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FREQUENCY-DOMAIN LIGHT DETECTION 
DEVICE 
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Nov. 24, 1999; Ser. No. 60/178,026, ?led Jan. 26, 2000; Ser. 
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[0006] This application also incorporates by reference the 
folloWing publications: Richard P. Haugland, Handbook of 
Fluorescent Probes and Research Chemicals (6th ed. 1996); 
and Joseph R. LakoWicZ, Principles of Fluorescence Spec 
troscopy (2nd ed. 1999). 

FIELD OF THE INVENTION 

[0007] The invention relates to photoluminescence. More 
particularly, the invention relates to apparatus and methods 
for determining temporal properties of photoluminescent 
samples using frequency-domain photoluminescence mea 
surements based on photon counting and/or the separation of 
measured luminescence into potentially overlapping time 
bins. 

BACKGROUND OF THE INVENTION 

[0008] Luminescence is the emission of light from excited 
electronic states of luminescent atoms or molecules (i.e., 
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“luminophores”). Luminescence generally refers to all emis 
sion of light, except incandescence, and may include pho 
toluminescence, chemiluminescence, and electrochemilumi 
nescence, among others. In photoluminescence, Which 
includes ?uorescence and phosphorescence, the excited 
electronic state is created by the absorption of electromag 
netic radiation. In particular, the excited electronic state is 
created by the absorption of radiation having an energy 
suf?cient to excite an electron from a loW-energy ground 
state into a higher-energy excited state. The energy associ 
ated With the excited state subsequently may be lost through 
one or more of several mechanisms, including production of 
a photon through ?uorescence, phosphorescence, or other 
mechanisms. Here, the terms luminescence and photolumi 
nescence are used interchangeably, except Where noted, and 
a reference to luminescence or luminophore should be 
understood to imply a reference to photoluminescence and 
photoluminophore, respectively. 

[0009] Luminescence may be characterized by a number 
of parameters, including luminescence lifetime. The lumi 
nescence lifetime is the average time that a luminophore 
spends in the excited state prior to returning to the ground 
state. 

[0010] Luminescence may be used in assays to study the 
properties and environment of luminescent analytes. The 
analyte may be the focus of the assay, or the analyte may act 
as a reporter to provide information about another material 
or target substance that is the focus of the assay. Lumines 
cence assays may be based on various aspects of the 
luminescence, including its intensity, polariZation, and life 
time, among others. Luminescence assays also may be based 
on time-independent (steady-state) and/or time-dependent 
(time-resolved) properties of the luminescence. 

[0011] Time-resolved luminescence assays may be used to 
study the temporal properties of a sample. These temporal 
properties generally include any properties describing the 
time evolution of the sample or components of the sample. 
These properties include the time-dependent luminescence 
emission and time-dependent luminescence polariZation (or, 
equivalently, anisotropy), among others. These properties 
also include coef?cients for describing such properties, such 
as the luminescence lifetime and the rotational (or more 
generally the reorientational) correlation time. 

[0012] Time-resolved luminescence may be measured 
using “time-domain” or “frequency-domain” techniques, 
each of Which involves monitoring the time course of 
luminescence emission. 

[0013] In a time-domain measurement, the time course of 
luminescence is monitored directly. Typically, a sample 
containing a luminescent analyte is illuminated using a 
narroW pulse of light, and the time dependence of the 
intensity of the resulting luminescence emission is observed. 
For a simple luminophore, the luminescence commonly 
folloWs a single-exponential decay, so that the luminescence 
lifetime can (in principle) be determined from the time 
required for the intensity to fall to 1/e of its initial value. 

[0014] In a frequency-domain measurement, the time 
course of luminescence is monitored indirectly, in frequency 
space. Typically, the sample is illuminated using intensity 
modulated incident light, Where the modulation may be 
characteriZed by a characteristic time, such as a period. 
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Frequency-domain analysis may use almost any modulation 
pro?le. However, because virtually any modulation pro?le 
can be expressed as a sum of sinusoidal components using 
Fourier analysis, frequency-domain analysis may be under 
stood by studying the relationship betWeen excitation and 
emission for sinusoidal modulation. 

[0015] FIG. 2 shoWs the relationship betWeen excitation 
and emission in a frequency-domain experiment, Where the 
excitation light is modulated sinusoidally at a single modu 
lation frequency f. The resulting luminescence emission is 
modulated at the same frequency as the excitation light. 
HoWever, the intensity of the emission Will lag the intensity 
of the excitation by a phase angle (phase) 4) and Will be 
demodulated by a demodulation factor (modulation) M. 
Speci?cally, the phase 4) is the phase difference betWeen the 
excitation and emission, and the modulation M is the ratio 
of the AC amplitude to the DC offset for the emission, 
relative to the ratio of the AC amplitude to the DC offset for 
the excitation. The phase and modulation are related to the 
luminescence lifetime '5 by the folloWing equations: 

oyc=tan (4)) (1) 

[0016] 

1 (2) 
an’ _ W — l 

[0017] Here, (n is the angular modulation frequency, 
Which equals 275 times the modulation frequency. Signi? 
cantly, unlike in time-domain measurements, the measured 
quantities (phase and modulation) re directly related to the 
luminescence lifetime. For maximum sensitivity, the angular 
modulation frequency should be roughly the inverse of the 
luminescence lifetime. Typical luminescence lifetimes vary 
from less than about 1 nanosecond to greater than about 10 
milliseconds. Therefore, instruments for measuring lumines 
cence lifetimes should be able to cover modulation frequen 
cies from less than about 20 HZ to greater than about 200 
MHZ. 

[0018] A similar approach may be used to study other 
temporal properties of a luminescent sample, such as time 
resolved luminescence polariZation, Which may be charac 
teriZed by a rotational (or more generally a reorientational) 
correlation time. The use of standard frequency-domain 
techniques to study such properties is described in the 
above-identi?ed patent applications and in Joseph R. 
LakoWicZ, Principles of Fluorescence Spectroscopy (2nd ed. 
1999), each of Which is incorporated herein by reference. 

[0019] Frequency-domain measurements typically are 
conducted at high frequencies, especially for short-lifetime 
luminophores. To simplify these measurements, the emis 
sion signal may be converted to a loWer frequency, as 
folloWs. In radio-frequency (RF) signal detection, an input 
frequency may be converted (heterodyned) to a ?xed inter 
mediate frequency (IF) by mixing it With (i.e., multiplying 
it by) a signal from a local oscillator (LO) of appropriate 
frequency. Multiplying tWo frequencies creates an output 
containing the sum and difference frequencies. One of these 
outputs is selected as the IF signal by ?ltering. The IF signal 
contains the phase and amplitude information of the original 
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RF signal but at a more convenient (i.e., usually loWer) ?xed 
frequency. In frequency-domain heterodyne ?uorometry, the 
RF emission signal is mixed With a second, coherent fre 
quency, and the IF is the isolated difference frequency 
output. Typically, a gain-modulated detector performs the 
mixing step. 

[0020] If the source and detector frequencies are the same 
in a heterodyning scheme, the method is called homodyning. 
Homodyning, by de?nition, results in a Zero-frequency (DC) 
IF signal. The intensity is proportional to the cosine of the 
difference of the phase betWeen the detector and the emis 
sion. To acquire the entire phase and modulation information 
of the emission signal, the phase difference may be stepped 
systematically betWeen the source and detector modulation 
signals. Alternatively, the RF signal may be demodulated 
using tWo LO signals Whose phases are 90 degrees apart. 
The tWo resulting signals, the in-phase (I) and quadrature 
(Q) signals, are the Cartesian representations of the phase 
and modulation (cosine and sine components). 

[0021] Homodyning is commonly used to collect phase 
resolved data With a single frequency reference and a ?xed 
phase difference. By properly choosing the phase of the 
detector, one can suppress or enhance certain lifetimes. A 
disadvantage of homodyning relative to heterodyning is that 
homodyning is more affected by DC offsets in the mixing 
and detection electronics. 

[0022] The heterodyne frequency-domain method has tWo 
signi?cant advantages over time-domain methods: (1) an 
enhanced excitation duty cycle, and (2) measurement of 
phase and modulation. 

[0023] An enhanced excitation duty cycle may be advan 
tageous because it implies that a near maximal amount of 
luminescence is being excited from the sample. (The exci 
tation duty cycle is the fraction of time that the system is 
illuminated.) If the illumination is a pure sine Wave, the 
excitation duty cycle can be as large as 50%. HoWever, if the 
illumination is a narroW pulse, as in multiharmonic phase 
and modulation ?uorometry, the excitation duty cycle Will 
be much loWer, comparable to that for time-domain meth 
ods. 

[0024] Measurement of phase and modulation may be 
advantageous because these quantities may be relatively 
unaffected by the DC luminescence intensity of the system, 
or by ?uctuations in light source intensity, drift of electronic 
offsets, and errors in sample concentration. Conversely, 
intensity measurements, such as those used in time-domain 
methods, may be strongly affected by these factors, so that 
they must be corrected by normaliZation and/or calibration. 

[0025] Despite these advantages, the heterodyne fre 
quency-domain method has tWo signi?cant disadvantages, 
especially relative to time-domain methods: (1) a reduced 
detection duty cycle, and (2) a loW sensitivity. 

[0026] A reduced detection duty cycle is a signi?cant 
disadvantage because it reduces the amount of luminescence 
that is detected. (The detection duty cycle is the fraction of 
time that the detector can process light.) Typically, the 
detector is internally gated or gain modulated for the het 
erodyning step because the detector cannot respond exter 
nally to the high-frequency luminescence emission signal. If 
the luminescence is a pure sine Wave, the detected signal 
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optimally Will be gated off 50% of the time, either by gating 
the signal or gating the detector. 

[0027] A loW sensitivity is a signi?cant disadvantage 
because it requires higher quantities of reagents and/or 
longer analysis times, if a sample may be analyZed at all. 
This loW sensitivity re?ects in part the cumulative effects of 
dark noise, Which becomes an ever larger fraction of the 
signal as light levels are reduced. 

SUMMARY OF THE INVENTION 

[0028] The invention provides apparatus and methods for 
determining temporal 5 properties of photoluminescent 
samples using frequency-domain photoluminescence mea 
surements. These measurements may include photon count 
ing and/or the separation of measured luminescence into 
potentially overlapping time bins 

BRIEF DESCRIPTION OF THE FIGURES 

[0029] FIG. 1 is a schematic vieW of a frequency-domain 
time-resolved measurement, shoWing the de?nitions of 
phase angle (phase) 4) and demodulation factor (modulation) 
M. 

[0030] FIG. 2 is a schematic vieW of an apparatus for 
detecting light in accordance With the invention. 

[0031] FIG. 3 is a schematic vieW of a four phase-bin 
counter system for use in the apparatus of FIG. 2. 

[0032] FIG. 4 is a circuit schematic of a count distributor 
for use in the apparatus of FIG. 2. 

[0033] FIG. 5 is a circuit schematic of a preampli?er from 
a photon discriminator for use in the apparatus of FIG. 2. 

[0034] FIG. 6 is a circuit schematic of a constant-level 
discriminator from a photon discriminator for use in the 
apparatus of FIG. 2. 

[0035] FIG. 7 is a circuit schematic of a constant-fraction 
discriminator from a photon discriminator for use in the 
apparatus of FIG. 2. 

[0036] FIG. 8 is a graph of the relative phases of signals 
associated With a photon discriminator for use in the appa 
ratus of FIG. 2. 

[0037] FIG. 9 is a schematic vieW of a photoluminescence 
optical system for use in the apparatus of FIG. 2. 

[0038] FIG. 10 is a partially schematic perspective vieW 
of the system of FIG. 9. 

[0039] FIG. 11 is a schematic vieW of optical components 
from the system of FIG. 9. 

[0040] FIG. 12 is a partially exploded perspective vieW of 
a housing for use in the apparatus of FIG. 2. 

[0041] FIG. 13 is a schematic vieW of time-domain and 
frequency-domain measurements, shoWing hoW detector 
dead time affects lost photon pulses in the tWo techniques. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0042] The invention provides apparatus and methods for 
measuring a temporal property of a luminescent sample. The 
measurements may include (1) illuminating the sample With 
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intensity-modulated incident light, (2) detecting lumines 
cence emitted from the sample in response to the illumina 
tion, and (3) determining the temporal property using the 
measured luminescence. The measurements also may 
include photon counting and/or the separation of measured 
luminescence into potentially overlapping time bins. The 
measurements also may include determination of frequency 
domain parameters by counting locked-in photons 
(CLIPTM). 
[0043] The measurements may involve repeated steps 
and/or additional steps. For eXample, the steps of illuminat 
ing the sample and detecting luminescence may be per 
formed simultaneously. Moreover, these steps may be per 
formed repeatedly on a single sample for signal averaging 
before performing the step of determining the temporal 
property, or they may be performed together With the step of 
determining the temporal property on a series of samples. 

[0044] FIG. 2 is a schematic vieW of an apparatus 50 
constructed in accordance With the invention. Apparatus 50 
includes a light source 51, a sample channel 52, a frequency 
source 53, and an optional reference channel 54. Light 
source 51 is con?gured to illuminate a sample 56 With 
intensity-modulated light. Sample channel 52 is con?gured 
to detect and analyZe light such as photoluminescence 
transmitted from the sample. Frequency source 53 is con 
?gured to generate a frequency, Which may be derived from 
or used to drive the light source, and Which may be used to 
drive components of the sample and reference channels. 
Optional reference channel 54 is con?gured to detect light 
transmitted from the light source, so that the output of the 
sample channel can be corrected to account for ?uctuations 
and/or other irregularities in the output of the light source. 

[0045] The sample channel may include a (sample) detec 
tor 58a, a discriminator 60a, a count distributor 62a, at least 
one parallel counter 64a, and an analyZer (or discrete 
analyZer) 65a. Detector 58a is con?gured to detect the light 
transmitted from sample 56 and to convert it to a signal. 
Discriminator 60a is con?gured to convert the signal into 
pulses that correspond to individual detected photons. Count 
distributor 62a is con?gured to direct the pulses to a counter 
corresponding to the phase delay of the photon relative to the 
excitation signal, based on input from the frequency source. 
Each counter 64a is con?gured to tabulate the number of 
pulses directed to it by the count distributor. AnalyZer 65 is 
con?gured to determine a temporal property of the sample, 
based on the detected luminescence. The temporal property 
may be compute discretely and/or computed in the fre 
quency-domain, for eXample, by computing a Fourier trans 
form. 

[0046] The optional reference channel also may include a 
detector 58b, a discriminator 60b, a count distributor 62b 
(interfaced With a frequency source), at least one parallel 
counter 64b, and an analyZer 65a. 

[0047] The light sources, detectors, and optical relay struc 
tures for transmitting light from the light source to the 
sample (or optional reference detector) and from the sample 
to the sample photodetector in apparatus 50 collectively 
comprise a photoluminescence optical system 66. These 
components are described in detail in a subsequent section 
entitled “Photoluminescence Optical System.” Generally, 
light source 51 should produce light that is either intensity 
modulated or capable of being intensity modulated. 






















