one or 
more detectors configured to detect light from the examina 
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tion region; and (D) a controller that collects data represent 
ing light detected during illumination of the examination 
region with the first pulses and the second pulses. 

30. The system of paragraph 29, wherein the first pulses 
define a first range of wavelengths of light and the second 
pulses define a second range of wavelengths of light, and 
wherein the first range is different from the second range. 

31. The system of paragraph 29, wherein only the first 
pulses are produced by a single wavelength of light, or both 
the first pulses and the second pulses are produced by respec 
tive single wavelengths of light. 

32. The system of paragraph 29, wherein the illumination 
assembly includes at least one pulsed light Source. 

33. The system of paragraph 29, wherein illumination 
assembly include a pair of pulsed LEDs. 

34. The system of paragraph 29, wherein the illumination 
assembly includes at least one continuous light source con 
figured to emit a beam of light that is transmitted intermit 
tently to the examination region. 

35. The system of paragraph 29, wherein the first pulses 
and the second pulses are configured to illuminate overlap 
ping Volumes of the examination region. 

36. The system of paragraph 29, wherein the one or more 
detectors are configured to detect light from overlapping Vol 
umes of the examination region during the first pulses and the 
second pulses. 

37. The system of paragraph 29, wherein the illumination 
assembly is configured to illuminate the examination region 
with a beam of light that is elongated in cross section and in a 
direction transverse to a long axis defined by the channel. 

38. The system of paragraph 29, wherein the illumination 
assembly includes a least one slit through which light travels 
before illuminating the examination region. 

39. The system of paragraph 29, wherein the controller is 
configured to generate a first signal and a second signal rep 
resenting light detected during illumination of the examina 
tion region with the first pulses and the second pulses, respec 
tively. 

40. The system of paragraph 39, wherein the one or more 
detectors include a first detector and a second detector, and 
wherein the first signal represents light detected at least pre 
dominantly by the first detector and the second signal repre 
sents light detected at least predominantly by the second 
detector. 

41. The system of paragraph 40, wherein each detector is 
configured to detect light during the first pulses and the sec 
ond pulses. 

42. The system of paragraph 39, wherein the first signal and 
the second signal are periodic signals. 

43. The system of paragraph 29, wherein the controller is 
configured to adjust again of each detector over time accord 
ing to whether a first pulse or a second pulse is illuminating 
the examination region of the channel. 

44. The system of paragraph 29, wherein the one or more 
detectors create a first signal and a second signal that are each 
at least Substantially continuous, and wherein the controller is 
configured to periodically gate the first signal and the second 
signal in correspondence with the first pulses and the second 
pulses, respectively, to make the signals periodic. 

45. The system of paragraph 29, wherein the illumination 
assembly forms a beam of light having a cross section that is 
elongated transversely to a long axis defined by the channel. 

46. The system of paragraph 29, wherein the illumination 
assembly is configured to illuminate a disk-shaped Volume of 
the channel. 

47. The system of paragraph 29, wherein the illumination 
assembly includes a first light Source and a second light 
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Source, further comprising at least one pump configured to 
drive the droplets through the examination region as the light 
Sources illuminate overlapping Volumes of the channel. 

48. A system for detection in droplet-based assays, com 
prising: (A) a channel; (B) an illumination assembly config 
ured to produce a beam of light that illuminates an examina 
tion region of the channel as droplets pass through Such 
region, (C) a detector configured to detect light received from 
the examination region; and (D) a controller that collects data 
representing light detected by the detector, wherein the beam 
oflight is elongated in cross section where the beam intersects 
the channel. 

49. The system of paragraph 48, wherein the illumination 
assembly includes a light source and a slit, and wherein light 
emitted by the light source travels through the slit before 
reaching the examination region. 

50. The system of paragraph 48, wherein the beam of light 
is elongated in cross section in a direction transverse to a long 
axis defined by the channel. 

51. The system of paragraph 48, wherein a cross section of 
the beam, at a position halfway across the channel, extends 
outside opposing Surfaces of the channel. 

52. The system of paragraph 51, where the channel is 
defined by a tube, and wherein a cross section of the beam, at 
a position halfway across the channel, is longer than a diam 
eter of the tube. 

53. The system of paragraph 52, wherein the cross section 
at a position halfway across the channel has opposing ends 
that do not intersect the tube. 

54. The system of paragraph 48, wherein the beam of light 
illuminates a disk-shaped Volume of the channel. 

55. The system of paragraph 48, wherein the beam of light 
has opposing planar sides. 

56. The system of paragraph 48, wherein the beam of light 
has a dimension measured parallel to a long axis of the chan 
nel where the channel and the beam intersect, and wherein the 
dimension is less than a diameter of the channel. 

57. A system for detection in droplet-based assays, com 
prising: (A) a channel; (B) a light source that illuminates an 
examination region of the channel as droplets pass through 
Such region; (C) a detector configured to detect light received 
from the examination region; and (D) a controller that collects 
data representing light detected by the detector, wherein light 
emitted by the light source travels through at least one slit 
between the light source and the detector. 

58. The system of paragraph 57, wherein the at least one slit 
includes a slit disposed on an optical path from the light 
Source to the examination region. 

59. The system of paragraph 57, wherein the at least one slit 
includes a slit disposed between collection optics and the 
channel. 

60. A method of detection for droplets, comprising: (A) 
illuminating an examination region of a channel with a beam 
of light that is elongated in cross section; and (B) collecting 
data representing light detected over time from the region as 
a plurality of droplets pass through the examination region. 

61. The method of paragraph 60, wherein the step of illu 
minating includes a step of transmitting light through a slit 
disposed on an optical path between a light source and the 
examination region. 

62. The method of paragraph 60, wherein a disk-shaped 
Volume of the examination region is illuminated. 

63. The method of paragraph 60, wherein the beam of light 
is elongated in cross section in a direction that is transverse to 
a long axis defined by the channel. 
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64. The method of paragraph 60, wherein the step of illu 
minating includes a step of illuminating droplets with a beam 
of light that is thinner than a diameter of the droplets. 

65. A method of detection for droplet-based assays, com 
prising: (A) generating at least two separate signals each 
representing light detected with a different detection configu 
ration during a series of time intervals from a stream of fluid 
carrying droplets; (B) combining the at least two separate 
signals to form a combined signal; and (C) processing the 
combined signal to identify time intervals that correspond to 
droplets. 

66. The method of paragraph 65, wherein the step of com 
bining includes a step of forming a linear combination of 
values from the separate signals for individual time intervals. 

67. The method of paragraph 66, wherein the step of form 
ing a linear combination includes a step of forming a linear 
combination of the values in equal proportions. 

68. The method of paragraph 65, wherein the step of com 
bining is performed with the at least two signals in digital 
form. 

69. The method of paragraph 65, wherein the step of com 
bining is performed at least in part as the at least two signals 
are being generated. 

70. The method of paragraph 65, wherein the step of com 
bining includes a step of combining values from the separate 
signals for individual time intervals, and wherein each value 
that is combined for a given time interval represents light 
detected during a different part of the given time interval. 

71. The method of paragraph 70, wherein each value that is 
combined for a given time interval represents light detected 
during nonoverlapping portions of the given time interval. 

72. The method of paragraph 65, wherein the step of com 
bining includes a step of combining values from the separate 
signals for individual time intervals, and wherein each value 
that is combined for a given time interval represents light 
detected during a same part or all of the given time interval. 

73. The method of paragraph 65, wherein the separate 
signals include a first signal and a second signal representing 
light detected from a region of a channel holding the stream of 
fluid during illumination of the region with alternating pulses 
of light from a first light source and a second light Source. 

74. The method of paragraph 73, wherein the first signal at 
least predominantly represents light detected by a first detec 
tor during pulses from the first light source, and wherein the 
second signal at least predominantly represents light detected 
by a second detector during pulses from the second light 
SOUC. 

75. The method of paragraph 65, wherein each different 
dye includes a fluorophore. 

76. A method of detection for droplet-based assays, com 
prising: (A) generating at least two separate signals each 
representing a respective different wavelength or waveband 
of light detected during a series of time intervals from a 
stream of fluid carrying droplets, wherein light detected from 
each wavelength or waveband reports the presence or absence 
of a different target in individual droplets; (B) combining the 
at least two separate signals to form a combined signal, (C) 
processing the combined signal to identify time intervals that 
correspond to droplets; and (D) determining which droplets 
contain each different target based on values of each separate 
signal detected during the identified time intervals. 

77. A method of detection for droplet-based assays, com 
prising: (A) generating at least two signals each representing 
a respective different waveband of light detected during a 
series of time intervals from a stream of fluid with droplets; 
(B) combining values of the at least two signals to form a 
combined signal; (C) identifying portions of the combined 
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signal that correspond to droplets; and (D) processing values 
of each of the at least two signals that correspond to the 
portions identified, to determine which droplets contain each 
target. 

78. A system for detection for droplet-based assays, com 
prising: (A) one or more detectors configured to detect light 
from a stream of fluid carrying droplets containing at least 
two different dyes; and (B) a controller configured to generate 
separate signals each representing light detected with a dif 
ferent detection configuration during a series of time intervals 
from a stream of fluid carrying droplets, to combine the at 
least two separate signals to form a combined signal, and to 
process the combined signal to identify time intervals that 
correspond to droplets. 

79. A method of detection for droplets, comprising: (A) 
obtaining droplets including a first dye and a second dye, 
wherein an emission spectrum of the first dye and an absorp 
tion spectrum of the second dye define a waveband of overlap 
and overlap Sufficiently to produce at least half-maximal 
emission from the first dye if the first dye is excited at a 
maximal absorption wavelength of the second dye; (B) illu 
minating the droplets with excitation light capable of exciting 
the first dye and the second dye, the excitation light being 
emitted by one or more LEDs and including only a shorter 
wavelength segment of the waveband of overlap; and (C) 
detecting light emitted by the first dye and the second dye, 
wherein light emitted from the second dye is detected in a 
wavelength range including only a longer-wavelength seg 
ment of the waveband of overlap that is spaced from the 
shorter-wavelength segment. 

80. The method of paragraph 79, wherein the absorption 
spectrum and the emission spectrum have respective maxima 
at wavelengths that are within about 20 nm of each other. 

81. The method of paragraph 79, wherein the one or more 
LEDs include a first LED that selectively excites the first dye 
and a second LED that selectively excites the second dye. 

82. The method of paragraph 79, further comprising a step 
of collecting a first set of data and a second set of data 
representing light detected selectively from the first dye and 
the second dye, respectively. 

83. The method of paragraph 79, wherein the first dye is 
FAM dye and the second dye is VIC dye. 

84. The method of paragraph 79, wherein the waveband of 
overlap is defined where the spectra overlap at 20% or more of 
maximal absorption or emission, and wherein the waveband 
of overlap extends for least 25 nm. 

85. A system for detection in droplet-based assays, com 
prising: (A) a channel configured to receive droplets includ 
ing a first dye and a second dye, wherein an emission spec 
trum of the first dye and an absorption spectrum of the second 
dye define a waveband of overlap and overlap sufficiently to 
produce at least half-maximal emission from the first dye if 
the first dye is excited at a maximal absorption wavelength of 
the second dye; (B) an illumination assembly including one 
or more LEDs and configured to illuminate the droplets with 
excitation light capable of exciting the first and second dyes, 
the excitation light being emitted by the LEDs and including 
only a shorter-wavelength segment of the waveband of over 
lap; and (C) one or more detectors configured to detect light 
emitted by the first dye and the second dye, wherein the light 
from the second dye is detected in a wavelength range includ 
ing only a longer-wavelength segment of the waveband of 
overlap that is spaced from the shorter-wavelength segment. 

86. The system of paragraph 85, wherein the illumination 
assembly includes one or more filters that define the shorter 
wavelength segment. 
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87. The system of paragraph 85, further comprising a col 
lection assembly including the one or more detectors, were in 
the collection assembly includes one or more filters that 
define the longer-wavelength segment. 

88. A method of detection for droplets, comprising: (A) 
generating a beam of light; (B) splitting the beam of light into 
a main beam and at least one sampling beam; (C) monitoring 
an intensity of the sampling beam; (D) adjusting an intensity 
of the beam of light based on one or more measurements from 
the step of monitoring; (E) illuminating an examination 
region of a channel with light from the main beam as droplets 
pass through the examination region; and (F) collecting data 
representing light detected from the examination region. 

89. The method of paragraph 88, wherein the step of gen 
erating a beam of light includes a step offiltering light emitted 
from a light source to change a spectrum of the emitted light, 
and wherein the step of splitting is performed after the step of 
filtering. 

90. The method of paragraph 88, wherein the step of filter 
ing is performed with a band-pass wavelength filter, a long 
pass wavelength filter, a short-pass wavelength filter, or a 
combination thereof. 

91. The method of paragraph 88, wherein the step of gen 
erating a beam of light includes a step of combining beams of 
light emitted from at least two light Sources, and wherein the 
step of combining is performed after the step of filtering. 

92. The method of paragraph 88, wherein the step of gen 
erating a beam of light includes a step of emitting light with an 
LED. 

93. The method of paragraph 88, wherein the step of gen 
erating a beam of light includes a step of combining light from 
a first light source and a second light source, wherein the step 
of splitting includes a step of splitting the beam of light into a 
first sampling beam and a second sampling beam, and 
wherein the first sampling beam corresponds to the first light 
Source and the second sampling beam corresponds to the 
second light source. 

94. The method of paragraph93, wherein the step of adjust 
ing keeps Substantially constant an intensity of a portion of 
the main beam corresponding to each light source. 

The disclosure set forth above may encompass multiple 
distinct inventions with independent utility. Although each of 
these inventions has been disclosed in its preferred form(s), 
the specific embodiments thereofas disclosed and illustrated 
herein are not to be considered in a limiting sense, because 
numerous variations are possible. The subject matter of the 
inventions includes all novel and nonobvious combinations 
and Subcombinations of the various elements, features, func 
tions, and/or properties disclosed herein. The following 
claims particularly point out certain combinations and Sub 
combinations regarded as novel and nonobvious. Inventions 
embodied in other combinations and subcombinations of fea 
tures, functions, elements, and/or properties may be claimed 
in applications claiming priority from this or a related appli 
cation. Such claims, whether directed to a different invention 
or to the same invention, and whether broader, narrower, 
equal, or different in Scope to the original claims, also are 
regarded as included within the subject matter of the inven 
tions of the present disclosure. 

We claim: 
1. A method of detection for droplets, comprising: 
illuminating an examination region of a channel with first 

pulses of light and second pulses of light as droplets of 
an emulsion pass through the examination region, the 
first pulses being spectrally distinct from and having a 
same pulse frequency as the second pulses; and 
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collecting data representing light detected during illumi 

nation of the examination region with the first pulses and 
the second pulses; 

wherein each droplet is illuminated with a beam of light 
that is narrower than a diameter of the droplets such that 
no more than a portion of the droplet is illuminated by 
the beam of light at any given time. 

2. The method of claim 1, wherein light for the first pulses 
is produced by a first light source, and wherein light for the 
second pulses is produced by a second light source. 

3. The method of claim 1, wherein the first pulses, the 
second pulses, or both the first and second pulses are pro 
duced by at least one continuous light beam that is transmitted 
intermittently to the examination region. 

4. The method of claim 1, wherein overlapping volumes of 
the examination region are illuminated by the first pulses and 
the second pulses. 

5. The method of claim 1, further comprising a step of 
detecting light from overlapping Volumes of the examination 
region during the first pulses and the second pulses. 

6. The method of claim 1, wherein each droplet is illumi 
nated with at least one first pulse and at least one second pulse. 

7. The method of claim 1, wherein the data represents light 
detected with a same detector during illumination of the 
examination region with the first pulses and the second 
pulses. 

8. The method of claim 1, wherein the step of illuminating 
includes a step of intersecting the channel with a beam of light 
having a cross section that is elongated transversely to a long 
axis defined by the channel. 

9. A system for detection in droplet-based assays, compris 
ing: 

a channel; 
an illumination assembly including a light source and a slit 

and configured to produce a beam of light that illumi 
nates an examination region of the channel as droplets 
pass through Such region; 

a detector configured to detect light received from the 
examination region; and 

a controller that collects data representing light detected by 
the detector, 

wherein light from the light source is shaped by the slit 
Such that the beam of light is elongated in cross section 
where the beam intersects the channel; and 

wherein the beam of light at the examination region is 
narrower than the diameter of each droplet such that no 
more than a portion of the droplet is illuminated by the 
beam of light at any given time. 

10. The system of claim 9, wherein the beam of light is 
elongated in cross section in a direction transverse to a long 
axis defined by the channel. 

11. The system of claim 9, wherein a cross section of the 
beam, at a position halfway across the channel, extends out 
side opposing Surfaces of the channel. 

12. The system of claim 9, wherein the beam of light has a 
dimension measured parallel to a long axis of the channel 
where the channel and the beam intersect, and wherein the 
dimension is less than a diameter of the channel. 

13. A method of detection for droplets, comprising: 
illuminating an examination region of a channel with first 

pulses of light and second pulses of light as droplets of 
an emulsion pass through the examination region, the 
first pulses being spectrally distinct from and having a 
same pulse frequency as the second pulses; and 

collecting data representing light detected during illumi 
nation of the examination region with the first pulses and 
the second pulses. 
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14. The method of claim 13, wherein the examination 
region is illuminated with a second pulse between each Suc 
cessive pair of first pulses and with a first pulse between each 
Successive pair of second pulses. 

15. The method of claim 13, wherein a same detector 
detects light representing the first pulses and the second 
pulses. 

16. The method of claim 13, whereina first detector detects 
light representing the first pulses and a second detector 
detects light representing the second pulses. 

17. The method of claim 13, wherein the step of collecting 
data includes a step of synchronizing generation of first sig 
nals with the first pulses and second signals with the second 
pulses. 

18. The method of claim 17, wherein the step of synchro 
nizing includes a step of periodically gating an analog signal 
from a detector before the analog signal is converted to digital 
form. 

19. The method of claim 17, wherein the first signals rep 
resent light detected by a first detector and the second signals 
represent light detected by a second detector. 

20. The method of claim 19, wherein the step of synchro 
nizing includes a step of optically gating light incident on 
each detector. 

21. The method of claim 19, wherein the step of synchro 
nizing includes a step of adjusting again of each detector. 

22. The method of claim 13, wherein light for the first 
pulses is produced by a first light Source, and wherein light for 
the second pulses is produced by a second light source. 
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