Time-resolved measurements are widely used in fluores-
cence spectroscopy, particularly for studies of biological
macromolecules and increasingly for cellular imaging.
Time-resolved measurements contain more information
than is available from the steady-state data. For instance,
consider a protein that contains two tryptophan residues,
each with a distinct lifetime. Because of spectral overlap of
the absorption and emission, it is not usually possible to
resolve the emission from the two residues from the steady-
state data.

However, the time-resolved data may reveal two decay
times, which can be used to resolve the emission spectra
and relative intensities of the two tryptophan residues. The
time-resolved measurements can reveal how each of the
tryptophan residues in the protein is affected by the interac-
tions with its substrate or other macromolecules. Is one of
the tryptophan residues close to the binding site? Is a tryp-
tophan residue in a distal domain affected by substrate
binding to another domain? Such questions can be
answered if one measures the decay times associated with
each of the tryptophan residues.

There are many other examples where the time-
resolved data provide information not available from the
steady-state data. One can distinguish static and dynamic
quenching using lifetime measurements. Formation of stat-
ic ground-state complexes do not decrease the decay time
of the uncomplexed fluorophores because only the un-
quenched fluorophores are observed. Dynamic quenching
is a rate process acting on the entire excited-state popula-
tion, and thus decreases the mean decay time of the entire
excited-state population. Resonance energy transfer is also
best studied using time-resolved measurements. Suppose a
protein contains a donor and acceptor, and the steady-state
measurements indicate the donor is 50% quenched by the
acceptor. The result of 50% donor quenching can be due to
100% quenching for half of the donors, or 50% quenching
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of all the donors, or some combination of these two limit-
ing possibilities. The steady-state data cannot distinguish
between these extreme cases. In contrast, very different
donor intensity decays would be observed for each case. If
all the donors are 50% quenched by the acceptors, and the
acceptors are at a single distance, then the donor decay will
be a single exponential with a lifetime of half the
unquenched lifetime. If 50% of the donors are completely
quenched and 50% are not quenched, then the donor life-
time will be the same as the unquenched lifetime. A multi-
exponential decay would be observed if the donor is partial-
ly quenched by the acceptor and some of the donors do not
have a nearby acceptor. The time-resolved donor decays are
highly informative about the purity of the sample as well as
the donor-to-acceptor distance.

There are many other instances where lifetime meas-
urements are advantageous over steady-state measure-
ments. One important application is cellular imaging using
fluorescence microscopy. When labeled cells are observed
in a fluorescence microscope, the local concentration of the
probe in each part of the cell is not known. Additionally, the
probe concentration can change during the measurement
due to washout or photobleaching. As a result it is difficult
to make quantitative use of the local intensities. In contrast,
if the probe emission is well above the background signal,
fluorescence lifetimes are typically independent of the
probe concentration. Many fluorescence sensors such as the
calcium probes display changes in lifetime in response to
analytes. Also, resonance energy transfer (RET) reveals the
proximity of donors and acceptors by changes in the donor
lifetime. Because of advances in technology for time-
resolved measurements, it is now possible to create lifetime
images, where the image contrast is based on the lifetime in
each region of the sample. Fluorescence lifetime imaging
microscopy, or FLIM, has now become an accessible and
increasingly used tool in cell biology (Chapter 22). An
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understanding of FLIM must be based on an understanding
of the technology used for time-resolved fluorescence mea-
surements.

Prior to describing the technology for time-resolved
measurements we present an overview of the two dominant
methods for time-resolved measurements: the time-domain
(TD) and frequency-domain (FD) methods. There are also
several variations to each approach. Since the previous edi-
tion of this book there have been advances in both methods.
The time-domain technology has become smaller, less
expensive, and more reliable. We will also describe some of
the earlier approaches, which clarify why specific proce-
dures have been selected. We also discuss the important
topic of data analysis, which is essential for using the exten-
sive data from modern instruments, and avoiding misuse of
the results by over-interpretation of the data.

4.1. OVERVIEW OF TIME-DOMAIN AND
FREQUENCY-DOMAIN MEASUREMENTS

Two methods of measuring time-resolved fluorescence are
in widespread use: the time-domain and frequency-domain
methods. In time-domain or pulse fluorometry, the sample
is excited with a pulse of light (Figure 4.1). The width of the
pulse is made as short as possible, and is preferably much
shorter than the decay time t of the sample. The time-
dependent intensity is measured following the excitation
pulse, and the decay time t is calculated from the slope of
a plot of log I(f) versus t, or from the time at which the
intensity decreases to 1/e of the intensity at # = 0. The inten-
sity decays are often measured through a polarizer oriented
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Figure 4.1. Pulse or time-domain lifetime measurements.
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at 54.7° from the vertical z-axis. This condition is used to
avoid the effects of rotational diffusion and/or anisotropy on
the intensity decay (Chapter 11).

The alternative method of measuring the decay time is
the frequency-domain or phase-modulation method. In this
case the sample is excited with intensity-modulated light,
typically sine-wave modulation (Figure 4.2). The ampli-
tude-modulated excitation should not be confused with the
electrical component of an electromagnetic wave. The
intensity of the incident light is varied at a high frequency
typically near 100 MHz, so its reciprocal frequency is com-
parable to the reciprocal of decay time t. When a fluores-
cent sample is excited in this manner the emission is forced
to respond at the same modulation frequency. The lifetime
of the fluorophore causes the emission to be delayed in time
relative to the excitation, shown as the shift to the right in
Figure 4.2. This delay is measured as a phase shift (¢),
which can be used to calculate the decay time. Magic-angle
polarizer conditions are also used in frequency-domain
measurements.

The lifetime of the fluorophore also causes a decrease
in the peak-to-peak height of the emission relative to
that of the modulated excitation. The modulation decreas-
es because some of the fluorophores excited at the peak
of the excitation continue to emit when the excitation is at
a minimum. The extent to which this occurs depends on
the decay time and light modulation frequency. This
effect is called demodulation, and can also be used to calcu-
late the decay time. FD measurements typically use both
the phase and modulation information. At present, both
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Figure 4.2. Phase-modulation or frequency-domain lifetime measure-
ments. The ratios B/A and b/a represent the modulation of the emis-
sion and excitation, respectively.
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time-domain and frequency-domain measurements are in
widespread use.

4.1.1. Meaning of the Lifetime or Decay Time

Prior to further discussion of lifetime measurements, it is
important to have an understanding of the meaning of the
lifetime t. Suppose a sample containing the fluorophore is
excited with an infinitely sharp (5-function) pulse of light.
This results in an initial population (n,) of fluorophores in
the excited state. The excited-state population decays with
arate I' + k. according to

dn(t)
dt

= (I + k) n(t) “4.1

where n(7) is the number of excited molecules at time ¢ fol-
lowing excitation, I is the emissive rate, and k,, is the non-
radiative decay rate. Emission is a random event, and each
excited fluorophore has the same probability of emitting in
a given period of time. This results in an exponential decay
of the excited state population, n(f) = n, exp(-t/t).

In a fluorescence experiment we do not observe the
number of excited molecules, but rather fluorescence inten-
sity, which is proportional to n(f). Hence, eq. 4.1 can also be
written in terms of the time-dependent intensity /(f). Inte-
gration of eq. 4.1 with the intensity substituted for the num-
ber of molecules yields the usual expression for a single
exponential decay:

I(t) = I, exp (—t/7) 4.2)
where I, is the intensity at time 0. The lifetime t is the
inverse of the total decay rate, T = (I' + k,,)-!. In general, the
inverse of the lifetime is the sum of the rates which depop-
ulate the excited state. The fluorescence lifetime can be
determined from the slope of a plot of log I(¢) versus ¢ (Fig-
ure 4.1), but more commonly by fitting the data to assumed
decay models.

The lifetime is the average amount of time a fluo-
rophore remains in the excited state following excitation.
This can be seen by calculating the average time in the
excited state <>. This value is obtained by averaging ¢ over
the intensity decay of the fluorophore:

[o t(tydr  [Trexp (—t/t)dt
- Jo 1(¢) di - S exp (—t/t)dt

<t>
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The denominator is equal to t. Following integration by
parts, one finds the numerator is equal to t2. Hence for a
single exponential decay the average time a fluorophore
remains in the excited state is equal to the lifetime:

<t>=1 “4.4)

It is important to note that eq. 4.4 is not true for more
complex decay laws, such as multi- or non-exponential
decays. Using an assumed decay law, an average lifetime
can always be calculated using eq. 4.3. However, this aver-
age lifetime can be a complex function of the parameters
describing the actual intensity decay (Section 17.2.1). For
this reason, caution is necessary in interpreting the average
lifetime.

Another important concept is that the lifetime is a sta-
tistical average, and fluorophores emit randomly through-
out the decay. The fluorophores do not all emit at a time
delay equal to the lifetime. For a large number of fluo-
rophores some will emit quickly following the excitation,
and some will emit at times longer than the lifetime. This
time distribution of emitted photons is the intensity decay.

4.1.2. Phase and Modulation Lifetimes

The frequency-domain method will be described in more
detail in Chapter 5, but it is valuable to understand the basic
equations relating lifetimes to phase and modulation. The
modulation of the excitation is given by b/a, where a is the
average intensity and b is the peak-to-peak height of the
incident light (Figure 4.2). The modulation of the emission
is defined similarly, B/A, except using the intensities of the
emission (Figure 4.2). The modulation of the emission is
measured relative to the excitation, m = (B/A)/(b/a). While
m is actually a demodulation factor, it is usually called the
modulation. The other experimental observable is the phase
delay, called the phase angle (¢), which is usually measured
from the zero-crossing times of the modulated components.
The phase angle (¢) and the modulation (m) can be
employed to calculate the lifetime using

tang = oty Ty = o 'tand 4.5)
1 171
- — g
= o rm—w[ 5 1] (4.6)
0’2, m
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Figure 4.3. Comparison of time-domain (left) and frequency-domain (right) decay time measurements of N-acetyl-L-tryptophanamide (NATA). L(z,)

is the instrument response function.

These expressions can be used to calculate the phase
(’E¢) and modulation (t,) lifetimes for the curves shown in
Figure 4.2 (Problem 4.1). If the intensity decay is a single
exponential, then eqgs. 4.5 and 4.6 yield the correct lifetime.
If the intensity decay is multi- or non-exponential, then eqs.
4.5 and 4.6 yield apparent lifetimes that represent a com-
plex weighted average of the decay components.

4.1.3. Examples of Time-Domain and
Frequency-Domain Lifetimes

It is useful to understand the appearance of the time-domain
(TD) and the frequency-domain (FD) data. TD and FD data
are shown for the tryptophan derivative N-acetyl-L-trypto-
phanamide (Figure 4.3). This tryptophan derivative (NATA)
is known to display a single exponential decay (Chapter
17). In the time domain (left) the data are presented as log
counts versus time. The data are presented as photon counts
because most such measurements are performed by single-
photon counting. The plot of the log intensity versus time
for NATA is linear, which indicates the decay is a single
exponential. The noisy curve marked L(t,) is the instrument
response function (IRF), which depends on the shape of the
excitation pulse and how this pulse is detected by the instru-
ment. This IRF is clearly not a 5-function, and much of the
art of lifetime measurements is accounting for this nonide-
al response in analyzing the data.

Analysis of the time domain is accomplished mostly by
nonlinear least squares.!-2 In this method one finds the life-
time that results in the best fit between the measured data
and the data calculated for the assumed lifetime. Although
not separately visible in Figure 4.3 (left), the calculated
intensity decay for T = 5.15 ns overlaps precisely with the
number of photons counted in each channel. The lower
panel of Figure 4.3 (left) shows the deviations between the
measured and calculated data, weighted by the standard
deviations of each measurement. For a good fit the devia-
tions are random, indicating the only source of difference is
the random error in the data.

Frequency-domain data for the same NATA sample are
shown in Figure 4.3 (right). The phase and modulation are
measured over a range of light modulation frequencies. As
the modulation frequency is increased the phase angle
increases from 0 to 90°, and the modulation decreases from
1 (100%) to 0 (0%). As for the time-domain data, the fre-
quency-domain data are also analyzed by nonlinear least
squares. The dots represent the data, and the solid line rep-
resents the best fit with a single lifetime of 5.09 ns. As for
the TD data, the goodness-of-fit is judged by the differences
(deviations) between the data and the calculated curves. For
the FD data there are two observables—phase and modula-
tion—so there are two sets of deviations (lower panel). The
randomness of the deviations indicates that a single lifetime
is adequate to explain the data.
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4.2. BIOPOLYMERS DISPLAY MULTI-EXPONEN-
TIAL OR HETEROGENEOUS DECAYS

At first glance the measurement of decay times seems
straightforward (Figure 4.3), so why do these measure-
ments receive so much attention? Interpretation of the data
in Figure 4.3 was relatively simple because the decays were
single exponentials. However, most samples display more
than one decay time. This situation is illustrated by a pro-
tein with two tryptophan residues (Figure 4.4). Suppose that
both residues display lifetimes of 5 ns. Then the decay
would be a simple single exponential decay. The decay
would be simple to analyze, but one could not distinguish
between the two tryptophan residues. Now suppose a colli-
sional quencher is added and that only the residue on
the surface of the protein is accessible to quenching.
Assume that the added quencher reduces the lifetime of
the exposed residue to 1 ns. The intensity decay is now
a double exponential:
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In this expression the o; values are called the pre-exponen-
tial factors. For the same fluorophore in different environ-
ments, which usually display the same radiative decay
rates, the values of o, represent the fractional amount of flu-
orophore in each environment. Hence, for the protein
shown in Figure 4.4 one expects o, = o, = 0.5. The pres-
ence of two decay times results in curvature in the plot of
log I(t) versus time (dashed). The goal of the intensity
decay measurements is to recover the decay times (t;) and
amplitudes (a,) from the /(#) measurements.

The presence of two decay times can also be detected
using the frequency-domain method. In this case one exam-
ines the frequency response of the sample, which consists
of a plot of phase and modulation on a logarithmic frequen-
cy axis. The longer lifetime tryptophan (t, = 5 ns, solid) and
the shorter lifetime tryptophan (t, = 1 ns, dotted) each dis-
play the curves characteristic of a single decay time. In the
presence of both decay times (t, = 5 ns and 1, = 1 ns,
dashed), the frequency response displays a more complex
shape that is characteristic of the heterogeneous or multi-
exponential intensity decay. The FD data are used to recov-
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Figure 4.4. Simulated intensity decays of buried (W,) and exposed (W,) tryptophan residues in the absence and presence of a collisional quencher.



102

ciated with each decay time, typically using fitting by non-
linear least squares.

Examination of Figure 4.4 shows that the I(r) values
start at the same initial value. At first this is confusing
because the intensity of one of the residues was decreased
80% by quenching. The intercept remains the same because
the a; values are proportional to the fractional population.
For the protein model shown the time-zero intensities of
each component are shown to be the same. In general the
time-zero intensities of the components in a multi-exponen-
tial decay are not equal because the absorption spectra of
the residues may not be the same, or some residues may be
completely unobservable. An important point about lifetime
measurements is that the intensity decay, or phase and mod-
ulation values, are typically measured without concern
about the actual intensity. Intensity decays are typically fit
to the multi-exponential model:

I(r) = Zai exp (—t/t;) 4.8)

where Za.; is normalized to unity.

Time-resolved measurements are also used to measure
rotational diffusion and association reactions. This informa-
tion is available from the time-resolved anisotropy decays.
Consider a protein that self-associates into a tetramer (Fig-
ure 4.5). For a spherical molecule one expects a single
decay time for the anisotropy, which is called the rotational
correlation time (0):

r(t) = ryexp (—t/0) 4.9)
In this expression r, is the anisotropy at ¢t = 0, which is a
characteristic spectral property of the fluorophore. The
rotational correlation time 0 is the time at which the initial
anisotropy has decayed to 1/e of its original value. The cor-
relation time is longer for larger proteins. If the protein
monomers associate to a larger tetramer, the rotational cor-
relation time will become longer and the anisotropy will
decay more slowly. The situation for biomolecules is usual-
ly more complex, and the protein can be present in both the
monomeric and tetrameric states. In this case the anisotropy
decay will be a double exponential:

r(t) = rofu exp (—t/0y) + rofr exp (—t/04) (4.10)

where f; represents the fraction of the fluorescence from the
monomeric and tetrameric proteins, fy; + fr = 1.0. The
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Figure 4.5. Anisotropy decay of a protein monomer (M) that self-
associates into a tetramer (T). The dashed line shows the anisotropy
decay expected for partially associated monomers.

anisotropy decay will be a double exponential because both
monomers and tetramers are present, each with different
correlation times. The fractional fluorescence from the
monomers and tetramers can be used to calculate the con-
centrations of each species if their quantum yields are
known.

Anisotropy decays can be more complex than egs.
4.9-4.10. The decays are typically presented as a sum of
exponentials:

r(t) = 2. rojexp (—1/0)) 4.11)
J

The meaning of the amplitudes (ry;) and correlation times
(6,) can depend on the chosen molecular model. The goal of
many time-resolved measurements is to determine the form
of complex anisotropy decay. In general, it is more difficult
to resolve a multi-exponential anisotropy decay (eq. 4.11)
than a multi-exponential intensity decay (eq. 4.8).

The intensity decay and anisotropy decay have similar
mathematical forms, but there is no direct linkage between
the decay times and rotational correlation times. The decay
times are determined by the spectral properties of the fluo-
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rophore. The rotational correlation times are determined by
the size, shape, and flexibility of the macromolecules. Both
the decay times and the rotational correlation times are
often on the nanosecond timescale. These conditions result
in anisotropies that are sensitive to the size of the protein
and its interactions with other macromolecules.

4.2.1. Resolution of Multi-Exponential Decays
Is Difficult

Why is so much attention given to data analysis and obtain-
ing high signal-to-noise in the time-resolved data? The need
for high signal-to-noise is due to the inherent difficulty in
recovering the amplitudes and lifetimes for a multi-expo-
nential process. This difficulty was well known to mathe-
maticians, and was pointed out to fluorescence spectro-
scopists when time-resolved measurements were first being
applied to biochemical systems.> This paper defined a
method for analyzing time-resolved fluorescence data that
is still in use today. This paper illustrated how apparently
different multi-exponential decays can yield similar /(f) val-
ues. Consider the following two double exponential decays:

1,(t) = 7500 exp(—1/5.5) + 2500 exp(— /8.0)  (4.12)

L(t) = 2500 exp(—1/4.5) + 7500 exp(—t/6.7)  (4.13)

The pre-exponential factor sum of 10,000 corresponds
to 10,000 photons in the highest intensity channel, which is
typical of data for time-correlated single-photon counting
(TCSPC). From examination of these equations one would
think that the intensity decays would be distinct. However,
a plot of the intensity decays on a linear scale shows that
they are indistinguishable at all times (Figure 4.6). On a
logarithmic scale one notices some minor differences at
30-50 ns. However, at 50 ns there are only about 3 photons
per channel with a 1-ns width. The difference between the
two decays at long times is just 1-2 photons. If one adds the
Poisson noise, which is unavoidable in photon-counting
data, the differences between the curves is seven-fold less
than the uncertainties due to the Poisson noise.* This illus-
trates that it is difficult to distinguish between some multi-
exponential functions, and that it is difficult to recover the
actual values of a; and 1, for a multi-exponential decay. A
similar result can be obtained from simulations of the fre-
quency-domain data. The simulated frequency responses
are visually indistinguishable for these two decay laws.
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Figure 4.6. Comparison of two intensity decays: on a linear (left) and
logarithmic scale (right). The error bars represent Poisson noise on the
photon counts. The decay functions were described in [3].

Why is it difficult to resolve multi-exponential decays?
In 7,(¢) and I,(7) the lifetimes and amplitudes are different
for each decay law. In fact, this is the problem. For a multi-
exponential decay one can vary the lifetime to compensate
for the amplitude, or vice versa, and obtain similar intensi-
ty decays with different values of a; and t;. In mathematical
terms the values of a,; and t, are said to be correlated. The
problem of correlated parameters is well known within the
framework of general least-squares fitting.>-7 The unfortu-
nate result is that the ability to determine the precise values
of o, and t, is greatly hindered by parameter correlation.
There is no way to avoid this problem, except by careful
experimentation and conservative interpretation of data.

4.3. TIME-CORRELATED SINGLE-PHOTON
COUNTING

At present most of the time-domain measurements are per-
formed using time-correlated single-photon counting, but
other methods can be used when rapid measurements are
needed. Many publications on TCSPC have appeared.*3-13
One book is completely devoted to TCSPC and provides
numerous valuable details.® Rather than present a history of
the method, we will start by describing current state-of-the-
art instrumentation. These instruments use high repetition
rate mode-locked picosecond (ps) or femtosecond (fs) laser
light sources, and high-speed microchannel plate (MCP)
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Figure 4.7. Principle of TCSPC. The pulses in the middle panel rep-
resent the output from a constant fraction discriminator (see Figure
4.22). Revised from [11].

photomultiplier tubes (PMTs). For many applications, these
expensive systems are being rapidly replaced by systems
using pulsed-laser diodes (LDs), light-emitting diodes
(LEDs), and small, fast PMTs.

4.3.1. Principles of TCSPC

The principle of TCSPC is somewhat unique (Figure 4.7).
The sample is excited with a pulse of light, resulting in the
waveform shown at the top of the figure. This is the wave-
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form that would be observed when many fluorophores are
excited and numerous photons are observed. However, for
TCSPC the conditions are adjusted so that less than one
photon is detected per laser pulse. In fact, the detection rate
is typically 1 photon per 100 excitation pulses. The time is
measured between the excitation pulse and the observed
photon and stored in a histogram. The x-axis is the time dif-
ference and the y-axis the number of photons detected for
this time difference. When much less than 1 photon is
detected per excitation pulse, the histogram represents the
waveform of the decay. If the count rate is higher the his-
togram is biased to shorter times. This is because with
TCSPC only the first photon can be observed. At present
the electronics are not fast enough to measure multiple pho-
tons per pulse when the lifetimes are in the nanosecond
range. Multiple photons per pulse can be measured for
decay times near a microsecond or longer. Specialized elec-
tronics are used for measuring the time delay between the
excitation and emission (Figure 4.8). The experiment starts
with the excitation pulse that excites the samples and sends
a signal to the electronics. This signal is passed through a
constant function discriminator (CFD), which accurately
measures the arrival time of the pulse. This signal is passed
to a time-to-amplitude converter (TAC), which generates a
voltage ramp that is a voltage that increases linearly with
time on the nanosecond timescale. A second channel
detects the pulse from the single detected photon. The
arrival time of the signal is accurately determined using a
CFD, which sends a signal to stop the voltage ramp. The
TAC now contains a voltage proportional to the time delay
(Ar) between the excitation and emission signals. As need-
ed the voltage is amplified by a programmable gain ampli-
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Figure 4.8. Electronic schematic for TCSPC. Revised from [14].
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fier (PGA) and converted to a numerical value by the ana-
log-to-digital converter (ADC). To minimize false readings
the signal is restricted to given range of voltages. If the sig-
nal is not within this range the event is suppressed by a win-
dow discriminator (WD). The voltage is converted to a dig-
ital value that is stored as a single event with the measured
time delay. A histogram of the decay is measured by repeat-
ing this process numerous times with a pulsed-light source.

The principle of TCSPC can be understood from the
preceding description. However, at present almost all
TCSPC measurements are performed in the "reverse
mode." The process is the same as described above except
that the emission pulse is used to start the TAC and the exci-
tation pulse is used to stop the TAC. This procedure is used
because of the high repetition rate of modern pulsed-light
sources. The TAC has to be reset and set to zero before each
start pulse, which takes a finite amount of time. The TAC
can be constantly in reset mode if the start signals arrive too
rapidly. The emission signals occur about 1 per 100 excita-
tion pulses, and thus much less frequently than the excita-
tion pulses. These emission pulses are used to start the TAC,
and the next laser pulse is used to stop the TAC.

There are many subtleties in TCSPC that are not obvi-
ous at first examination. Why is the photon counting rate
limited to 1 photon per 100 laser pulses? Present electron-
ics for TCSPC only allow detection of the first arriving pho-
ton. The dead times range from 10 microseconds in older
systems to about 120 ns with modern TCSPC electronics.
These times are much longer than the fluorescence
decay. The dead time in the electronics prevents
detection of another photon resulting from the same exci-
tation pulse. Recall that emission is a random event. Fol-
lowing the excitation pulse, more photons are emitted at
early times than at late times. If all these photons could be
measured, then the histogram of arrival times would repre-
sent the intensity decay. However, if many arrive, and only
the first is counted, then the intensity decay is distorted
to shorter times. This effect is described in more detail in
Section 4.5.6.

Another important feature of TCSPC is the use of the
rising edge of the photoelectron pulse for timing. This
allows phototubes with ns pulse widths to provide sub-
nanosecond resolution. This is possible because the rising
edge of the single-photon pulses is usually steeper than one
would expect from the time response of the PMT. Also, the
use of a constant fraction discriminator provides improved
time resolution by removing the variability due to the
amplitude of each pulse.
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4.3.2. Example of TCSPC Data

Prior to examining these electronic components in more
detail it is valuable to examine the actual data. Intensity
decay for the scintillator 2,5-diphenyl-1,3,4-oxadiazole
(PPD) is shown in Figure 4.9. These data were obtained
with a cavity-dumped R6G dye laser that was cavity-
dumped at 1 MHz and frequency-doubled to 300 nm. The
detector was an MCP PMT. There are typically three curves
associated with an intensity decay. These are the measured
data N(t,), the instrument response function L(t,), and the
calculated decay N (#,). These functions are in terms of dis-
crete times (#,) because the counted photons are collected
into channels each with a known time (#,) and width (Af).
The instrument response function (IRF) is the response of
the instrument to a zero lifetime sample. This curve is typ-
ically collected using a dilute scattering solution such as
colloidal silica (Ludox) and no emission filter. This decay
represents the shortest time profile that can be measured by
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Figure 4.9. TCSPC data for 2,5-diphenyl-1,3,4-oxadiazole (PPD) in
ethanol. The light source was an R6G dye laser, cavity dumped at 1
MHz. The detector was an R2809 MCP PMT (Hamamatsu). The left
side of the residuals (lower panel) show some minor systematic error.
From [15].
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the instrument. The width of the IRF is due to both the char-
acteristics of the detector and the timing electronics. The
IRF in Figure 4.9 is quite narrow, about 60 ps wide, meas-
ured as the full width of the half maximum intensity
(FWHM). The use of a logarithmic intensity scale exagger-
ates the low-intensity regions of the profile. There is an
afterpulse about 2 ns after the main peak. Afterpulses are
observed with many PMTs. The instrument response func-
tion shown in Figure 4.9 is rather good, and some PMTs
give far less ideal profiles. For instance, the profile in Fig-
ure 4.3 was measured with an end-on linear-focused PMT,
for which the afterpulses and long time tail are more signif-
icant. However, even in this case (Figure 4.3) the number of
photons in the peak of the afterpulse is only about 0.05% of
the counts in the peak channel.

The measured intensity decay N(#,) is shown as a his-
togram of dots. The height of the dots on the y-axis repre-
sents the number of photons that were detected within the
timing interval #, to #, + At, where At is the width of the tim-
ing channel. In this case the peak channel, with the largest
number of counts, has recorded approximately 3000 pho-
tons. On the log scale the decay is seen to be a straight line
suggesting a single decay time.

The last curve is the calculated data N(,), which is
usually called the fitted function. This curve (solid) repre-
sents a convolution of the IRF with the impulse response
function, which is the intensity decay law. The fitted func-
tion is the time profile expected for a given intensity decay
when one considers the form of the IRF. The details of cal-
culating the convolution are described in the next section.
For a single exponential decay the lifetime is the value of t
that provides the best match between the measured data
N(t,) and the calculated time-dependent intensities N (#,).
For a multi-exponential decay (eq. 4.2) the analysis yields
the values of a; and 1, that are most consistent with the data.

4.3.3. Convolution Integral

It is important to understand why the measured intensity
decay is a convolution with the lamp function. The intensi-
ty decay law or impulse response function I(r) is what
would be observed with 5-function excitation and a 5-func-
tion for the instrument response. Equations 4.2, 4.12, and
4.13 are examples of impulse-response functions. Unfortu-
nately, it is not possible to directly measure the impulse
response function. Most instrument response functions are
0.5 to 2 ns wide. However, we can imagine the excitation
pulse to be a series of 3-functions with different amplitudes.
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Figure 4.10. Convolution of an impulse response function /(f) with
three excitation pulses (top) or with a lamp profile L(z,) to yield the
measured data N(z,).

Each of these d-functions excites an impulse response from
the sample, with an intensity proportional to the height of
the o-function (Figure 4.10, top). The measured function
N(z,) is the sum of all these exponential decays, starting
with different amplitudes and different times.
Mathematically, the concept of convolution can be
expressed as follows.!® Each o&-function excitation is
assumed to excite an impulse response at time #;:
Li(t) = L(t) I(t — ) At(t > 1) (4.14)
The amplitude of the impulse response function excited at
time #, is proportional to the excitation intensity L(f,) occur-
ring at the same time. The term (¢ — f,) appears because the
impulse response is started at # = #,, and it is understood that
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there is no emission from /(z,) before excitation (¢ < ). The
measured decay N(z,) is the sum of the impulse responses
created by all the individual d-function excitation pulses
occurring until #;:

t=t;

N(t,) = D L(t)I(t — ty) At (4.15)
(=0

For small values of At this equation can be expressed as an
integral:

N(t) = J L(t)I(t — t)dr (4.16)
0

This expression says that the experimentally measured
intensity at time ¢ is given by the sum of the intensities
expected for all the -function excitation pulses that occur
until time ¢. It is important to notice that new intensity
decays are created in the sample as long as there is nonze-
ro intensity in L(z,). This is why the intensity decay takes on
the shape of the IRF. For convenience the dummy variable
of integration is changed using ' = ¢ — 1, so that the convo-
Iution integral is expressed as

t

N() = jL(t— ) I(n) du
0

4.17)

The task is to determine the impulse response function
I(n) that best matches the experimental data. Since the data
are digital (counts per channel), eq. 4.15 is perhaps the
more convenient form. It is important to notice that time =
0 is not defined in a TCSPC experiment. There is no zero
time because there is no single d-function initiating the
decay. For convenience the excitation pulse is positioned
close to zero on the time axis so that one can consider the
values of N(z,) relative to the decay time of the sample. The
impulse response function recovered from the analysis does
have a defined ¢ = 0.

4.4. LIGHT SOURCES FORTCSPC
4.4.1. Laser Diodes and Light-Emitting Diodes

The instrumentation for TCSPC is moderately complex,
and effective use of this method requires understanding of
the various components. Measurement of intensity decays
requires a pulsed-light source. Prior to 2000 the dominant
light sources for TCSPC were picosecond dye lasers or
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flashlamps. At present the ps dye lasers are being replaced
by Ti:sapphire lasers that are still expensive but can be sim-
pler to operate. Perhaps the most important development for
TCSPC since 2000 is the introduction of pulsed-laser
diodes (LDs) and pulsed light-emitting diodes (LEDs) as
simple solid-state sources. These devices consume little
power, are easy to operate, and require almost no mainte-
nance. LDs and LEDs make TCSPC measurements more
readily available to a wide range of researchers. LDs and
LEDs will soon become the dominant light sources for
TCSPC of extrinsic fluorophores absorbing above 350 nm.
While this chapter was being written, the first report
appeared on excitation of intrinsic protein fluorescence
using a pulsed LED.!7 It appears likely that the pulsed 280
nm LEDs will soon be generally available and the larger
lasers will be less needed for most biochemical applications
of fluorescence.

The simplicity of a pulsed LD is shown in Figure 4.11.
The output at 405 nm can be used to excite a variety of flu-
orophores. The pulse width near 70 ps is more than ade-
quate for measuring ns decay times. The repetition rate up
to 40 MHz allows rapid data acquisition. If 1% of the puls-
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Figure 4.11. Pulsed picosecond laser diode emitting at 370 nm. The
FWHM is less than 70 ps with a maximum repetition rate of 40 MHz.
From [18].
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Figure 4.12. Pulsed light-emitting diode at 405 nm. FWHM = 1.4 ns.
From [19].

es result in a detectable photon, then up to 400,000 photons
per second can be measured. Single exponential decays can
be determined with less than 4000 photons, so data acquisi-
tion times can be as short as a microsecond. The output is

300 400 500 600 700

Laser Heads

LED Heads

Normalized Emission Intensity

Wavelength (nm)

Figure 4.13. Wavelengths available from pulsed LEDs and LDs.
Courtesy of Dr. Rainer Erdmann, PicoQuant GmbH.
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driven directly by the electrical input, so that the repetition
rate can be easily varied. This is in contrast to argon,
Nd:YAG, or Ti:sapphire lasers, where the repetition rate is
determined by the length of the cavity.

An even simpler pulsed-light source is shown in Figure
4.12, in this case a light-emitting diode at 370 nm.!° In this
case the pulse width is about 1.4 ns with an upper repetition
rate of 1 MHz. Pulsed LEDs are available with repetition
rates up to 40 MHz. A wide range of wavelengths is avail-
able for both LEDs and LDs (Figure 4.13).17-23 Laser diodes
have a single-wavelength output and LEDs typically have a
wider spectral output. In the near future we can expect
LEDs and LDs emitting near 340 and 285 nm.

In addition to simple pulsed-light sources there have
also been advances in the electronics for TCSPC (Section
4.5). All the components can be placed on a single comput-
er board,20 and compact PMT modules are available for
photon counting?! (Section 4.6). As a result it is now possi-
ble to obtain compact and reliable instruments for TCSPC
(Figure 4.14). Such simple instruments can provide excel-
lent data with short data acquisition times. Figure 4.15 (top)
shows the intensity decay of Coumarin 152 obtained with a
pulsed LD. The IRF had an FWHM of 50 ps. The absence
of systematic errors is seen from the value of 2 = 1.03 for
the single-decay-time fit. Another example is seen in Figure
4.16 (bottom), in this case for fluorescein with pulsed LED
excitation at 450 nm. The IRF is about 1 ns due to the wider
pulses obtained with LEDs as compared to LDs. These
results show that high-quality TCSPC data can now be
obtained for many fluorophores without the need for more
complex laser systems.

4.4.2. Femtosecond Titanium Sapphire Lasers

Titanium sapphire lasers are now in widespread use for
TCSPC. Ti:sapphire lasers are simpler to operate than

Laser, Sample
LEDor LD Filter
AR )oY PMT
%% CFD Module
ey /Pl ]

Figure 4.14. Schematic for TCSPC with a pulsed LED or LD.
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Figure 4.15. Top: Intensity decay of Coumarin 152 in ethanol. The
light source was a 400-nm laser diode with a 50-ps FWHM and a 20-
MHz repetition rate [23]. Bottom: Intensity decay of fluorescein in
water at pH 9. Excitation at 450 nm with a pulsed LED with a 20-MHz
repetition rate and a 1-ns FWHM [22].

mode-locked cavity-dumped dye lasers (Section 4.4.3) but
are considerably more complex than LD and LED light
sources. These lasers provide pulse widths near 100 fs with
high output power; they are widely used for multi-photon
excitation and for laser scanning microscopy.

The pump source for a Ti:sapphire laser is a continu-
ous, not mode-locked, argon ion laser (Figure 4.16). Mode-
locked lasers are sensitive and somewhat difficult to main-
tain. In addition to being simpler, the continuous output of
an argon ion laser is typically 10-15-fold larger than the
mode-locked output. Typically, 15 watts or more are avail-
able from an argon ion laser. Ti:sapphire lasers are pumped
with up to 7 watts at 514 nm. This allows a Ti:sapphire laser
to be pumped with a small frame argon ion laser. At present
Ti:sapphire lasers are routinely pumped with solid-state
diode-pumped lasers, which are similar to Nd: YAG lasers.
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Figure 4.16. Mode-locked femtosecond Ti:sapphire laser.

A favorable feature of the Ti:sapphire lasers are that
they are self-mode locking. If one taps a Ti:sapphire when
operating in continuous mode, it can switch to mode-locked
operation with 100-fs pulses. This phenomenon is due to a
Kerr lens effect within the Ti:sapphire crystal. The high-
intensity pulses create a transient refractive index gradient
in the Ti:sapphire crystal that acts like an acoustooptic
mode locker. In fact, the phenomenon is referred to as Kerr
lens mode locking. While the laser can operate in this free
running mode-locked state, an active mode locker can be
placed in the cavity to stabilize the mode-locked frequency
and provide synchronization for other parts of the appara-
tus. However, since it is not necessary to actively maintain
the mode-locked condition, the fs Ti:sapphire lasers are sta-
ble and reasonably simple to operate.

An advantage of the Ti:sapphire laser is that it is a
solid-state device. There are no flowing dyes to be replaced,
and the Ti:sapphire crystal seems to have an indefinitely
long operational life. Self-mode locking circumvents the
need for matching cavity lengths with the pump laser, as
must be done with a synchronously pumped dye laser. A
disadvantage of the Ti:sapphire laser is that the output is at
long wavelengths from 720 to 1000 nm. After frequency
doubling the wavelengths from 350 to 1000 nm are ideal for
exciting a wide range of extrinsic fluorophores. However,
after frequency doubling the wavelengths are too long for
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excitation of intrinsic protein fluorescence. This problem
can be solved by frequency tripling or third harmonic gen-
eration. This is somewhat more complex because one has to
double the fundamental output in one crystal and then over-
lap the second harmonic and fundamental beams in a sec-
ond crystal. The beams need to be overlapped in time and
space, which is difficult with fs pulses. A minor disadvan-
tage of the Ti:sapphire lasers for TCSPC is the use of a
pulse picker, instead of a cavity dumper, to decrease the
repetition rate. Since mode locking occurs with the laser
cavity, rather than being accomplished by synchronous
pumping of an external dye laser (Section 4.4.3), a cavity
dumper cannot be used with a Ti:sapphire laser. After
the 80-MHz pulses exit the laser, the desired pulses are
selected with an AO deflector, called a pulse picker. The
energy in the other pulses is discarded, and there is no
increase in peak power as occurs with cavity dumping. In
fact, there is a significant decrease in average power when
using a pulse picker. For example, a 100-mW output with
an FWMH repetition rate will be decreased to 10 mW if the
repetition rate is decreased to 8 MHz with a pulse picker.
However, since many fluorophores have lifetimes near a
nanosecond, and since TCSPC electronics now allow high
repetition rates, nearly the full 80-MHz output can be used
in many experiments.

Because of the fs pulse widths and high peak intensi-
ties, Ti:sapphire lasers are widely used for two- and multi-
photon excitation, particularly in laser scanning micros-
copy. With this laser one can use the intense fundamental
output to excite fluorophores by simultaneous absorption of
two or more photons. The use of multiphoton excitation is
particularly valuable in microscopy because localized exci-
tation occurs only at the focal point of the excitation beam.

4.4.3. Picosecond Dye Lasers

Before the introduction of pulsed LEDs and LDs the syn-
chronously pumped cavity-dumped dye lasers were the
dominant light source for TCSPC. Such lasers provide puls-
es about 5 ps wide, and the repetition rate is easily chosen
from kHz rates up to 80 MHz.

A dye laser is a passive device that requires an optical
pump source. The primary light source is usually a mode-
locked argon ion laser. Mode-locked neodymium:YAG
(Nd:YAG) lasers are also used as the primary source, but
they are generally less stable than a mode-locked argon ion
laser. Nd: YAG lasers have their fundamental output of 1064
nm. This fundamental output is frequency doubled to 532
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nm or frequency tripled to 355 nm in order to pump the dye
lasers. The need for frequency doubling is one reason for
the lower stability of the Nd: YAG lasers, but heating effects
in the Nd:YAG laser rod also contribute to the instability.
The argon ion laser has a fundamental output at 514 nm,
which is used directly for pumping most laser dyes.

It is not practical to provide a complete description of
laser physics, and the reader is referred to the many books
on this topic,24-26 or to a description of laser principles writ-
ten for chemists.?’” The argon ion mode-locked laser pro-
vides pulses at 514 nm, about 70 ps wide, with a repetition
rate near 80 MHz. The precise repetition rate is determined
by the round-trip time for light pulses within the laser cav-
ity (Figure 4.17). Without active mode locking the argon
ion laser would provide a continuous output. This output is
changed to an 80-MHz pulse train by a mode-locking crys-
tal within the laser cavity. This crystal is an acoustooptic
device that deflects light out of the cavity based on light dif-
fraction by sound waves in the crystal.28-29

In order to obtain mode locking there is a delicate bal-
ance between the length of the argon ion laser cavity, the
resonance frequency at the acoustooptic (AO) crystal, and
the driving frequency to the AO crystal. The resonance fre-
quency of the AO crystal and the driving frequency must be
matched in order to obtain stable operation. This can be dif-
ficult because the resonances of the AO crystal are temper-
ature dependent. For this reason the mode locking crystal is
usually thermostatted above room temperature. Once the
AOQ crystal is at a stable temperature and resonance, the cav-
ity length of the argon ion laser must be adjusted so that the
round-trip time for photons (near 12 ns for a typical large-
frame laser) coincides with the nulls in the AO crystal
deflection. Since there are two nulls per cycle, the AO crys-
tal operates near 40 MHz. The laser pulses at 80 MHz exit
one end of the laser through a partially transmitting mirror.
The presence of the AO modulator within the laser cavity
causes the loss of energy at times other than the round-trip
time for the photons and the nulls in the AO crystal. If the
cavity length matches the AO crystal frequency, then the
photons accumulate in a single bunch and bounce back and
forth together within laser cavity. This is the mode-locked
condition.

One may wonder why the argon lasers are usually
mode locked at 514 nm, and not at 488 nm which is the
most intense output. Several reasons have been given for
the absence of mode locking at 488 nm. It has been stated
that the 488-nm line has more gain, so that one obtains
modulated but not mode-locked output. Also, there appear
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Figure 4.17. Picosecond light sources for TCSPC. The primary pump can be an argon ion or a Nd:YAG laser.

to be two closely spaced lines at 488 nm, which cannot be
simultaneously mode locked. In any event, the 514-nm out-
put is convenient for pumping a rhodamine 6G dye laser
(R6G), which is perhaps the most stable dye and easiest-to-
adjust dye laser for day-to-day use.

Mode-locked argon ion lasers found use in TCSPC
starting in the late 1970s and early 1980s.39-35 However, this
light source was not particularly useful for biochemistry
unless one had a fluorophore that could be excited at 514
nm. This problem was solved by the introduction of
picosecond dye lasers for TCSPC.3¢#! The mode-locked
argon (or Nd:YAG) laser is used as the pumping source for
a dye laser, typically R6G. The cavity length of the dye
laser is adjusted to be exactly the same as that of the argon
laser, so that the round-trip time for the photon bunch in the
dye laser is the same as in the argon laser. When the cavity
lengths are matched, the incoming 514-nm pulses reinforce
a single bunch of photons that oscillates at 80 MHz within
the dye laser cavity. When this occurs the dye laser is
said to be synchronously pumped. To conserve space and
to have a stable cavity length, the dye laser cavity is
often folded. However, this makes these dye lasers diffi-
cult to align because a number of mirrors have to be
perfectly aligned, not just two as with a linear cavity.

Because of the wide emission curve of R6G, this dye laser
has intrinsically narrow pulses, so that a typical pulse
width is near 5 ps. This pulse width is narrower than any
available detector response, so that for all practical purpos-
es the dye lasers provide d-function excitation. When using
a ps dye laser source the width of the instrument response
function is due primarily to the detection electronics and
photomultiplier tube.

There are two difficulties with the output of the R6G
dye laser. Its wavelength is too long for excitation of most
fluorophores, and the repetition rate of 80 MHz is too high
for measurement of fluorophores with decay times over 3
ns. At 80 MHz the pulses occur every 12.5 ns, which is too
soon for many intensity decays. One typically measures the
intensity decay to about four times the mean decay time, so
that decay times longer than 3 ns are too long for an 80-
MHz pulse rate. This problem is solved using a cavity
dumper, which is an acoustooptic device placed within the
dye laser cavity. The cavity dumper is synchronized with
the argon ion laser and hence also the dye laser. At the
desired time when an optical pulse is about to enter the AO
crystal, a burst of radio frequency (RF) signal (typically
near 400 MHz) is put on the AO crystal. This causes the
laser beam to be deflected by a small angle, typically 1-3°.
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The deflected beam is captured by a prism, which deflects
the beam out of the laser cavity (Figure 4.17). This proce-
dure is called cavity dumping.

For cavity dumping, the AO crystal is pulsed at the
desired repetition rate. For instance, for a 1-MHz repetition
rate, the RF pulses are sent to the cavity dumping crystal at
1 MHz, which selects one pulse in 80 to be dumped from
the dye laser cavity. The RF pulse width is narrow enough
to extract a single optical pulse from the dye laser. The
arrival times of the acoustooptic and laser pulses have to be
matched. The timing of a cavity dumper is typically
obtained by dividing the frequency of the mode locker by
factors of two, to obtain progressively lower repetition
rates. A somewhat confusing terminology is the use of
"continuous wave" (CW) to describe the 80-MHz output of
a dye laser. This term refers to continuous operation of the
cavity dumper, resulting in a continuous train of pulses at
80 MHz.

A valuable aspect of cavity dumping is that it does not
typically decrease the average power from the dye laser, at
least within the 1-4-MHz range typical of TCSPC. To be
specific, if the 80-MHz output of the dye laser is 100 mW,
the output of 4 MHz will also be close to 100 mW. When
optical power is not being dumped from the dye laser, the
power builds up within the cavity. The individual cavity-
dumped pulses become more intense, which turns out to be
valuable for frequency doubling the output of the dye laser.

A final problem with the R6G dye laser output is its
long wavelength from 570 to 610 nm. While shorter wave-
length dyes are available, these will typically require a
shorter wavelength pump laser. Argon ion lasers have been
mode locked at shorter wavelengths, but this is generally
difficult. For instance, there are only a few reports of using
a mode-locked argon ion laser at 351 nm as an excitation
source for TCSPC.4! Even after this is accomplished, the
wavelength is too long for excitation of protein fluores-
cence. Fortunately, there is a relatively easy way to convert
the long-wavelength pulses to shorter wavelength pulses,
which is frequency doubling or second harmonic genera-
tion. The cavity-dumped dye laser pulses are quite intense.
When focused into an appropriate crystal one obtains pho-
tons of twice the energy, or half the wavelength. This
process is inefficient, so only a small fraction of the 600-nm
light is converted to 300 nm. Hence careful separation of
the long-wavelength fundamental and short-wavelength
second harmonic is needed. The important point is that fre-
quency doubling provides ps pulses, at any desired repeti-
tion rate, with output from 285 to 305 nm when using an
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Figure 4.18. Output power of commonly used laser dyes.

RO6G dye laser. These wavelengths are ideal for excitation of
intrinsic protein fluorescence.

A convenient feature of dye lasers is the tunable wave-
length. The range of useful wavelengths is typically near the
emission maximum of the laser dye. Tuning curves of typi-
cal dyes are shown in Figure 4.18. Most of these dye lasers
are used after frequency doubling. We use R6G for excita-
tion of intrinsic protein fluorescence, and 4-(dicyanometh-
ylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran
(DCM) and Pyridine 2 (Py2) for excitation of extrinsic
probes. Excitation of tyrosine requires output of shorter
wavelengths than what is available from R6G. Rhodamine
560 and rhodamine 575 were found suitable for tyrosine
excitation using an argon ion or Nd:YAG laser pump
source, respectively.+2

4.4.4. Flashlamps

Prior to the introduction of ps lasers, most TCSPC systems
used coaxial flashlamps. A wide range of wavelengths is
available, depending on the gas within the flashlamp. These
devices typically provide excitation pulses near 2 ns wide,
with much less power than that available from a laser
source. Flashlamp sources became available in the
1960s,43-45 but their use in TCSPC did not become wide-
spread until the mid-1970s.46-4° Because of the lower repe-
tition rate and intensity of the flashlamps, long data acqui-
sition times were necessary. This often resulted in difficul-
ties when fitting the data because the time profile of the
lamps changed during data acquisition.’*5! While these
problems still occur, the present lamps are more stable, pro-
vide higher repetition rates to 50 kHz, and can provide
pulse widths near 1 ns.5%5

Figure 4.19 shows a typical coaxial flashlamp. Earlier
flashlamps were free running, meaning that the spark
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Figure 4.19. Coaxial nanosecond flashlamp. Revised and reprinted
with permission from [52]. Copyright © 1981, American Institute of
Physics.

occurred whenever the voltage across the electrodes
reached the breakdown value. Almost all presently used
lamps are gated. The electrodes are charged to high voltage.
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At the desired time the thyratron is gated on to rapidly dis-
charge the top electrode to ground potential. A spark dis-
charge occurs across the electrodes, which results in a
flash of light. These pulses are rather weak, and one fre-
quently has to block the room light to see the flash with the
naked eye.

Compared to ion or Ti:sapphire laser sources, flash-
lamps are simple and inexpensive. Hence, there have been
considerable efforts to obtain the shortest pulse widths and
highest repetition rates. Despite these efforts, the flashes are
much wider than that available with a laser source. One of
the shortest time profiles is shown in Figure 4.20 (left),
where the full width at half maximum is 730 ps FWHM.
More typical is the 1.2-ns FWHM for a flashlamp in which
the gas is an argon—hydrogen mixture. Also typical of flash-
lamps is the long tail that persists after the initial pulse. The
spectral output of the pulse lamps depends on the gas, and
the pulse width typically depends on both the type of gas
and the pressure. Hydrogen or deuterium (Figure 4.21) pro-
vides a wide range of wavelengths in the UV, but at low
intensity. Nitrogen provides higher intensity at its peak
wavelengths, but little output between these wavelengths. In
recognition of the growing interest in red and near-infrared
(NIR) fluorescence, flashlamps have been developed with
red and NIR outputs.>3-5* Given the availability of pulsed
LDs and LEDs laser diodes in the red and NIR, there is less
motivation to develop red and NIR flashlamps.

The most significant drawback of using a flashlamp is
the low repetition rate. The fastest flashlamps have repeti-
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Figure 4.20. Time-profiles of coaxial flashlamps. Revised and reprinted from [9] and [53]. Copyright © 1991, American Institute of Physics.
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Figure 4.21. Spectral output of flashlamps. The output of the deuteri-
um lamp is 100-fold less than of the nitrogen lamp. It is possible that
emission below 600 nm for argon is due to impurities. Revised from
[16] and [53].

tion rates up to 100 kHz, with 20 kHz being more common.
Recall that one can only collect about one photon per 50 to
100 light pulses, so that the maximum photon count rate is
near 200 Hz. Hence, a decay curve with 500,000 counts can
take up to 40 minutes to accumulate. The data acquisition
time can be decreased using a higher repetition rate and a
ratio of stop-to-start pulses above 1%. However, even with
the high sensitivity of single-photon counting, the low opti-
cal output of the flashlamps can limit sensitivity. For these
reasons the higher optical power and faster repetition rates
of laser systems makes them the preferred light source for
TCSPC.

4.4.5. Synchrotron Radiation

Another light source for TCSPC is synchrotron radiation. If
electrons are circulated at relativistic speeds they radiate
energy over a wide range of wavelengths. These pulses have
clean Gaussian shapes and can be very intense. Instruments
for TCSPC have been installed at a number of synchrotron
sites.’0-61 Unfortunately, it is rather inconvenient to use
these light sources. The experimental apparatus must be
located at the synchrotron site, and one has to use the beam
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when it is available. An advantage of the synchrotron source
is that a wide range of wavelengths are available, and all
wavelengths appear with the same time distribution.

4.5. ELECTRONICS FORTCSPC Advanced Material

Prior to 2000, most electronics for TCSPC were based on
separate components installed in NIM bins (where NIM
stands for Nuclear Instruments Module). At present all the
necessary electronic components can be contained on a sin-
gle or small number of computer boards. Electronics to
identify the single photoelectron pulses are often contained
within the PMT module. However, it is still valuable to
understand the operation of the individual components.

4.5.1. Constant Fraction Discriminators

The first component encountered by the single photoelec-
tron pulses are the constant fraction discriminators (Figure
4.22). The goal is to measure the arrival time of the photo-
electron pulse with the highest possible time resolution.
This goal is compromised because the pulses due to single
photoelectrons have a distribution of pulse lights. If one
measures the arrival of the pulses by the time when the sig-
nal exceeds a threshold, there is a spread, At, in the meas-
ured times due to pulse height variations (top panel). While
this effect may seem minor, it can be the dominant factor in
an instrument response function. Leading-edge discrimina-
tors can be used for pulses that all have the same height,
which may be true for the trigger (start) channel if the laser
system is stable.

The contribution of the pulse height distribution can be
minimized by the use of constant fraction discrimina-
tors.52-64 The basic idea of a CFD is to split the signal into
two parts, one part of which is delayed by about half the
pulse width. The other part of the signal is inverted. When
these two parts are recombined, the zero crossing point is
mostly independent of the pulse height. The difference
between leading-edge and constant-fraction discrimination
is remarkable, the timing jitter being 1 ns and 50 ps, respec-
tively.? It is important to note that the requirements of a
CFD are different for pulses from standard PMTs and MCP
PMTs. The shorter pulse width from an MCP PMT means
that the time delay in the CFD needs to be smaller in order
to properly mix the split signals.63-67
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Figure 4.22. Constant fraction discrimination in TCSPC. Top: Timing
error due to pulse height variations using leading edge discrimination.
Bottom: Operation of a constant fraction discriminator.

4.5.2. Amplifiers

Amplifiers can be used after the start and stop detectors in
order to obtain adequate signal levels for timing. The pres-
ent trend is to avoid such amplifiers,®> which can result in
additional difficulties. In general, the most noise-free
amplification can be obtained within the detector (PMT or
photodiode). The cable connecting the detector and ampli-
fier can act as an antenna, resulting in amplification of the
RF noise. The use of amplifiers was necessary when MCP
PMTs first appeared because the pulses were too short for
the CFDs available at that time. Amplifiers were used to
broaden the pulses sent to the CFD.*° This is no longer nec-
essary with newer CFDs. If amplifiers must be used, they
should be positioned as close as possible to the detector.

4.5.3. Time-to-Amplitude Converter (TAC) and
Analyte-to-Digital Converter (ADC)

The role of the TAC in Figure 4.8 is to generate a voltage
proportional to the time between the excitation pulse and
the first arriving emitted photon, which are the start and
stop pulses, respectively. This is accomplished by charging
a capacitor during the time interval between the pulses.
Typically the capacitor is charged from 0 to 10 volts over a
nanosecond to microsecond time range. For instance, if the
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chosen range is 50 ns, the capacitor is fully charged at 50
ns. If a stop pulse is received at 25 ns, the charging is
stopped at 5 volts. The voltages are calibrated to time delays
using delay lines or optical pulses with known time separa-
tion. If a stop pulse is not received, the TAC is reset to zero.
After the start and stop pulses are received the voltage is
connected to a digital value by the ADC. This method of
measuring time delays is indirect but provides higher time
resolution. At present, inert measurements of time delays
cannot be performed accurately enough for nanosecond
timescale delays.

In general, the TAC is a rate-limiting component in
TCSPC. A certain amount of time is needed to discharge the
capacitor and reset the TAC. Prior to about the year 2000,
the reset time for most TACs was about 2 ms. This was not
a problem with flashlamps where a 50-kHz rate results in
start pulses every 20 pus. However, with a high-repetition-
rate laser source at 1 MHz, the TAC will be overloaded due
to continuous start pulses. The TAC will be instructed to
reset before it has completed the previous reset.

The solution to this problem is relatively simple, which
is to operate the TAC in reverse mode.58-70 In this mode of
operation the first photon detected from the sample serves
as the start pulse, and the signal from the excitation pulse is
the stop signal. In this way the TAC is only activated if the
emitted photon is detected. The decay curves can appear
reversed on the screen of the multichannel analyzer (MCA),
but this is corrected by software. The reverse mode of TAC
operation is not needed with flashlamps because of their
lower repetition rates.

The reset time of a TAC is also called the dead time. A
TAC with a 2-us dead time has a saturated count rate of 0.5
MHz. Photons arriving within the dead time cannot be
counted, so the counting efficiency drops. The photon count
rate for 50% counting efficiency is sometimes called the
maximum useful count rate, which for a 2-us dead time is
250 kHz. Modern TCSPC electronics have dead times near
125 ns and a saturated count rate of 8 MHz. These electron-
ics can efficiently process and count photons at MHz rates.

An important characteristic of a TAC is its linearity. If
the voltage is not linear with time, then the data will contain
systematic errors, resulting in difficulties with data analy-
sis. One way to test the linearity of a TAC is by exposure of
the detector to a low level of room light, and still use the
pulsed-light source to trigger the TAC start signal. Since the
photons from the room lights are not correlated with the
start pulses, the stop pulses should be randomly distributed
across the time range, which is a horizontal line in the mul-
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tichannel analyzer (MCA). There were some initial con-
cerns about the linearity of the TAC on the computer boards
as compared to the NIM bin systems. However, the problem
has been solved and there is no longer a need for NIM bin
electronics for TCSPC.

4.5.4. Multichannel Analyzer

In the older systems for TCSPC with separate components
there was a multichannel analyzer (MCA). When a separate
MCA is present its function is to measure the voltages from
the TAC and sort the values according to counts at each par-
ticular voltage (time). The MCA first performs an analog-
to-digital conversion (ADC), which typically takes about
1-10 ps, during which time the MCA is unable to read
another voltage from the TAC. The histogram of the num-
ber of counts at each voltage (time) is displayed on a screen.
This histogram represents the measured intensity decay.
MCAs typically have 2048 to 8192 channels, which can be
subdivided into smaller segments. This allows several
experiments to be stored in the MCA prior to data transfer
and analysis. This ability to store several histograms is par-
ticularly important for measurement of anisotropy decays.
In this case one needs to measure the two polarized intensi-
ty decays, as well as one or two lamp profiles. In the mod-
ern systems the MCA is replaced by the ADC with direct
transfer of the data into computer memory.

4.5.5. Delay Lines

Delay lines, or a way to introduce time delays, are incorpo-
rated into all TCSPC instruments. The need for delay lines
is easily understood by recognizing that there are signifi-
cant time delays in all components of the instrument. A
photoelectron pulse may take 20 ns to exit a PMT. Electri-
cal signals in a cable travel a foot in about 1 ns. It would be
difficult to match all these delays within a couple of
nanoseconds in the start and stop detector channels without
a way to adjust the delays. The need for matching delays
through the components is avoided by the use of calibrated
delay lines. Such delays are part of the NIM bin electronics.
However, lengths of coaxial cable are prone to picking up
RF interference.

Calibrated delay lines are also useful for calibration of
the time axis of the MCA. This is accomplished by provid-
ing the same input signal to the start and stop channels of
the TAC. The preferred approach is to split an electrical sig-
nal, typically from the start detector, and direct this signal
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Figure 4.23. Effect of the pulse count rate on a single exponential
decay. The numbers are the number of arriving photons per excitation
pulse. For a rate of 0.01 or 1% the curve overlaps the actual decay (0).
From [4].

to both inputs of the TAC. Since the pulses arrive with a
constant time difference, one observes a single peak in the
MCA. One then switches the time delay in the start or stop
channel by a known amount, and finds the peak shift on the
MCA display. By repeating this process for several delay
times, the TAC and MCA can be calibrated.

4.5.6. Pulse Pile-Up

In TCSPC only one photon from the sample is counted for
every 50 to 100 excitation pulses. What errors occur if the
average number of detected photons is larger? If more than
one photon arrives, how does this affect the measured inten-
sity decay? These questions cannot be answered directly
because the electronics limit the experiment to detecting the
first arriving photon. Simulations are shown in Figure 4.23
for a single exponential decay with larger numbers of arriv-
ing photons. The numbers in the figure refer to the number
of observed photons per excitation pulse, not the percent-
age. The apparent decay time becomes shorter and the
decay becomes non-exponential as the number of arriving
photons increases. The apparent decay is more rapid
because the TAC is stopped by the first arriving photon.
Since emission is a random event, the first photon arrives at
earlier times for a larger number of arriving photons. Meth-
ods to correct for pulse pileup have been proposed,’!-72 but
most laboratories avoid pulse pileup by using a low count-
ing rate, typically near 1%. However, this is probably being
overcautious,’ as the measured lifetimes decrease by less
than 1% with count rates up to 10%. The intensity decay is
only changed by a modest amount for a 30% count rate
(Figure 4.23). At present the concerns about pulse pileups
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are decreasing because the higher-repetition-rate lasers pro-
vide high data rates even with a 1% count rate. Additional-
ly, multichannel systems with multiplexing have become
available for TCSPC (Section 4.7).

4.6. DETECTORS FORTCSPC
4.6.1. Microchannel Plate PMTs

Perhaps the most critical component for timing is the detec-
tor. The timing characteristics of various PMTs have been
reviewed for their use in TCSPC.2227.73-74 At present the
detector of choice for TCSPC is the microchannel plate
PMT. An MCP PMT provides a tenfold shorter pulse width
than any other PMT, and displays lower intensity afterpuls-
es. Also, the effects of wavelength and spatial location of
the light seem to be much smaller with MCP PMTs than
with linear-focused or side-window tubes. While good time
resolution can be obtained with linear-focused and side-
window PMTs, the high-speed performance and absence of
timing artifacts with an MCP PMT make them the preferred
detector for TCSPC.

Development of MCP PMTs began in the late
1970s,75-78 with the first useful devices appearing in the
early to mid-1980s,” and their use for TCSPC beginning at
the same time.80-88 The design of an MCP PMT is com-
pletely different from that of a dynode chain PMT (Figure
4.24). The factor that limits the time response of a PMT is
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Figure 4.24. Photograph and schematic of an MCP PMT. The diame-
ter of the housing is about 45 mm. Revised from [90-91].
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its transit time spread (TTS), which is the distribution of
transit times through the detector. The overall transit time of
the electrons through a PMT is not important, as this is just
a time delay corrected for in the measurements. However,
the distribution of transit times or TTS is important because
this spread limits the time resolution of a PMT. One cannot
do timing measurements more accurately than the uncer-
tainty in the time it takes a signal to pass through the detec-
tor. In a linear-focused PMT the TTS is minimized by
designing the dynodes so all the electrons tend to travel
along the same path. The TTS of most phototubes is near 2
ns, and it can be less than 1 ns with carefully designed
PMTs (Table 4.1).

The design of an MCP is completely different because
it does not have dynodes. Instead, the photoelectrons are
amplified along narrow channels lined with the dynode
material (Figure 4.24). Because these channels are very nar-
row, typically 4 to 12 microns in diameter, the electrons all
travel the same path and hence have the same transit time.
Smaller channels result in less transit time spread. There are
a few additional features in the MCP PMT design that pro-
vide improved time response. The channels are angled rel-
ative to each other, which prevents feedback between the
channels and broadening of the time response.””-78 Also, the
first MCP surface is typically covered with aluminum,
which prevents secondary electrons emitted from the top of
the MCP from entering adjacent channels.

MCP PMTs provide very low TTS. Figure 4.25 shows
the response of an R3809U to femtosecond pulses from a
Ti:sapphire laser. The R3809U is now widely used for
TCSPC. The FWHM is only 28 ps and the afterpulse a fac-
tor of 100 smaller then the primary response. MCP PMTs
do have some disadvantages. The photocurrent available
from an MCP PMT is typically 100 nA (R2908), as com-
pared to 0.1 mA (R928) for a dynode PMT. This means that
the MCP PMT responds linearly to light intensity over a
smaller range of incident intensities than does a dynode
PMT. The current carrying capacity of an MCP PMT is less
because the electrical conductance of the MCPs is low. It is
known that the pulse widths from an MCP PMT can depend
on the count rate,$8-3° presumably because of voltage
changes resulting from the photocurrent. Another disadvan-
tage of the MCP PMTs is their presumed limited useful life-
time which depends on the photocurrent drawn from the
tube. In our hands this has not been a problem, and it is dif-
ficult to know if an MCP PMT has lost gain due to the total
current drawn or due to the inevitable overexposure to light
that occurs during the lifetime of a PMT. MCP PMT are
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Table 4.1. Transient Time Spreads of Conventional and MCP PMTs2

TIME-DOMAIN LIFETIME MEASUREMENTS

Configuration

Photomultiplier (upper fregeuncy) TTS (ns) Dynode
Hamamatsu R928 Side-on (300 MHz)® 0.9 9 stage
R1450 Side-on 0.76 10 stage
R1394 Head-on 0.65 10 stage
R7400 Compact PMT, 300 ps -
TO-8 (900 MHz)
H5023 Head-on (1 GHz) 0.16 10 stage
RCA C31000M Head-on 0.49 12 stage
8852 Head-on 0.70 12 stage
Philips XP2020Q Head-on 0.30 12 stage
Hamamatsu R1294U Nonproximity MCP-PMT 0.14 2 MCP
R1564U Proximity focused 0.06 2 MCP
MCP-PMT, 6 micron
(1.6-2 GHz)
R2809U Proximity MCP-PMT, 0.034 2 MCP
6 micron
R3809U Proximity MCP-PMT 0.0254 2 MCP
Compact size, 6 micron
R2566 Proximity MCP-PMT with - 2 MCP

a grid, 6 micron (5 GHz)*

aRevised from [81].

bNumbers in parentheses are the approximate frequencies where the response is 10% of the low-frequency response. The H5023

has already been used to 1 GHz.
<From [86].
dFrom [87].

considerably more expensive than dynode PMTs. In gener-
al the expense of an MCP PMT is justified only if used with
a ps light source.

4.6.2. Dynode Chain PMTs

Dynode PMTs cost less than MCP PMTs and are adequate
for many TCSPC experiments, especially if the excitation
source is a flashlamp. Two types of dynode PMTs are used
for TCSPC: side-window and linear-focused PMTs. Their
performance is comparable, but there are minor differences.
The side-window tubes are less expensive but can still pro-
vide good time resolution. Pulse widths from 112 to 700 ps
have been obtained using side-window tubes,36-92-95 but
pulse widths of 1-2 ns are more common. A disadvantage
of a side-window PMT is that the time response can depend
on the region of the photocathode that is illuminated. Lin-
ear-focused PMTs are somewhat more expensive but pro-
vide slightly shorter transit time spreads (Table 4.1) and are
less sensitive to which region of the photocathode is illumi-
nated. Linear-focused PMTs are probably still the most
widely used detectors in TCSPC, but there is a continual
shift towards the MCP PMTs and compact PMTs.

4.6.3. Compact PMTs

The expense of TCSPC has been decreased significantly by
the introduction of compact PMTs (Figure 4.26). These
PMTs are built into standard TO-8 packages.?-97 Typically
these PMTs come in modules that include the dynode
chain, a high-voltage power supply, and sometimes the cir-
cuits to transform the pulses into TTL level signals. The
TTS of these compact PMTs can be short: just 300 ps (Fig-
ure 4.25). The compact PMTs appear to be rugged and
long-lived and do not have the current limitations of an
MCP PMT. These compact PMTs are becoming the detec-
tor of choice for most TCSPC instruments.

4.6.4. Photodiodes as Detectors

Photodiodes (PDs) are inexpensive and can respond faster
than an MCP PMT. Why are phototubes still the detector of
choice? Photodiodes are not usually used for photon count-
ing because of the lack of gain. However, avalanche photo-
diodes (APDs) have adequate gain and can be as fast as
MCP PMTs. The main problem is the small active area. In
a PMT or MCP PMT, the area of the photocathode is typi-
cally 1 cm x 1 cm, and frequently larger. Photons arriving



PRINCIPLES OF FLUORESCENCE SPECTROSCOPY

]
60000 3
B R3809U
~ 40000} ¥ MCP PMT
3 3 % FWHM 28 ps
S 20000 %
0 i I I 1j k_r L 1 I 1 1 I I 1
1.5 2.0 25 3.0
Time (ns)
100000 F
WA \ R3809U
€ 1000
b= |
8 100
10 :
1.5 2.0 25 3.0
Time (ns)
60000 -
< E H7422
5 20000+ FWHM 300ps
0 I I 1 L I I I I T
0 2 4 6 8 10
Time (ns)
100000 F
10000 -
T
3 1000
(& ]
100 /
10 .'r-xaq.:-l

Time (ns)

Figure 4.25. Transit time spread for an MCP PMT (R3809U) and a
miniature PMT (R7400 series in a H7422 module). Revised from [90].

anywhere on the photocathode are detected. In contrast, the
active area of an avalanche photodiode is usually less than
1 mm?2, and less than 10 wm x 10 pm for a high-speed APD.
It is therefore difficult to focus the fluorescence onto the
APD, so the sensitivity is too low for most measurements.
Another disadvantage is the relatively long tail following
each pulse, the extent of which depends on wavelength. The
presence of a wavelength-dependent tail can create prob-
lems in data analysis since the instrument response function
will depend on wavelength. Methods have been developed
to actively quench the tail. Values of the full width at half
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Figure 4.26. Compact PMTs and modules containing the PMTs. The
diameter of the PMT is 16 mm. The width of the PMT modules is 25
nm. Courtesy of William Cieslik, Hamamatsu Photonics Systems.

maxima have been reported from 20 to 400 ps, and APDs
have been successfully used in TCSPC.98-105

APDs are now routinely used for TCSPC, especially in
applications where the emission can be tightly focused,
such as single-molecule detection (SMD) and fluorescence-
correlation spectroscopy (FCS). TCSPC measurements can
be performed at the same time as SMD and FCS experi-
ments. APDs have high quantum efficiencies at real wave-
lengths, and are the detector of choice for these applica-
tions.

4.6.5. Color Effects in Detectors

When performing lifetime measurements, one generally
compares the response of a fluorescent sample with that of
a zero decay time scattering sample. Because of the Stokes
shift of the sample, the wavelengths are different when
measuring the sample and the impulse response function.
The timing characteristics of a PMT can depend on wave-
length. Color effects were significant with the older-style
tubes, such as the linear-focused 56 DVVP and the side-
window tubes.!9-111 The time response of PMTs can also
depend on which region of the photocathode is illuminated.
Color effects are almost nonexistent in MCP PMTs8 and do
not appear to be a problem with the compact PMTs.
Methods are available to correct for such color effects.
There are two general approaches, one of which is to use a
standard with a very short lifetime.!'2-113 The standard
should emit at the wavelength used to measure the sample.
Because of the short decay time one assumes that the meas-
ured response is the instrument response function. Because
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Figure 4.27. Intensity decay of N-acetyl-L-tryptophanamide as measured versus scattered light (left) and using a p-terphenyl lifetime reference (right).

Revised from [118].

the wavelengths are matched, one assumes that the color
effects are eliminated.

The more common method is to use a standard fluo-
rophore that is known to display a single exponential
decay.!14-124 One measures the intensity decay of the sam-
ple and the reference fluorophore at the same wavelength.
The intensity decays of the reference fluorophore with the
known decay time 1, and of the sample are analyzed simul-
taneously. In order to correct for the reference lifetime a dif-
ferent functional form is used for I(7):

I(t) = i (x,-[B(t) + (i 1)exp(—t/‘t,-)] (4.18)

i=1 TR T

where 8(¢) is the Dirac delta-function. In this expression the
values of a,; and 1, have their usual meaning (eq. 4.8). This
method is best performed when the decay time of the stan-
dard is precisely known. However, some groups vary the
assumed decay time of the standard to obtain the best fit.
Figure 4.27 shows how the TCSPC data can be
improved using a lifetime standard.!!® N-acetyl-L-trypto-
phanamide (NATA) is known to display a single exponen-
tial decay in water. Its intensity decay was measured with
295 nm excitation from a cavity-dumped frequency-dou-
bled R6G dye laser.?® The emission was detected with a
Philips PM 2254 PMT, which is a linear-focused dynode
PMT. When NATA was measured relative to scattered light
the fit was fair. However, there were some non-random
deviations, which are most easily seen in the autocorrela-

tion trace (Figure 4.27, top left). Also, the goodness-of-fit
parameter yz> = 1.2 is somewhat elevated. The fit was
improved when measured relative to a standard, p-terphenyl
in ethanol, 1, = 1.06 ns at 20°C. One can see the contribu-
tion of the reference lifetime to the instrument response
function as an increased intensity from 5 to 15 ns in the
instrument response function (right). The use of the p-ter-
phenyl reference resulted in more random deviations and a
flatter autocorrelation plot (top right). Also, the value y 2
was decreased to 1.1. Comparison of the two sides of Fig-
ure 4.27 illustrates the difficulties in judging the quality of
the data from any single experiment. It would be difficult to
know if the minor deviations seen on the left were due to
NATA or to the instrument. Some of the earlier reports
overestimated the extent of color effects due to low voltage
between the photocathode and first dynode. At present,
most PMTs for TCSPC use the highest practical voltage
between the photocathode and first dynode to minimize
these effects. Also, most programs for analysis of TCSPC
allow for a time shift of the lamp function relative to the
measured decay. This time shift serves to correct for any
residual color effects in the PMT. While one needs to be
aware of the possibility of color effects, the problem
appears to be minor with MCP PMTs and compact PMTs.

Prior to performing any TCSPC measurements it is
desirable to test the performance of the instrument. This is
best accomplished using molecules known to display single
exponential decays.!!'*> Assuming the sample is pure and
decays are a single exponential, deviations from the expect-
ed decay can reveal the presence of systematic errors in the
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measurements. A number of known single exponential life-

times are summarized in Appendix II.

As described in Chapter 2, it is also important to test
for background fluorescence from blank solutions. Autoflu-
orescence from the sample can result in errors in the inten-
sity decay, which results in confusion and/or erroneous con-
clusions. There is a tendency to collect the time-resolved
data prior to measuring the steady-state spectra of the sam-
ple and controls. This is particularly dangerous for time-
resolved measurements because the data are often collected
through filters, without examining the emission spectra.
Measurements may be performed on an impure sample,
resulting in a corrupted data set. Since the emission spectra
were not recorded the impurity may go undetected. Subse-
quent analysis of the data is then unsatisfactory, and the
source of the problem is not known. In our experience,
more time is wasted by not having the spectra than the time
needed to record blank spectra prior to time-resolved data
collection.

Background correction in TCSPC is straightforward.
Data are collected from the blank sample at the same time
and conditions as used for the sample. As a result, the back-
ground can then be subtracted from the sample data. The
source intensity, repetition rate, and other conditions
must be the same. Inner filter effects in the samples can
attenuate the background signal. If the control samples have
a lower optical density, the measured background can be
an overestimation of the actual background. If the number
of background counts is small, there is no need to consider
the additional Poisson noise in the difference data file.
However, if the background level is large, it is necessary to
consider the increased Poisson noise level in the difference
data file.

4.6.6. Timing Effects of Monochromators

As the time resolution of the instrumentation increases one
needs to consider the effects of the various optical compo-
nents. Monochromators can introduce wavelength-depend-
ent time delays and/or broaden the light pulses.!25-126 This
effect is shown in Figure 4.28, which shows the path length
difference for an optical grating with N facets. Monochro-
mators are usually designed to illuminate the entire grating.
The maximum time delay is given by!?7

Nk (4.19)
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Figure 4.28. Path length difference across a monochromator grating.
N is the total number of facets in the grating and Ax in the path length
difference between adjacent reflections. From [126].

where N is the number of facets, m is the diffraction order
(typically 1), A is the wavelength, and c is the speed of light.
A typical grating may have 1200 lines/mm and be 60 mm
across. The maximum time delay at 350 nm is thus 84 ps.
While ps and fs laser pulses are not usually passed through
a monochromator, this can be expected to broaden the
pulse. Alternatively, the apparent intensity decay of a short-
lived fluorophore may be broadened by the use of a mono-
chromator to isolate the emission. These effects can be
avoided by the use of subtractive dispersion monochroma-
tors.128-129

4.7. MULTI-DETECTOR AND MULTI-
DIMENSIONAL TCSPC

In all the preceding examples TCSPC was performed using
a single detector. However, there are many instances where
it would be useful to collect data simultaneously with more
than one detector. This method is called multidimensional
or multichannel TCSPC. These measurements can be
accomplished in several ways. One approach is to use a
number of completely separate electronics for each chan-
nel,!39 which unfortunately results in high complexity and
costs. Another approach is to use a single TAC and MCA
and to multiply the input from several detectors.!31-135
Recall that TCSPC is limited to detection of about 1 photon
per 100 excitation pulses. By using several detectors the
overall rate of photon counting can be increased several
fold. The maximum counting rate does not increase in
direct Using four detectors the

proportion to the number of detectors because of
interference between simultaneously arriving signals, but
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Figure 4.29. Electronic schematic for TCSPC with multiple detectors. Revised from [134].

this is a minor problem compared to the advantages of mul-
tidimensional measurements.

Advances in electronics for TCSPC have made multi-
dimensional measurements rather simple, reliable, and rel-
atively inexpensive. Multiple intensity decays can be col-
lected simultaneously at different emission wavelengths or
at different locations in a sample. There are numerous
potential applications for such measurements in analytical
chemistry and cellular imaging. In the future we can expect
many if not most TCSPC experiments to be performed with
multiple detectors.

1
ps Diode Laser Rhodamine 6G Polychromator 16 Ch, PMT Routing  Multi-Dimensional
405nm, 50ps, 20MHz + Fluorescein  MS 125-8M  RS900-L-16 electronics TCSPC Module

{0 [ < e

Time (ns)

Figure 4.30. Multidimensional TCSPC of a mixture of fluorescein
and rhodamine 6G. Excitation was a 405-ns pulse with a ps diode
laser, 20 MHz repetition rate. The detector was an R5900-L16, which
has 16 separate anodes in a linear geometry. Revised from [134].

Multidimensional capabilities are now easily accessi-
ble and are standard in some of the TCSPC electronics. A
typical circuit is shown in Figure 4.29. The pulses from 4 to
16 separate detectors are sent to a rotating module that
keeps track of their origins and sends them to the TAC and
ADC. A single TAC and ADC are used because these are
the most expensive, complex, and power-consuming parts
of the electronics. After conversion the data are sent to sep-
arate blocks of memory as directed by the routing module.
If two photons are detected in different channels at the same
time, the routing module discards their pulses.

The power and simplicity of multidimensional TCSPC
is shown in Figure 4.30 for a mixture of fluorescein and
rhodamine 6G. The light source was a ps diode laser. The
emission wavelengths were separated and focused onto a
multi-anode PMT (Figure 4.31). Such PMTs have a single
photocathode and dynodes that maintain the position of the
electrons so they arrive at the appropriate anode. The tran-
sit time spreads of these PMTs are 0.3 to 0.6 ns, so that
nanosecond decay times can be measured. The output from

16 = 16 16
Anodes

Figure 4.31. Multi-anode PMT for Hamamatsu, R5900. Reprinted
with permission from [11,136].



PRINCIPLES OF FLUORESCENCE SPECTROSCOPY

710 nm Channel

123

810 nm Channel

1000 + 1000 =
Alexa680 f\ NIR-Br
P IRD700 @ ﬁ\ RDS8(
g 100 g 100 Iiil I:._ : PI'DI'I'Ipt
8 8 i
2 8 i 0
g 2wl i3
o = 10
2 y ; ; . . 1 : - : . .
0 200 400 600 800 1000 0 200 400 600 800 1000
Channel Number (/12.2ps) Channel Number (/12.2ps)

50

40 IRD800 IRD700 Alexa680
a 454 + 7 913+ 9 1493 + 11
S 30
m -
5 NIR-Br
o 20 744 + 16
L —

10

D . — T r T T T T ™ T ™ T
200 400 600 800 1000 1200 1400 1600

Lifetime (ps)

Figure 4.32. Intensity decays and recovered lifetimes of four labeled nucleotides used for DNA sequencing. Revised from [142].

the 16 anodes is sent to a multiplexing TCSPC board that
measures the time delays between the start and stop pulses.
The system keeps track of the anode that sent the signal, so
the counts can be loaded into different regions of memory,
which correspond to different wavelengths.

Sixteen decay curves were measured simultaneously
for the fluorescein—rhodamine 6G mixture (Figure 4.30).
The different decay times are seen from the slopes, which
change with emission wavelength. In this case the lifetime
of fluorescein was probably decreased by resonance energy
transfer to R6G. It is easy to imagine such measurements
being extended to time-dependent processes such as reso-
nance energy transfer or solvent relaxation.

4.7.1. Multidimensional TCSPC and
DNA Sequencing

An important application of multichannel detection will be
DNA sequencing. Because of the large number of bases the
sequencing must be performed as inexpensively as possible.

Sequencing was initially done using four lanes, one for each
base. It would be an advantage to identify the four bases in
a single lane. Because of the limited range of available
wavelengths and overlap of emission spectra, there is ongo-
ing research to perform sequencing using the decay times of
the labeled bases.!37-142 Using four detectors the intensity
decays are at four different excitation, and/or emission
wavelengths could be measured in a single lane of a
sequencing gel. If the decay times of the labeled bases were
different, the decay times could be used to identify the
bases.

The possibility of DNA sequencing based on lifetime is
shown in Figure 4.32. TCSPC data are shown for four
probes attached to DNA. These dyes are typical of those
used for sequencing. They can be excited with two NIR
laser diodes, which can easily occur at different times by
turning the laser diodes on and off. The four probes show
different lifetimes, and can be identified based on the life-
times recovered from a reasonable number of counts. Each
of the decays in Figure 4.32 were collected in about 7.5 s.
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It is easy to imagine how the four fluorophores in Figure
4.32 could be measured simultaneously using multi-detec-
tor TCSPC.

TCSPC data are usually analyzed using nonlinear least
squares (NLLS) or the method of moments. Both these
methods rely on a large number of photon counts, so that
the uncertainties in the data have a Gaussian distribution. In
applications such as DNA sequencing (Figure 4.32) the
goal is not to resolve a multi-exponential decay, but rather
to obtain an estimate of a single lifetime. When the number
of counts is small the data have a Poissonian distribution
rather than a Gaussian distribution. For such data NLLS
does not provide the best estimate of the lifetime. The life-
time that is most likely the correct lifetime can be calculat-
ed from the maximum likelihood estimates (MLE):143-144

L4 (7 = 1) = m("—1) " = N TSN, (4.20)

i=1

In this expression m is the number of time bins within the
decay profile, N, is the number of photocounts in the decay
spectrum, N, is the number of photocounts in time bin i, 7'
is the width of each time bin, and t is the lifetime. This
expression allows rapid estimation of the lifetime, which is
essential with the high throughput of DNA sequences.

4.7.2. Dead Times, Repetition Rates, and
Photon Counting Rates

When examining the specifications for TCSPC elec-
tronics it is easy to become confused. The maximum count
rates are determined by several factors that affect the rate in
different ways depending upon the sample. It is easier
to understand these limitations if they are considered sepa-
rately.

The maximum pulse repetition rate is determined by
the decay times of the sample. The time between the pulses
is usually at least four times the longest decay time in the
sample. If the longest decay time is 12.5 ns then the excita-
tion pulses must be at least 50 ns apart, which corresponds
to a repetition rate of 20 MHz. It will not matter if the laser
can pulse at a higher frequency, or if the electronics can
synchronize to a higher repetition rate laser. For this sample
the pulse repetition rate should not exceed 20 MHz.

The maximum photon counting rate is determined by
the repetition rate of the laser. For the 20-MHz rate the
maximum photon counting rate is 200 kHz, using the 1%
rule. The electronics may be able to count photons faster,
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but the 1% rule and the laser repetition rate limit the maxi-
mum photon count rate.

Depending upon the sample the maximum counting
rate can be limited by either the sample or the electronics.
Suppose the TCSPC electronics are modern with a 125 ns
dead time. The maximum count rate is usually listed as the
inverse of the dead time, or § MHz. However, photons can-
not be counted at § MHz because the electronics would be
busy most of the time and unable to accept start pulses.
Detection becomes inefficient because photons arriving
within the dead time are not counted. An upper effective
count rate is when the counting efficiency decreases to 50%
or 4 MHz. It is important to recognize that this is an elec-
tronic limitation that is independent of the sample. It would
be difficult to obtain a 4-MHz count rate when using the 1%
rule. This would require a pulse repetition rate of 400 MHz
or 2.5 ns between pulses. This pulse rate could only be used
if the lifetime were shorter than 0.625 ns.

The considerations in the previous paragraph indicate
the usefulness of multi-detector TCSPC. The count rate of
the electronics exceeds the count rate determined by the
sample lifetime, so the electronics can process more pho-
tons. Input from the multiple detectors is sent to the elec-
tronics by the routing module. This module has its own
dead time near 70 ns. Hence the saturated count rate from
all the detectors is about 14 MHz, but for a 50% counting
efficiency is limited to 7 MHz. The dead time of the elec-
tronics would not allow efficient photon counting at 7 MHz.
The overall count rate can be increased by using multiple
independent sets of TCSPC electronics.

In summary, the timing considerations of TCSPC can
appear complex. It is easier to consider the problem from
first principles than to work backwards from the specifica-
tions.

4.8. ALTERNATIVE METHODS FOR TIME-

RESOLVED MEASUREMENTS Advanced Material

4.8.1. Transient Recording

While TCSPC and frequency-domain fluorometry are the
dominant methods used by biochemists, there are alterna-
tive methods for measuring intensity decays. Prior to the
introduction of TCSPC, intensity decays were measured
using stroboscopic or pulse sampling methods. The basic
idea is to repetitively sample the intensity decay during
pulsed excitation (Figure 4.33). The detection gate is dis-
placed across the intensity decay until the entire decay is
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Figure 4.33. Decay time measurements using gated detection in the
pulse sampling method. Revised from [10].

measured. In fact, the first time-domain lifetime instru-
ments used gated detection to sample the intensity decay.*

Gated detection can be accomplished in two ways. One
method is to turn on or gate the gain of the detector for a
short period during the intensity decay.!45-146 Surprisingly,
this can be accomplished on a timescale adequate for meas-
urement of nanosecond lifetimes. Alternatively, the detector
can be on during the entire decay, and the electrical pulse
measured with a sampling oscilloscope.!#’-148 Such devices
can sample electrical signals with a resolution of tens of
picoseconds.

While such methods seem direct, they have been most-
ly abandoned due to difficulties with systematic errors. The
flashlamps and N, lasers generate RF signals that can be
picked up by the detection electronics. This difficulty is
avoided in TCSPC because low-amplitude noise pulses are
rejected, and only the higher-amplitude pulses due to pri-
mary photoelectrons are counted. Also, in TCSPC the stan-
dard deviation of each channel can be estimated from Pois-
son statistics. There are no methods to directly estimate the
uncertainties with stroboscopic measurements. Hence,
TCSPC became the method of choice due to its high sensi-
tivity and low degree of systematic errors, when the goal of
the experiments was resolution of complex intensity
decays.

Recent years have witnessed reintroduction of gated
detection methods.!49-150 The time resolution can be good
but not comparable to a laser source and an MCP PMT.
Typical instrument response functions are close to 3 ns
wide. An advantage of this method is that one can detect
many photons per lamp pulse, which can be an advantage in
clinical applications when the decays must be collected rap-
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Figure 4.34. Time-resolved instrument using a high-speed oscillo-
scope for measuring of time-resolved decays of skin of human skin.
Revised from [150].

idly. Gated detection can be used with low-repetition-rate
nitrogen lasers, which can also be used to pump dye lasers.
An example of directly recorded intensity decay is shown in
Figure 4.34. The instrument was designed for studies of
skin and tissue using this autofluorescence, so the excita-
tion light was delivered to the sample via an optical fiber.!50
The excitation source was a nitrogen laser excitation source
with a repetition rate near 10 Hz. The emission was detect-
ed with an APD and digitized on a high-speed oscilloscope.
The intensity decay of human skin was collected in about 1
s by averaging of several transients. The IRF is about 5 ns
wide but the intensity decay of skin autofluorescence could
be recorded. The wide IRF shows why TCSPC is used
rather than direct transient recording. At this time it is not
possible to directly record nanosecond decays with the
accuracy needed for most biochemical studies.

4.8.2. Streak Cameras

Streak cameras can provide time resolution of several
ps,!21-160 and some streak cameras have instrument response
functions of 400 fs, considerably faster than TCSPC with an
MCP PMT. Streak cameras operate by dispersing the pho-
toelectrons across an imaging screen. This can be accom-
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Figure 4.35. Schematic of a streak camera with wavelength resolu-
tion. From [152].

plished at high speed using deflection plates within the
detector (Figure 4.35). In the example shown, the light is
dispersed by wavelength in a line across the front of the
photocathode. Hence, streak cameras can provide simulta-
neous measurements of both wavelength and time-resolved
decays. Such data are valuable when studying time-depend-
ent spectral relaxation or samples which contain fluo-
rophores emitting at different wavelengths.

The time resolution obtainable with a steak camera is
illustrated in Figure 4.36. The instrument response function
is superior to that found with the fastest MCP PMTs. Earli-
er-generation streak camera were delicate, and difficult to
use and synchronize with laser pulses. This situation has
changed, and streak cameras have become more widely
used, especially for simultaneous measurement of sub-
nanosecond decays over a range of emission wavelength.
One example is the decay of PyYDMA (Figure 4.37), which
decays rapidly due to exciplex formation and solvent relax-
ation around the charge-transfer (CT) complex.!®! Pyrene in
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Figure 4.36. Comparison of the instrument response functions of a
streak camera and two MCP PMTs (R3809U and R2809U). The 600
nm dye laser pulse width was 2 ps. Revised from [158].
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Figure 4.37. Time and wavelength-dependent intensity decays of
dimethyl-(4-pyren-1-yl-phenyl)amine (PyDMA) measured with a
streak camera. Revised from [161].

the excited state forms a charge-transfer complex, an exci-
plex, with the linked dimethylphenyl group. The charge-
transfer complex is polar and shows a time-dependent spec-
tral shift to longer wavelengths. This shift occurs rapidly
and is complete in less than 500 ps. The time-dependent
shift to longer wavelength is due to reorientation of the sol-
vent around the CT state. The high temporal resolution of
the streak camera allows recording of the complete emis-
sion spectra over intervals as short as 10 ps. The data can
also be displayed in a format where the axes are time and
wavelength and the color reveals the intensity (Figure 4.38).

An important development in streak camera technolo-
gy is the introduction of the photon-counting streak camera
(PCSC).12 These devices provide single-photon detection
with high time resolution (14 ps) and simultaneous wave-
length resolution. The photon counts can be collected at
high rates because pulse pileup and dead time are not prob-
lems with these instruments. A PCSC functions the same as
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Figure 4.38. Time- and wavelength-dependent intensity decay of
PyDMA. Figure courtesy of Professor Hubert Staerk, Max-Planck
Institute for Biophysical Chemie, Gottingen, Germany.

the camera shown in Figure 4.35 except for the mode of
detection. Instead of digitizing an analog signal, the PCSC
counts the pulses on the phosphor screen due to single pho-
toelectrons. The pulses are recorded with a CCD camera.
The software examines the size of the pulse and only
accepts pulses above a defined threshold, analogous to the
discriminator in TCSPC (Figure 4.39). The instrument
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Figure 4.39. Single photoelectron detection and time resolution of a
photon counting streak camera. Revised from [162].
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C-SNAFL2 in Blood

Intensity

Figure 4.40. Intensity decay of C-Snafl 2 in blood at pH 7.3 measured
with a photon counting streak camera. From [163].

response function is the width of a single photoelectron
image, which is about 14 ps. There is no dead time because
the photons are distributed in space across the photocath-
ode, so more than a single photon can be collected at each
wavelength for each laser pulse. Of course the photons can-
not be accurately counted if they overlap in time and space
on the phosphor screen. Data can be collected at all wave-
lengths simultaneously because the wavelengths are at dif-
ferent locations on the photocathode.

The high sensitivity of a PCSC allows measurements
that would be difficult with more conventional instruments.
Figure 4.40 shows intensity decays of a pH probe C-Snafl 2
in blood, which has high absorbance at the excitation wave-
length. The decays at all wavelengths were obtained simul-
taneously. It was not possible to suppress all the scattered
light using filters, but the scattered light appears at a differ-
ent position (wavelength) on the photocathode that mini-
mized its effect on emission of C-Snafl 2. The data from a
PCSC can be presented as emission spectra or as intensity
decays (Figure 4.41). By seeing the position and intensity
of the scattered light it is possible to judge the contributions
of the scatter at longer wavelengths. Hence, considerable
information about a sample can be obtained in a single
measurement.
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Figure 4.41. Emission spectra and intensity decays of C-Snafl 2 in
blood measured with a photon counting streak camera. From [163].

4.8.3. Upconversion Methods

The ultimate time resolution is provided by methods that
bypass the limited time-resolution of the detectors, and rely
on the ps and fs pulse widths available with modern
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lasers.!04-166 The basic idea is to pass the fluorescence sig-
nal through an upconversion crystal, and to gate the crystal
with another ps or fs light pulse (Figure 4.42). One observes
the shorter wavelength harmonic generated by the com-
bined effects of the laser pulse and the emission. In this
schematic the sample is excited with the second harmonic
of a Ti:sapphire laser. The emission is focused on the
upconversion crystal. The fundamental output of the Ti:sap-
phire is focused on the crystal in the same region where the
fluorescence is focused. An upconversion signal is generat-
ed that is proportional to the emission at the moment the
gating pulse arrives. The time resolution is determined by
the width of the laser pulse. The time-resolved decay is
obtained by measuring the intensity of the upconverted sig-
nal as the optical delay time is varied. The signals are typi-
cally weak, so that an optical chopper and lock-in detectors
sometimes are needed to measure the upconverted signal in
the presence of considerable background.

Upconversion provides impressive time resolution;
however, the instrumentation is rather complex. For
instance, even a seemingly minor change of the emission
wavelength can require a major readjustment of the appara-
tus since the orientation of the upconversion crystal has
to be adjusted according to the wavelength. Decay times
of more than 1-2 ns are difficult to measure because of
the use of a delay line (=1 ns/foot). Alignment of the delay
line can be quite difficult to maintain as the time delay is
altered.
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Figure 4.42. Schematic for fluorescence upconversion measurements. Courtesy of Professor Eric Vauthery, University of Geneva, Switzerland.
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The high time resolution of upconversion measure-
ments can be illustrated by quenching and exciplex forma-
tion of 3-cyanoperylene (PeCN) in neat diethylaniline
(DEA).167-168 The cyano group makes perylene a good elec-
tron acceptor, and DEA is a good electron donor. PeCN in
the excited state undergoes photoinduced electron transfer
(PET) with DEA (Chapter 9). This reaction is very rapid
because in DEA the PeCN molecules are surrounded by
potential electron donors. Emission spectra of PeCN show
that it is highly quenched in DEA as compared to a non-
electron-donating solvent (Figure 4.43). The lower panel
shows the wavelength-dependent decays of PeCN. The time
resolution is limited by the pulse width of the pump lasers,
which is near 100 fs. The decay time is about 1 ps for the
PeCN emission near 500 nm and about 20 ps for the exci-
plex emission.

4.8.4. Microsecond Luminescence Decays

For decay times that become longer than about 20 ns, the
complexity of TCSPC is no longer necessary. In fact,
TCSPC is slow and inefficient for long decay times because
of the need to use a low pulse repetitive rate and to wait a
long time to detect each photon. In the past such decays
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Figure 4.43. Emission spectra and time-resolved decays of 3-cyanop-
erylene in chlorobenzene (CB) and diethylaniline (DEA). Revised
from [168].
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Figure 4.44. Time-resolved intensities measured with a photon count-
ing multiscalar. Revised from [169].

would be measured using a sampling oscilloscope. At pres-
ent the preferred method is to use a multiscalar card. These
devices function as photon-counting detectors that sum the
number of photons occurring within a time interval. Figure
4.44 shows the operating principle. Following the excitation
pulse, photons arriving within a defined time interval are
counted. The arrival times within the interval are not
recorded. The time intervals can be uniform, but this
becomes inefficient at long times because many of the inter-
vals will contain no counts. A more efficient approach is to
use intervals that increase with time. The count rates for
multiscalars can be high: up to about 1 GHz. At present the
minimum width of a time interval is about 1 ns, with 5 ns
being more typical. Hence, the multiscalars are not yet
practical for measuring ns decays.

An example of a decay measured with a multiscalar is
shown in Figure 4.45. The fluorophore was [Ru(bpy);]*,
which has a lifetime of several hundred nanoseconds. A
large number of counts were obtained even with the long
lifetimes. However, the count rate is not as high as one may
expect: about 1 photon per 2 laser pulses. The data acquisi-
tion time would be much longer using traditional TCSPC
with a 1% count rate (Problem 4.6).

4.9. DATA ANALYSIS: NONLINEAR LEAST
SQUARES

Time-resolved fluorescence data are moderately complex,
and in general cannot be analyzed using graphical methods.
Since the mid-1970s many methods have been proposed for
analysis of TCSPC data. These include nonlinear least
squares (NLLS),3:16.170 the method-of-moments,!7!-173
Laplace transformation,!7#-177 the maximum entropy
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Figure 4.45. Intensity decay of [Ru(bpy);]>* measured with a photon
counting multiscalar. Excitation was accomplished using a 440 nm
laser diode with a repetition rate of 200 kHz. The lifetime was 373 ns.
Revised from [169].

method,!”8-17 Prony's method,'80 sine transforms,!8! and
phase-plane methods.!82-183 These various techniques have
been compared.!3* The method-of-moments (MEM) and the
Laplace methods are not widely used at the current time.
The maximum entropy method is newer, and is being used
in a number of laboratories. The MEM is typically used to
recover lifetime distributions since these can be recovered
without assumptions about the shape of the distributions.

During the 1990s most studies using TCSPC made
extensive use of NLLS and to a somewhat lesser extent the
MEM. This emphasis was due to the biochemical and bio-
physical applications of TCSPC and the need to resolve
complex decays. At present TCSPC is being used in analyt-
ical chemistry, cellular imaging, single molecule detection,
and fluorescence correlation spectroscopy. In these applica-
tions the lifetimes are used to distinguish different fluo-
rophores on different environments, and the number of
observed photons is small. A rapid estimation of a mean
lifetime is needed with the least possible observed photons.
In these cases maximum likelihood methods are used (eq.
4.20). In the following sections we describe NLLS and the
resolution of multi-exponential decay.

4.9.1. Assumptions of Nonlinear Least Squares

Prior to describing NLLS analysis, it is important to under-
stand its principles and underlying assumptions. It is often
stated that the goal of NLLS is to fit the data, which is only
partially true. With a large enough number of variable
parameters, any set of data can be fit using many different
mathematical models. The goal of least squares is to test
whether a given mathematical model is consistent with the
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data, and to determine the parameter values for that model
which have the highest probability of being correct. Least
squares provides the best estimate for parameter values if
the data satisfy a reasonable set of assumptions, which are
as follows:!85-180

1. All the experimental uncertainty is in the depend-
ent variable (y-axis).

2. The uncertainties in the dependent variable (meas-
ured values) have a Gaussian distribution, centered
on the correct value.

3. There are no systematic errors in either the depend-

ent (y-axis) or independent (x-axis) variables.

4. The assumed fitting function is the correct mathe-
matical description of the system. Incorrect models
yield incorrect parameters.

5. The datapoints are each independent observations.

6. There is a sufficient number of datapoints so that
the parameters are overdetermined.

These assumptions are generally true for TCSPC, and
least squares is an appropriate method of analysis. In many
other instances the data are in a form that does not satisfy
these assumptions, in which case least squares may not be
the preferred method of analysis. This can occur when the
variables are transformed to yield linear plots, the errors are
no longer a Gaussian and/or there are also errors in the x-
axis. NLLS may not be the best method of analysis when
there is a small number of photon counts, such as TCSPC
measurements on single molecules (Section 4.7.1). The
data for TCSPC usually satisfy the assumptions of least-
squares analysis.

4.9.2. Overview of Least-Squares Analysis

A least-squares analysis starts with a model that is assumed
to describe the data. The goal is to test whether the model is
consistent with the data and to obtain the parameter values
for the model that provide the best match between the
measured data, N(#,), and the calculated decay, N (t,), using
assumed parameter values. This is accomplished by mini-
mizing the goodness-of-fit parameter, which is given by

n
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In this expression the sum extends over the number (n) of
channels or datapoints used for a particular analysis and G,
in the standard deviation of each datapoint.

In TCSPC it is straightforward to assign the standard
deviations (c,). From Poisson statistics the standard devia-
tion is known to be the square root of the number of photon
counts: o, = \/N(tk) . Hence, for a channel with 10,000
counts, ¢, = 100, and for 106 counts, G, = 1000. This rela-
tionship between the standard deviation and the number of
photons is only true if there are no systematic errors and
counting statistics are the only source of uncertainty in the
data. If the data contains only Poisson noise then the rela-
tive uncertainty in the data decreases as the number of pho-
tons increases. The value of x2 is the sum of the squares
deviations between the measured N(z,) and expected values
N((t,), each divided by squared deviations expected for the
number of detected photons.

It is informative to compare the numerator and denom-
inator in eq. 4.21 for a single datapoint. Assume a channel
contains 10* counts. Then the expected deviation for this
measurement is 100 counts. If the assumed model accounts
for the data, then the numerator and denominator of eq. 4.21
are both (102?)2, and this datapoint contributes 1.0 to the
value of 2 In TCSPC, and also for frequency-domain
measurements, the number of datapoints is typically much
larger than the number of parameters. For random errors
and the correct model, %2 is expected to be approximately
equal to the number of datapoints (channels).

Suppose the data are analyzed in terms of the multi-
exponential model (eq. 4.8). During NLLS analysis the val-
ues of a; and 7, are varied until %2 is a minimum, which
occurs when N(t,) and N (t,) are most closely matched. Sev-
eral mathematical methods are available for selecting how
o, and T, are changed after each iteration during NLLS fit-
ting. Some procedures work more efficiently than others,
but all seem to perform adequately.!®5-186 These methods
include the Gauss-Newton, modified Gauss-Newton, and
Nelder-Mead algorithms. This procedure of fitting the data
according to eq. 4.21 is frequently referred to as deconvolu-
tion, which is inaccurate. During analysis an assumed decay
law I(¢) is convoluted with L(#,), and the results are com-
pared with N(z,). This procedure is more correctly called
iterative reconvolution.

It is not convenient to interpret the values of %2 because
%2 depends on the number of datapoints.! The value of y2
will be larger for data sets with more datapoints. For this
reason one uses the value of reduced y 2
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(4.22)
n—p v

where n is the number of datapoints, p is the number of
floating parameters, and v = n — p is the number of degrees
of freedom. For TCSPC the number of datapoints is typical-
ly much larger than the number of parameters so that (n —
p) is approximately equal to n. If only random errors con-
tribute to 2, then this value is expected to be near unity.
This is because the average y 2 per datapoint should be about
one, and typically the number of datapoints (n) is much
larger than the number of parameters. If the model does not
fit, the individual values of 2 and y g2 are both larger than
expected for random errors.

The value of 2 can be used to judge the goodness-of-
fit. When the experimental uncertainties 6, are known, then
the value of g% is expected to be close to unity. This is
because each datapoint is expected to contribute ¢, to 2,
the value of which is in turn normalized by the Xc,2, so the
ratio is expected to be near unity. If the model does not fit
the data, then y g2 will be significantly larger than unity.
Even though the values of yz? are used to judge the fit, the
first step should be a visual comparison of the data and the
fitted function, and a visual examination of the residuals.
The residuals are the differences between the measured data
and the fitted function. If the data and fitted function are
grossly mismatched there may be a flaw in the program, the
program may be trapped in a local minimum far from the
correct parameter values, or the model may be incorrect.
When the data and fitted functions are closely but not per-
fectly matched, it is tempting to accept a more complex
model when a simpler one is adequate. A small amount of
systematic error in the data can give the appearance that the
more complex model is needed. In this laboratory we rely
heavily on visual comparisons. If we cannot visually see a
fit is improved, then we are hesitant to accept the more
complex model.

4.9.3. Meaning of the Goodness-of-Fit

During analysis of the TCSPC data there are frequently two
or more fits to the data, each with a value of y 2. The value
of yg? will usually decrease for the model with more
adjustable parameters. What elevation of x> is adequate to
reject a model? What decrease in yz? is adequate to justify
accepting the model with more parameters? These ques-
tions can be answered in two ways, based on experience
and based on mathematics. In mathematical terms one can
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Table 4.2. y 2 Distribution?

Probability (P)/

degrees of freedom 0.2 0.1 0.05 0.02 0.01 0.001
10 1.344 1.599 1.831 2.116 2.321 2.959

20 1.252 1.421 1.571 1.751 1.878 2.266

50 1.163 1.263 1.350 1.452 1.523 1.733

100 1.117 1.185 1.243 1.311 1.358 1.494

200 1.083b 1.131 1.170 1.216 1.247 1.338

aFrom [1, Table C-4].
bMentioned in text.

predict the probability for obtaining a value of x g2 because
of random errors. These values can be found in standard
mathematical tables of the y 2 distribution. Selected values
are shown in Table 4.2 for various probabilities and num-
bers of degrees of freedom. Suppose you have over 200 dat-
apoints and the value of yg? = 1.25. There is only a 1%
chance (P = 0.01) that random errors could result in this
value. Then the model yielding x> = 1.25 can be rejected,
assuming the data are free of systematic errors. If the value
of yg2 is 1.08, then there is a 20% chance that this value is
due to random deviations in the data. While this may seem
like a small probability, it is not advisable to reject a model
if the probability exceeds 5%, which corresponds to y g% =
1.17 (Table 4.2). In our experience, systematic errors in the
data can easily result in a 10-20% elevation in yg2. For
example, suppose the data does contain systematic errors
and a two-component fit returns a value of > = 1.17. The
data are then fit to three components, which results in a
decreased yz2. If the three-component model is accepted as
the correct model, then an incorrect conclusion is reached.
The systematic errors in the data will have resulted in addi-
tion of a third component that does not exist in the experi-
mental system.

While we stated that assumptions 1 through 6 (above)
are generally true for TCSPC, we are not convinced that
number 5 is true. Based on our experience we have the
impression that the TCSPC data have fewer independent
observations (degrees of freedom) in the TCSPC data than
the number of actual observations (channels). This is not a
criticism of NLLS analysis or TCSPC. However, if the
effective number of independent datapoints is less than the
number of datapoints, then small changes in x> may not be
as significant as understood from the mathematical tables.

Complete reliance on mathematical tables can lead to
overinterpretation of the data. The absolute value of g2 is
often of less significance than its relative values. Systemat-
ic errors in the data can easily result in x> values in excess

of 1.5. This small elevation in xz? does not mean the model
is incorrect. We find that for systematic errors the yz* value
is not significantly decreased using the next more complex
model. Hence, if the value of yz? does not decrease signifi-
cantly when the data are analyzed with a more complex
model, the value of y ;2 probably reflects the poor quality of
the data. In general we consider decreases in yz2 significant
if the ratio decreases by twofold or more. Smaller changes
in g2 are interpreted with caution, typically based on some
prior understanding of the system.

4.9.4. Autocorrelation Function Advanced Topic

Another diagnostic for the goodness of fit is the autocorre-
lation function.? For a correct model, and the absence of
systematic errors, the deviations are expected to be random-
ly distributed around zero. The randomness of the devia-
tions can be judged from the autocorrelation function. Cal-
culation of the correlation function is moderately complex,
and does not need to be understood in detail to interpret
these plots. The autocorrelation function C(7) is the extent
of correlation between deviations in the k and k+jth chan-
nel. The values of C(#) are calculated using

> pi) (423

cw = (, = pow) | |

I | =
=
I

1
m

where D, is the deviation in the kth datapoint and Dy, ; is the
deviation in the k+jth datapoint (eq. 4.23). This function
measures whether a deviation at one datapoint (time chan-
nel) predicts that the deviation in the jth higher channel will
have the same or opposite sign. For example, the probabil-
ity is higher that channels 50 and 51 have the same sign
than channels 50 and 251. The calculation is usually
extended to test for correlations across half of the data
channels (m = n/2) because the order of multiplication in
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the numerator does not matter. The autocorrelation plots
have half as many datapoints as the original data set.

One example of an autocorrelation plot was seen in
Figure 4.27, where data for NATA were presented for meas-
urements versus scattered light and versus a lifetime refer-
ence. This instrument showed a minor color effect, which
resulted in some systematic deviations between N (t,) and
N(t,). The systematic differences are barely visible in the
direct plot of the deviations (middle left). The autocorrela-
tion plot (upper left) allowed the deviations to be visualized
as positive and negative correlations in adjacent or distant
channels, respectively. For closely spaced channels the
deviations are likely to both be the same sign. For more dis-
tant channels the deviations are likely to be of opposite
signs. These systematic errors were eliminated by the use of
a lifetime reference, as seen by the flat autocorrelation plot
(upper right panel).

4.10. ANALYSIS OF MULTI-EXPONENTIAL
DECAYS

4.10.1. p-Terphenyl and Indole: Two Widely
Spaced Lifetimes

An understanding of time-domain data analysis is facilitat-
ed by examination of representative data. As an example we
chose a mixture of p-terphenyl and indole, which individu-
ally display single exponential decays of 0.93 and 3.58 ns,
respectively. For the time-domain measurements a mixture
of p-terphenyl and indole was observed at 330 nm, where
both species emit (Figure 4.46). TCSPC data for this mix-

1.0
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Exc.292 nm

2-Component
Mixture (p-T+In)
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300 340 380 420
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Figure 4.46. Emission spectra of p-terphenyl (p-T), indole (In) and of
the mixture. Excitation was at 292 nm, from a frequency-doubled
R6G dye laser. The emission at 330 nm was isolated with a monochro-
mator. From [187].
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Figure 4.47. Time-domain intensity decay of a two-component mix-
ture of indole and p-terphenyl. The dashed line shows the one-decay-
time fit, and the solid line the two-decay-time fit. From [187].

ture are shown in Figure 4.47. The presence of two decay
times is evident from curvature in the plot of log N(7) ver-
sus time. The time-dependent data could not be fit to a sin-
gle decay time, as seen by the mismatch of the calculated
convolution integral (dashed) with the data (dots).

The lower panels show the deviations (D,) or differ-
ences between the measured and calculated data:

() — (1)
VI(1,)

(4.24)

The weighted residual (W.Res.) or deviations plots are used
because it is easier to see the differences between I(z,) and
1 (1) in these plots than in a plot of log I(z,) versus ¢,. Also,
the residuals are weighted according to the standard devia-
tion of each datapoint. For a good fit these values are
expected to randomly distribute around zero, with a mean
value near unity.

4.10.2. Comparison of ;2 Values: F Statistic

How can one compare the values of y g2 for two fits? This
can be done using the F statistic, which is a ratio of y > val-
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Table 4.3. F Statistic for Comparison of 52 Values?

Degrees of Probability (P)
freedom
v) 0.32 0.25 0.10 0.05 0.025 0.01
10 1.36 1.55 2.32 2.98 3.96 4.85
15 1.28 1.43 1.97 2.40 2.86 3.52
20 1.24 1.36 1.79 2.12 2.46 2.94
40 1.16 1.24 1.51 1.69 1.88 2.11
60 1.13 1.19 1.40 1.53 1.67 1.84
120 1.09 1.13 1.26 1.35 1.43 1.53
0 1.00 1.00 1.00 1.00 1.00 1.00

aFrom [188, Table A-4]. In general, the F values are computed for different degrees of freedom for each y 32 value.

For TCSPC data and for FD data, the degrees of freedom are usually similar in the numerator and in the denomi-

nator. Hence, F values are listed for only one value of v. Additional F values can be found in [1, Tables C-6 and

C-7].

ues. This ratio depends on the number of degrees of free-
dom (v) for each fit, and this number will depend on the
model. The values of the y 2 ratios that are statistically sig-
nificant at various levels of probability are available in sta-
tistical tables, of which a few values are listed in Table
4.3. In practice, there are usually many more datapoints
than parameters, so that v is almost the same for both
fits. For this reason we did not consider the slightly differ-
ent number of degrees of freedom in the numerator and
denominator.

For the mixture of p-terphenyl and indole the residuals
of the single-decay-time fit oscillate across the time axis,
which is characteristic of an incorrect model. The value of
%r> = 16.7 is obviously much greater than unity, and accord-
ing to Table 4.2 there is a less than 0.1% chance that ran-
dom error could result in such an elevated value of yg2.
Additionally, the y g2 ratio of 17.6 is much larger than the
values of the F statistic in Table 4.3. Hence, the single-
decay-time model is easily rejected for this sample. There is
a potential problem with the use of an F statistic to compare
two yg> values originating from different mathematical
models and the same data set.!® The use of the F statistic
requires that the residuals for each analysis be independent
from each other. It is not clear if this assumption is correct
when analyzing the same set of data with different mathe-
matical models.

4.10.3. Parameter Uncertainty:
Confidence Intervals

The NLLS analysis using the multi-exponential model
returns a set of a; and 7, values. It is important to recognize
that there can be considerable uncertainty in these values,
particularly for closely spaced decay times. Estimation of

the uncertainties in the recovered parameters is an impor-
tant but often-ignored problem. With nonlinear least-
squares analysis there are no general methods for estimat-
ing the range of parameter values that are consistent with
the data. Uncertainties are reported by almost all the data
analysis programs, but these estimates are invariably small-
er than the actual uncertainties. Most software for nonlinear
least-square analysis reports uncertainties that are based on
the assumption of no correlation between parameters.
These are called the asymptotic standard errors (ASEs).!85
As shown below for a mixture having more closely spaced
lifetimes (Section 4.10.5), the errors in the recovered
parameters often exceed the ASEs. The ASEs usually
underestimate the actual uncertainties in the parameter val-
ues.

In our opinion the best way to determine the range of
parameters consistent with the data is to examine the y 2
surfaces, which is also called a support plane analysis.!8¢
The procedure is to change one parameter value from its
value where y? is a minimum, and then rerun the least-
squares fit, keeping this parameter value constant at the
selected value. By rerunning the fit, the other parameters
can adjust to again minimize yg2. If yz2 can be reduced to
an acceptable value, then the offset parameter value is said
to be consistent with the data. The parameter value is
changed again by a larger amount until the yz> value
exceeds an acceptable value, as judged by the F, statistic
(eq. 4.25) appropriate for p and v degrees of freedom.!%
This procedure is then repeated for the other parameter val-
ues.

The range of parameter values consistent with the data
can be obtained using P = 0.32, where P is the probability
that the value of F) is due to random errors in the data.
When the value of P exceeds 0.32 there is less than a 32%
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chance that the parameter value is consistent with the data.
When the value of P is less than 0.32 there is a 68% chance
that the parameter value is consistent with the data, which
is the usual definition of a standard deviation.

To determine the confidence interval, the value of y 2
with a fixed parameter value, yz?(par), is compared with the
minimum value of yz*> with all parameter variables,
¥ r2(min).!190-191 The range of parameter values is expanded
until yp*(par) exceeds the F, value for the number of
parameters (p) and the degrees of freedom (v) and the cho-
sen probability, typically P = 0.32:

~ (par)

P
= =1+~ Fp,v,P
Y&(min) y P

% (4.25)

In this expression!2 F(p,v,P) is the F statistic with p param-
eters and v degrees of freedom with a probability of P. The
F statistics needed to calculate F) are listed in Table 4.4. It
is important to realize that, in general, the uncertainty range
will not be symmetrical around the best fit value of the
parameter. For a two-decay-time model (p = 4) and 400
degrees of freedom (v = 400), the Fx value is 1.012 for p =
0.32. Calculation of the x> surfaces is a time-consuming
process, and has not yet been automated within most data-
analysis software. However, these calculations provide a
realistic judgment of what one actually knows from the
data.

There appears to be no general agreement that the pro-
cedure described above represents the correct method to
estimate confidence intervals. This is a topic that requires
further research. There is some disagreement in the statis-
tics literature about the proper form of F), for estimating the
parameter uncertainty.'89 Some reports!'93 argue that, since
one parameter is being varied, the number of degrees of
freedom in the numerator should be one. In this case F, is
calculated using

_ %’(par)

= i) (4.26)

x

1
=1+ —F(p,v,P)
v

Since we are varying p parameters to calculate the y z? sur-
face, we chose to use eq. 4.25. Irrespective of whether the
FX values accurately define the confidence interval, exami-
nation of the yz? surfaces provides valuable insight into the
resolution of parameters provided by a given experiment. If
the yz? surfaces do not show well-defined minima, then the
data are not adequate to determine the parameters.
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A confidence interval analysis is shown in Figure 4.48
for the mixture of p-terphenyl and indole. The confidence
intervals are given by the intercept of the yz? surfaces
(solid) with the appropriate F, values (dashed). For compar-
ison we have also shown the ASEs as solid bars. The ASEs
are about twofold smaller than the confidence intervals.
This is a serious underestimation, but a factor of two is
small compared to what is found for more closely spaced
lifetimes. Also, in our opinion, the Fx value near 1.005 for
about 950 degrees of freedom is an underestimation
because the time-resolved decay may not have completely
independent datapoints. Suppose the actual number of inde-
pendent datapoints was 200. In this case the F, value would
be near 1.02, which may provide a more realistic range of
the uncertainties. For instance, the confidence interval of a.,
would become 0.305 + 0.015 instead of 0.305 + 0.005. The
uncertainty in the latter value appears to be unrealistically
small.

Another way to estimate parameter uncertainty is by
Monte Carlo simulations.!®* The basic idea is to simulate
data based on the recovered decay law using the known
level of random noise present in a given experiment. Newly
generated random noise is added to each simulated data set,
which is then analyzed as if it were actual data. New ran-
dom noise is added and the process repeated. This results in
a histogram of parameter values. These parameter values
are examined for the range that results from the randomly
added noise. It is important that the simulations use a model
that correctly describes the system. The Monte Carlo
method is time consuming and thus seldom used. However,
with the rapid advances in computer speed, one can expect
Monte Carlo simulations to become more widely utilized
for estimation of confidence intervals.

4.10.4. Effect of the Number of Photon Counts

For a single-exponential decay, the decay time can usually
be determined with adequate accuracy even for a small
number of observed photons. However, for multi-exponen-
tial decays it is important to measure as many photons as
possible to obtain the highest resolution of the parameter
values. This is illustrated in Figure 4.49 for the same two-
component mixture of p-terphenyl and indole. For these
data the number of counts in the peak channel was tenfold
less than in Figure 4.47, 3,000 counts versus 30,000 counts.
The correct values for the two decay times were still recov-
ered. However, the relative decrease in y? for the two
decay time models was only 1.9-fold, as compared to 17-
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Table 4.4. F Statistic for Calculation of Confidence Intervals?

Probability (P)

Degrees of One parameter (p)®
freedom (v) 0.32d 0.25 0.10 0.05 0.025 0.01
10 1.09 1.49 3.29 4.96 6.94 10.0
30 1.02 1.38 2.88 4.17 5.57 7.56
60 1.01 1.35 2.79 4.00 5.29 7.08
120 1.00 1.34 2.75 3.92 5.15 6.85
o0 1.00 1.32 2.71¢ 3.84 5.02 6.63

Two Parameters®

10 1.28 1.60 2.92 4.10 5.46 7.56
30 1.18 1.45 2.49 3.32 4.18 5.39
60 1.16 1.42 2.39 3.15 3.93 4.98
120 1.15 1.40 2.35 3.07 3.80 4.79
0 1.14 1.39 2.30 3.00 3.69 4.61

Three Parameters

10 1.33 1.60 2.73 3.71 4.83 6.55
30 1.22 1.44 2.28 292 3.59 451
60 1.19 1.41 2.18 2.76 3.34 4.13
120 1.18 1.39 2.13 2.68 3.23 3.95
0 1.17 1.37 2.08 2.60 3.12 3.78

Four Parameters

10 1.34 1.59 2.61 3.48 4.47 5.99
30 1.23 1.42 2.14 2.64 3.25 4.02
60 1.20 1.38 2.04 2.53 3.01 3.65
120 1.19 1.37 1.99 2.45 2.89 3.48
0 1.18 1.35 1.94 2.37 2.79 3.32
Five Parameters
10 1.35 1.59 2.52 3.33 4.24 5.64
30 1.23 1.41 2.05 2.53 3.03 3.70
60 1.20 1.37 1.95 2.37 2.79 3.34
120 1.19 1.35 1.90 2.29 2.67 3.17
0 1.17 1.33 1.85 2.21 2.57 3.02

Eight Parameters

10 1.36 1.56 2.34 3.07 3.85 5.06
30 1.22 1.37 1.88 2.27 2.65 3.17
60 1.19 1.32 1.77 2.10 2.41 2.82
120 1.17 1.30 1.72 2.02 2.30 2.66
00 1.16 1.28 1.67 1.94 2.19 2.51
Ten Parameters
10 1.35 1.55 2.32 2.98 3.72 4.85
30 1.22 1.35 1.82 2.16 2.51 2.98
60 1.18 1.30 1.71 1.99 2.27 2.63
120 1.17 1.28 1.65 1.91 2.16 2.47
0 1.15 1.25 1.59 1.83 2.05 2.32

aFrom [188]. In the ratio of > values, the degrees of freedom refer to that for the denominator. The degrees of free-
dom in the numerator are one, two, or three, for one, two or three additional parameters.

bThese values refer to the degrees of freedom in the numerator (p).

This value appears to be incorrect in [188], and was taken from [1].

dThe values for 0.32 were calculated with a program (F-stat) provided by Dr. M. L. Johnson, University of Virginia.
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Figure 4.48. Confidence interval for the two component mixture of
indole and p-terphenyl. The solid bars show the asymptotic standard
errors. From [187].

fold for the higher number of counts. Also, the y 2 surfaces
rise more slowly as the lifetimes are varied (Figure 4.49,
right), so that the lifetimes are determined with less preci-
sion.

4.10.5. Anthranilic Acid and 2-Aminopurine:

Two Closely Spaced Lifetimes

The resolution of two decay times becomes more difficult if
the decay times are more closely spaced. This is illustrated
by a mixture of anthranilic acid (AA) and 2-amino purine
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Figure 4.49. Effect of the number of photons counts on the resolution
of the lifetimes for the mixture of p-terphenyl (p-T) and indole (In) in
Figure 4.47. Left: Two-decay-time fit of the intensity decay measured
with 3000 counts in the peak channel. The corresponding plot for the
data obtained with 30,000 counts in the peak channel is shown in
Figure 4.31. Right: Comparison of the y.> surfaces for the data
obtained with 3000 ( ) and 30,000 counts (dashed). From [187].
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(2-AP), which individually display single exponential
decays of 8.53 and 11.27 ns, respectively (shown in Figure
4.54 below). Emission spectra for the mixture are shown in
Problem 4.5. The time-dependent data for the mixture of
AA and 2-AP are shown in Figure 4.50. At 380 nm, where
both fluorophores emit, it is difficult to visually detect the
presence of two decay times. The single-decay-time model
(dashes) shows only small differences from the data (dots).
However, the residual plot shows systematic deviations
(lower panel), which are easier to see on the linear scale
used for the deviations than on the logarithmic plot. The
4.5-fold decrease in g2 for the two-decay-time model is
adequate to reject the single-decay-time model.

While the data support acceptance of two decay times,
these values of o, and t; are not well determined. This is
illustrated in Figure 4.51, which shows the y 2 surfaces for
the mixture of AA and 2-AP. This mixture was measured at
five emission wavelengths. The data were analyzed individ-
ually at each wavelength. Each of the yz? surfaces shows
distinct minima, which leads one to accept the recovered
lifetimes. However, one should notice that different life-

-]
10
Mixture AA+2AP in H,0O,
10° 20°C
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Figure 4.50. Time-dependent intensity decay of a two-component
mixture of anthranilic acid (AA) and 2-amino-purine (2-AP). The
dashed line shows the one-decay-time fit, and the solid line the two-
decay-time fit to the data (dots). From [187].
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Table 4.5. Resolution of a Two-Component Mixture of Anthranilic Acid and 2-Aminopurine,
Observed at a Single Wavelength, Using Time-Domain Data

Observa- Pre-expo- AR>

tion nential Fractional Number of
wave- Lifetimes (ns) factors intensities decay times
length

(nm) T, T, o, o, fi b 2a 1a
360 6.72 11.58 0.223 0.777 0.143 0.857 1.01 2.77
380 7.51 11.51 0.404 0.596 0.306 0.694 0.85 3.81
400 7.22 11.08 0.448 0.552 0.347 0.653 0.91 4.51
420 7.99 11.22 0.595 0.405 0.511 0.489 0.93 2.95
440 8.38 11.91 0.763 0.237 0.692 0.308 0.89 2.72

aRefers to a two- or one-component fit.

times were recovered at each emission wavelength. This
suggests that the actual uncertainties in the recovered life-
times are larger than expected from the ASEs, and then
seem to be even larger than calculated from the y g2 sur-
faces. Furthermore, the differences in the lifetimes recov-
ered at each emission wavelength seem to be larger than
expected even from the y z2 surfaces. This illustrates the dif-
ficulties in recovering accurate lifetimes if the values differ
by less than twofold.

Another difficulty is that the recovered amplitudes do
not follow the emission spectra expected for each compo-
nent (Table 4.5 and Problem 4.5). As the lifetimes become
closer together, the parameter values become more highly
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Figure 4.51. Lifetime y 2 surfaces for the two-component mixture of
AA and 2-AP (Figure 4.50). The horizontal bars show the asymptotic
standard errors. From [187].

correlated, and it is difficult to know the true uncertainties.
This is not intended to be a criticism of the TD measure-
ments, but rather is meant to illustrate the difficulties inher-
ent in the analysis of multi-exponential decays.

4.10.6. Global Analysis: Multi-Wavelength
Measurements

One way to improve the resolution of closely spaced life-
times is to perform measurements at additional wave-
lengths, and to do a global analysis (Section 4.12). The con-
cept of global analysis is based on the assumption that
decay times are independent of wavelength. The decay
times are global parameters because they are the same in all
data sets. The amplitudes are non-global because they are
different in each data set. Global analysis of the multi-
wavelength data results in much steeper y 2 surfaces (Fig-
ure 4.52), and presumably a higher probability of recovery
of the correct lifetimes. The lifetimes are determined with
higher certainty from the global analysis because of the
steeper yg* surfaces and the lower value of F, with more
degrees of freedom (more data). As shown in Problem 4.5,
the amplitudes (Table 4.6) recovered from the global analy-
sis more closely reflect the individual emission spectra than
the amplitudes recovered from the single wavelength data.

4.10.7. Resolution of Three Closely Spaced
Lifetimes

The resolution of multi-exponential decays becomes more
difficult as the number of decay times increases. This diffi-
culty is illustrated by a mixture of indole (In), anthranilic
acid (AA), and 2-amino purine (2-AP) (Figure 4.53). At
380 nm all three fluorophores emit, and the decay is expect-
ed to be a sum of three exponentials.
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Figure 4.52. Lifetime y 2 surface for the global analysis of the two
component mixture of AA and 2-AP (——). Also shown for compar-
ison is the y 2 surface at 380 nm (dashed). The horizontal lines repre-
sent the F, values. From [187].

TCSPC data for the three individual fluorophores are
shown in Figure 4.54. Excitation was with the frequency-
doubled output of an R6G dye laser, and the emission
detected with an R2809 MCP PMT. The excitation was
polarized vertically and the emission detected 54.7° from
vertical to avoid the effects of rotational diffusion on the
measured intensity decays. The points represent the data
I(t,) or number of counts measured at each time interval ;.
The solid lines are the fitted functions or calculated data
I(t,) using a single decay time. I(#,) and [ (t,) are well
matched, which indicates that each individual fluorophore
decays as a single exponential with decay times of 4.41,
8.53, and 11.27 ns, respectively. As expected for a good fit,

1.0
Three Component Mixture of In,AA and 2-AP
in Water at 20°C
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w
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Figure 4.53. Emission spectra of Indole (In), 2-aminopurine (2-AP),
and anthranilic acid (AA), and of the three-component mixture. From
[187].
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Table 4.6. Global Analysis of a Two-Component Mixture of
Anthranilic Acid and 2-Aminopurine Measured at Five
Emission Wavelengths: Time Domain Data

AAx 2-AP
Observa- 1, =835ns 1,=12.16 ns
tion wave-
length (nm) o, f oy 5
360 0.117  0.089 0.883 0.911
380 0.431 0.357 0.569 0.643
400 0.604  0.528 0.396 0.472
420 0.708  0.640 0.292 0.360
440 0.810  0.758 0.190 0.242

2For the two-component fit 3> = 0.92, and for the one-component fit y >
=223.
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Figure 4.54. TCSPC data for indole (In), anthranilic acid (AA), and
2-aminopurine (AP). From [187].
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the deviations are randomly distributed around zero and the
values of yz? are near unity.

The intensity decay for indole in Figure 4.54 illustrates
the need to consider the convolution integral when using an
MCP PMT, even with a 4.41-ns decay time. At long times
the plot of log I(t,) versus time becomes nonlinear even
though there is only a single lifetime. This effect is most
visible for indole, with the shortest lifetime of 4.41 ns. This
long tail on the intensity decay is due to continued excita-
tion from the tail of the impulse response function and pos-
sibly some background emission. If one did not consider
convolution, and calculated the decay times only from the
slopes, then one would reach the erroneous conclusion that
the indole sample displayed a second long decay time.

Now consider similar data for a mixture of the three
fluorophores. The decay times range threefold from 4 to 12
ns, but this is a difficult resolution. Examination of Figure
4.55 shows that the single exponential fit (dashes) appears
to provide a reasonable fit to the data. However, the failure
of this model is easily seen in the deviations, which are
much larger than unity and not randomly distributed on the
time axis (lowest panel). The failure of the single exponen-
tial model can also be seen from the value of 2 = 26.45,
which according to Table 4.2 allows the single exponential
model to be rejected with high certainty. To be more specif-
ic, there is a less than a 0.1% chance (P < 0.001) that this
value of y 2 could be the result of random error in the data.

The situation is less clear with a double exponential fit.
In this case the fitted curve overlaps the data (not shown),
yr> = 1.22, and the deviations are nearly random. Accord-
ing to the y g2 data (Table 4.2), there is only a 2% chance
that g2 = 1.22 could result from statistical uncertainties in
the data. In practice, such values of y g2 are often encoun-
tered owing to systematic errors in the data. For compari-
son, the systematic errors in Figure 4.27 resulted in an ele-
vation of y 2 to a similar value. In an actual experiment we
do not know beforehand if the decay is a double, triple, or
non-exponential decay. One should always accept the sim-
plest model that accounts for the data, so we would be
tempted to accept the double exponential model because of
the weak evidence for the third decay time.

An improved fit was obtained using the triple exponen-
tial model, > = 0.93, and the deviations are slightly more
random than the two-decay-time fit. It is important to
understand that such a result indicates the data are consis-
tent with three decay times, but does not prove the decay is
a triple exponential. By least-squares analysis one cannot
exclude other more complex models, and can only state that
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Figure 4.55. TCSPC data for a mixture of indole (In), anthranilic acid
(AA), and 2-aminopurine (AP). From [187].

a particular model is adequate to explain the data. In this
case, the data are consistent with the three-exponential
model, but the analysis does not exclude the presence of a
fourth decay time.

The two- and three-decay-time fits can also be com-
pared using the ratio of 32 values. For this mixture the ratio
of g2 values was 1.31. This value can be compared with the
probability of this ratio occurring due to random deviations
in the data, which is between 5 and 10% (Table 4.3). Hence,
there is a relatively low probability of finding this reduction
in y g% (1.22 to 0.93) unless the data actually contained three
decay times, or was described by some model other than a
two-decay-time model. Stated alternatively, there is a 90 to
95% probability that the two-decay-time model is not an
adequate description of the sample.
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Table 4.7. Multi-Exponential Analysis of the Three-Component Mixture of Indole, 2-Aminopurine, and Anthranilic Acid
Pre-exponential Fractional %2, humber
Observa- Lifetimes (ns) factors intensities? of exponents
tion wave-
length (nm) T, T, T3 oy Oy o3 h f A 3 2 1
360 4.79 7.51 11.43 0.314 0.004  0.682 0.161 0.003 0.836 1.10 1.10  17.67
(0.100  (1.66)  (0.02) (0.001) (0.001)
380 4.29 8.37 11.53 0.155 0.622  0.223 0.079 0.617 0.304 0.93 122 2645
(0.33)  (0.05) (0.02) (0.001) (0.001)
400 4.99 9.50 13.48 0.180 0.722  0.098 0.099 0.755 0.146 0.96 0.97 7.88
0.16)  (0.13)  (0.25) (0.001) (0.001)
420 4.32 8.54 11.68 0.072 0.658  0.270 0.034 0.618 0.348 0.93 034 497
0.47)  (0.25)  (0.09) (0.001) (0.001)
440 1.70 7.94 11.07 0.037 0.580  0.383 0.007 0.517 0476 1.02 1.04  4.14
0.61) (0.24)  (0.06) (0.001) (0.001)

i, = (xiri/Zocjrj.
bAsymptotic standard errors.

One may question why there are two tests for goodness
of fit: based on yg? itself and based on the F statistic. The
values of yz? are useful when the experimental errors can be
accurately estimated, which is usually the case with TCSPC
data. In this case the value of yz? provides a test of both the
agreement of the measured and calculated N(z,) values, and
whether the only source of noise is Poisson photon statis-
tics. In contrast to y 2, the F statistic can be used when the
experimental uncertainties (o, values) are not precisely
known. This is usually the case with stroboscopic, gated
detection, and streak camera measurements, in which pho-
ton counting is not used. This situation also occurs in fre-
quency-domain fluorometry, where the uncertainties in the
phase and modulation values can only be estimated. The
calculated values of ygz? can be very different from unity
even for a good fit, because the 5,2 values may not be equal
to the values of [N(t,) — N.(t,)]> This is not a problem as
long as the relative values of yz? are known. In these cases
one uses the F statistic, or relative decrease in yz?, to deter-
mine the goodness of fit.

For closely spaced lifetimes, the ASEs will greatly
underestimate the uncertainties in the parameters. This
underestimation of errors is also illustrated in Table 4.7,
which lists the analysis of the three-component mixture
when measured at various emission wavelengths. It is clear
from these analyses that the recovered lifetimes differ by
amounts considerably larger than the asymptotic standard
errors. This is particularly true for the fractional intensities,
for which the asymptotic standard errors are +0.001. Simi-

lar results can be expected for any decay with closely
spaced lifetimes.

4.11. INTENSITY DECAY LAWS

So far we have considered methods to measure intensity
decays, but we have not considered the forms that are pos-
sible. Many examples will be seen in the remainder of this
book. A few examples are given here to illustrate the range
of possibilities.

4.11.1. Multi-Exponential Decays

In the multi-exponential model the intensity is assumed to
decay as the sum of individual single exponential decays:

I(t) = Zn:ai exp(—t/t;) 4.27)
i=1

In this expression t; are the decay times, o, represent the
amplitudes of the components at t = 0, and n is the number
of decay times. This is the most commonly used model, but
the meaning of the parameters (o; and t;) depends on the
system being studied. The most obvious application is to a
mixture of fluorophores, each displaying one of the decay
times 1;. In a multi-tryptophan protein the decay times may
be assigned to each of the tryptophan residue, but this usu-
ally requires examination of mutant protein with some of
the tryptophan residues deleted. Many samples that contain
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only a single fluorophore display decays more complex
than a single exponential. These data are usually interpret-
ed in terms of eq. 4.27, which then requires explanation of
the multiple decay times. If the probe can exist in two envi-
ronments, such as exposed and shielded from water, then a
decay time can be assigned to each of these states. Hence,
single-tryptophan proteins that exist in multiple conforma-
tional states may display a decay time for each state. Papers
on protein fluorescence sometimes interpret the multi-expo-
nential decays in terms of conformational distribu-
tions'195—l96

The meaning of the pre-exponential factors o, are dif-
ferent for a mixture of fluorophores and for one fluorophore
displaying a complex decay. For the latter case, it is gener-
ally safe to assume that the fluorophore has the same radia-
tive decay rate in each environment. In this case the o; val-
ues represent the fraction of the molecules in each confor-
mation at 7 = 0, which represents the ground-state equilibri-
um. However, the meaning of the a; values is more complex
for a mixture of fluorophores. In this case the relative a,
values depend on the concentrations, absorption, quantum
yields, and intensities of each fluorophore at the observa-
tion wavelength.

Irrespective of whether the multi-exponential decay
originates with a single fluorophore or multiple fluo-
rophores, the value of a; and t, can be used to determine the
fractional contribution (f;) of each decay time to the steady-
state intensity. These values are given by

f= o (428
= 28)
20uT;

The terms a7; are proportional to the area under the decay
curve for each decay time. In a steady-state measurement
one measures all the emissions irrespective of when the
photon is emitted. This is why the intensity is usually weak-
er for a short decay time and the ot product is smaller. For
a mixture of fluorophores, the values of f; represent the frac-
tional intensity of each fluorophore at each observation
wavelength (Tables 4.5 and 4.6). However, the recovered
values of f; may not correlate well with the expected inten-
sities due to the difficulties of resolving a multi-exponential
decay.

What are the variable parameters in a multi-exponen-
tial analysis? Typically these are the n lifetimes, and n or n
— 1 amplitudes. In most intensity decay analyses the total
intensity is not measured, and the Zo,; is normalized to
unity. Also, Xf; is normalized to unity. Hence for a three-
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decay-time fit there are typically five independently vari-
able parameters, three lifetimes, and two amplitudes. How-
ever, most programs require that all the amplitudes remain
variable during the fitting procedure, and the a.; values are
normalized at the end of the analysis. In these cases one is
fitting to the total intensity, and there are three variable-
amplitude parameters.

And, finally, it is important to remember that the multi-
exponential model (eq. 4.27) is perhaps the most powerful
model. Almost any intensity decay, irrespective of its com-
plexity, can be fit using eq. 4.27. This means that one can
say the data are consistent with eq. 4.27, but the data can
also be consistent with many other decay laws.

When using the multi-exponential decay law it is often
useful to determine the average lifetime (t). The average
lifetime is given by eq. 4.3. For a two-exponential decay it
is given by

Tl + o,Ts

T= = futhn

4.29
ot + LT, ( )

Occasionally one finds the "average lifetime" given by

<T> = Z a;T;

1

(4.30)

which is not correct. The value of <t> is proportional to the
area under the decay curve, and for a double-exponential
decay becomes

Jl(t)dt = o1 + 0T, 4.31)
0

This value should perhaps be called a lifetime-weighted
quantum yield or an amplitude-weighted lifetime. There are
occasions where the value of <t> is useful. For instance, the
efficiency of energy transfer is given by

Fon  Jha(Ddt

I (4.32)
Fy [ In(t)dt

where I,,(f) and I(?) are the intensity decays of the donor
in the presence and absence of energy transfer, respective-
ly. The integrals in eq. 4.32 are proportional to the steady-
state intensities in the presence (Fp,,) and absence (Fp) of
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acceptor, which is given by eq. 4.31. When using the results
of a multi-exponential analysis, the transfer efficiency
should be calculated using <t> values, since these are pro-
portional to the steady-state intensity.

4.11.2. Lifetime Distributions

There are many situations where one does not expect a lim-
ited number of discrete decay times, but rather a distribu-
tion of decay times. Such behavior may be expected for a
fluorophore in a mixture of solvents, so that a range of envi-
ronments exists. One can imagine a fluorophore being sur-
rounded by one, two, three, or more polar molecules, each
resulting in a different intensity decay. Another possibility
is a protein with many tryptophan residues, so that it is not
practical to consider individual decay times.

In such cases the intensity decays are typically ana-
lyzed in terms of a lifetime distribution. In this case the o,
values are replaced by distribution functions a.(t). The com-
ponent with each individual t value is given by

I(t,t) = a(t)e ™ (4.33)

However, one cannot observe these individual components
with lifetime t, but only the entire decay. The total decay
law is the sum of the individual decays weighted by the
amplitudes:

I(1) = J o (t)e "dr (4.34)
=0

where [a(t)dt = 1.0.

Lifetime distributions are usually used without a theo-
retical basis for the a(t) distribution. One typically uses
arbitrarily selected Gaussian (G) and Lorentzian (L) life-
time distributions. For these functions the o.(t) values are

1 1(t— 1

og(t) = ﬁ exp{ _5(1 - T)z} (4.35)
1 r/2

a(t) = — (4.36)

T (t—1)'+ (I/2)°

where (7) is the central value of the distribution, ¢ the stan-
dard deviation of the Gaussian, and I" the full width at half
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maximum (FWHM) for the Lorentzian. For a Gaussian the
full width at half maximum is given by 2.345c. For ease of
interpretation we prefer to describe both distributions by the
full width at half maxima. An alternative approach would
be to use o(t) distributions that are not described by any
particular function. This approach may be superior in that it
makes no assumptions about the shape of the distribution.
However, the use of functional forms for a(t) minimizes
the number of floating parameters in the fitting algorithms.
Without an assumed function form it may be necessary to
place restraints on the adjacent values of a.(t).

By analogy with the multi-exponential model, it is pos-
sible that au(t) is multimodal. Then

a(t) = 2 gol (1) = 2 aft) (437

1

where i refers to the ith component of the distribution cen-
tered at o;, and g, represents the amplitude of this compo-
nent. The g; values are amplitude factors and o %(t) the
shape factors describing the distribution. If part of the dis-
tribution exists below t = 0, then the a.(t) values need addi-
tional normalization. For any distribution, including those
cut off at the origin, the amplitude associated with the ith
mode of the distribution is given by

Jo at) dt

Irs > aft)dr

i

o (4.38)

The fractional contribution of the ith component to the total
emission is given by

Jo at)tdt

Iy Z o(t)tdr

l

fi (4.39)

In the use of lifetime distributions each decay time compo-
nent is associated with three variables, a,, f; and the half
width (o or I'). Consequently, one can fit a complex decay
with fewer exponential components. For instance, data that
can be fit to three discrete decay times can typically be fit
to a bimodal distribution model. In general, it is not possi-
ble to distinguish between the discrete multi-exponential
model (eq. 4.27) or the lifetime distribution model (eq.
4.34), so the model selection must be based on one's knowl-
edge of the system.!97-199
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4.11.3. Stretched Exponentials

A function similar to the lifetime distributions is the
stretched exponential

(1) = I, exp|(—t/0)"| (4.40)

In this expression B is related to the distribution of decay
times. The function is not used frequently in biophysics but
is often found in studies of polymers when one expects a
distribution of relaxation times. In a least-squares fit, 3 and
T would be the variable parameters.

4.11.4. Transient Effects

In many samples the intensity decay can be non-exponen-
tial due to phenomena which occur immediately following
excitation. This occurs in collisional quenching and in res-
onance energy transfer. In the presence of a quencher, a flu-
orophore that displays an unquenched single-exponential
lifetime will decay according to

I(t) = Iyexp(—t/t — 2bt"?) (4.41)
In this expression b depends on the quencher concentration
and diffusion coefficient. One can fit such decays to the
multi-exponential model, but one would then erroneously
conclude that there are two fluorophore populations. In this
case a single fluorophore population gives a non-exponen-
tial decay due to rapid quenching of closely spaced fluo-
rophore—quencher pairs.

Resonance energy transfer (RET) can also result in
decays that have various powers of time in the exponent.
Depending on whether RET occurs in one, two, or three
dimensions, ¢ can appear with powers of 1/6, 1/3, or 2
respectively. Hence we see that intensity decays can take a
number of forms depending on the underlying molecular
phenomenon. In our opinion it is essential to analyze each
decay with the model that correctly describes the samples.
Use of an incorrect model, such as the multi-exponential
model, to describe transient effects, results in apparent
parameter values (o, and t;) that cannot be easily related to
the quantities of interest (quencher concentration and diffu-
sion coefficient).

4.12. GLOBAL ANALYSIS

In Section 4.10 we indicated the difficulties of resolving the
decay times and amplitudes in a multi-exponential decay.
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The parameters in the various decay functions are correlat-
ed and difficult to resolve. The resolution of correlated
parameters can be improved by the use of global analy-
$i8.200-205 The procedure is to combine two or more experi-
ments in which some of the parameters are the same in all
measurements, and some are different. This can be illustrat-
ed by the emission spectra in Figure 4.53. A non-global
experiment would be to recover the values of a; and 1, from
the intensity decay collected at 380 nm, where all three flu-
orophores emit. A global experiment would be to measure
the intensity decays at several wavelengths, say 360, 380,
400, and 420 nm. The multiple intensity decay curves are
then analyzed simultaneously to recover the t; values and
the o, (A) values. The 1, values are assumed to be independ-
ent of emission wavelength. In the case of global analysis
the calculation of y 2 extends over several data sets. The
global value of y 2 is given by

sl s g W - TW]
A

k=1 I'(1)

(4.42)

where the additional sum extends over the files measured at
each wavelength (A). For the fitted functions the o, values
are different at each wavelength o.(A) because of the differ-
ent relative contributions of the three fluorophores. The val-
ues of 1, are assumed to be independent of emission wave-
length since each fluorophore is assumed to display a single
exponential decay.

It is easy to see how global analysis can improve reso-
lution. Suppose one of the intensity decays was measured at
320 nm. This decay would be almost completely due to
indole (Figure 4.53), and thus would determine its lifetime
without contribution from the other fluorophores. Since
there is only one decay time, there would be no parameter
correlation, and T, would be determined with good certain-
ty. The data at 320 nm will constrain the lifetime of indole
in data measured at longer wavelengths and in effect
decrease the number of variable parameters at this wave-
length. Even if the choice of wavelengths only partially
selects for a given fluorophore, the data serve to determine
its decay time and reduce the uncertainty in the remaining
parameters.

Global analysis was used to recover the lifetimes
across the emission spectrum of the three-component mix-
ture, using the decays measured from 360 to 440 nm. The
lifetime 72 surface for the three decay times is shown in
Figure 4.56. The expected decay time was recovered for
each of the components. However, even with a multi-wave-
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Figure 4.56. Global lifetime y 32 surface for the three-component mix-
ture of In, AA, and 2-AP. From [187].

length global analysis the uncertainties are significant. For
instance, the value of the 4.1-ns lifetime can range from
about 3.2 to 5.5 ns and still be consistent with the data.

4.13. APPLICATIONS OF TCSPC

The concepts described in the preceding sections can be
made more understandable by examination of some specif-
ic examples.

4.13.1. Intensity Decay for a Single Tryptophan
Protein

The tet repressor controls the gene in Gram-negative bacte-
ria that provides resistance to the antibiotic tetracycline.200
This protein usually contains two tryptophans, but a mutant
protein was engineered that contains a single tryptophan
residue at position 43. Intensity decays are shown in Figure
4.57. The light source was a frequency-doubled R6G dye
laser at 590 nm, frequency doubled to 295 nm. The dye
laser was cavity dumped at 80 kHz. The excitation was ver-
tically polarized and the emission detected through a polar-
izer set 54.7° from the vertical. The use of magic-angle
polarization conditions is essential in this case because the
protein can be expected to rotate on a timescale comparable
to the intensity decay. A Schott WG 320 filter was used in
front of the monochromator to prevent scattered light from
entering the monochromator, which was set at 360 nm.
The emission was detected with an XP-2020 PMT.
This PMT shows a wavelength-dependent time response
and an afterpulse. To avoid color effects the authors used a
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Figure 4.57. Intensity decay of trp-43 in the tet repressor protein F75
TetR at 360 nm. The calibration is 108 ps/channel. Revised and
reprinted with permission from [206]. Copyright © 1992, American
Chemical Society.

short-lifetime reference that shifted the wavelength to the
measurement wavelength with minimal time delay.!!2 This
was accomplished with a solution of p-terphenyl highly
quenched by CCl,. The fact that the measurements were
performed with a dynode PMT is evident from the width of
the impulse response function, which appears to be near
500 ps. Some of this width may be contributed from the
short lifetime standard.

The intensity decay was fit to the one, two, and three
exponential models, resulting in x> values of 17, 1.6, and
1.5, respectively. Rejection of the single-exponential model
is clearly justified by the data. However, it is less clear that
three decay times are needed. The ratio of the y 2 values is
1.07, which is attributed to random error with a probability
of over 20% (Table 4.3). The fractional amplitude of the
third component was less than 1%, and the authors accept-
ed the double exponential fit as descriptive of their protein.

4.13.2. Green Fluorescent Protein:
Systematic Errors in the Data

Green fluorescent protein (GFP) spontaneously becomes
fluorescent following synthesis of its amino-acid chain.
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Figure 4.58. Intensity decay of green fluorescence protein. From
[207].

GFPs are widely used as a tag to follow gene expression.
The intensity decay of GFP was measured with 365-nm
excitation, a 1.25-MHz repetition rate, and magic-angle
polarizer conditions.??7 The emission was detected above
500 nm, using an MCP PMT.

The intensity decay of GFP could be well fit to a single
exponential (Figure 4.58). The value of yg? is slightly ele-
vated, and not consistent with a single exponential model.
However, the value of % was not decreased by including a
second decay time () x> = 1.18). Examination of the devia-
tions (lower panel) reveals the presence of systematic oscil-
lations for which a second decay time does not improve the
fit. The failure of yz> to decrease is typically an indication
of systematic error as the origin of the elevated value of y 2.

4.13.3. Picosecond Decay Time

The measurement of picosecond decay times remains chal-
lenging even with the most modern instruments for TCSPC.
Figure 4.59 shows a schematic for a state-of-the-art instru-
ment.208 The primary source of excitation is a Ti:sapphire
laser, which is pumped by a continuous argon ion laser. The
repetition rate is decreased as needed by a pulse picker
(PP). Additional excitation wavelengths are obtained using
a harmonic generator (HG) for frequency doubling or
tripling, or an optical parameter oscillator (OPO). The pulse
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Figure 4.59. Intensity decay of DASPI in methanol. The upper panel
shows a schematic of the instrument with a Ti:sapphire-OPO pump
source at 543 nm and an R3809U MPC PMT. DASPI is 2-[2-[3-
dimethylamino)phenyl]-ethyl]-N-methyl pyridinium iodide (DASPI).
Revised from [208].

widths were near 1 ps. This instrument has an R3809U
MCP PMT that has one of the smallest available transient
time spreads.

The lower panel in Figure 4.59 shows the intensity
decay of DASPI in methanol. DASPI has a very short decay
time in this solvent. The intensity decay is not much wider
than the IRF, which has an FWHM below 28 ps. The decay
time recovered for DASPI is 27.5 ps. Comparison of the
IRF and intensity decay of DASPI shows the need for
deconvolution. In spite of the complex profile of these
curves, they are consistent with a single-exponential decay
of DASPI with a 27.5 ps lifetime.

4.13.4. Chlorophyll Aggregates in Hexane

The intensity decay for the tryptophan residues in the tet
repressor was relatively close to a single exponential. Inten-
sity decays can be much more heterogeneous. One example
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Figure 4.60. Intensity decay of chlorophyll in wet n-hexane [209].

is the intensity decay of chlorophyll in wet hexane solvents,
in which chlorophyll exists in a variety of aggregated
states.20 Data were obtained using a Pyridine dye laser at
760 nm, which was cavity dumped at 1 MHz and frequen-
cy doubled to 380 nm. The emission was detected at 715
nm through an interference filter. The detector was an
R2809 MCP PMT, with 6 micron channels. Even though
the excitation and emission wavelengths were far apart (380
and 715 nm), color effect corrections did not seem neces-
sary with this MCP PMT. Magic-angle polarizer conditions
were used.

The intensity decay of chlorophyll was strongly hetero-
geneous (Figure 4.60). The decay could not even be approx-
imated by a single decay time. The fit with two decay times
was much improved, reducing y g from 52.3 to 1.49. A fur-
ther reduction of 40% in yx? occurred for the three-decay-
time fit. The two-decay-time model can be rejected because
this y g2 ratio of 1.41 would only occur between 1 and 5%
of the time due to statistical errors in the data (Table 4.3).
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Figure 4.61. Intensity decays of FAD and FMN at pH 7.5, 3°C. Also
shown is the laser pulse profile. The deviations are for fits to the FAD
intensity decay. Data from [212].

Complex intensity decays with up to four lifetimes have
been reported for photosynthetic systems.210-211

4.13.5. Intensity Decay of Flavin Adenine
Dinucleotide (FAD)

Flavin adenine dinucleotide (FAD) is a cofactor in many
enzymatic reactions. The fluorescent moiety is the flavin,
which can be quenched on contact with the adenine. In
solution FAD can exist in an open or stacked configuration.
It is known that a significant amount of quenching occurs
because cleavage of FAD with phosphodiesterase results in
a several-fold increase in fluorescence intensity.

The nature of the flavin quenching by the adenine was
studied by TCSPC.212 Data were obtained using the output
of a mode-locked argon ion laser at 457.9 nm. The detector
was an XP 2020 linear-focused PMT, resulting in a relative-
ly wide instrument response function (Figure 4.61). The
intensity decay of the flavin alone (FMN) was found to be
a single exponential with a decay time of 4.89 ns. FAD dis-
played a double-exponential decay with a component of
3.38 ns (a; = 0.46) and of 0.12 ns (a, = 0.54). The short
decay time component was assigned to the stacked forms,
allowing calculation of the fraction of FAD present in the
stacked and open conformations. The lifetime of 3.38 ns is
thought to be due to dynamic quenching of the flavin by the
adenine moiety.
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Figure 4.62. Lifetime distribution of Annexin V Domain III in the
presence of phospholipid at various lipid-to-protein molar ratios
(L/P). The lipid was an 80/20 molar ratio of DOPC and DOPS, where
S indicates serine. Revised from [214]. The upper panel shows a
schematic of Annexin insertion into membranes. Reprinted with per-
mission from [218].

4.14. DATA ANALYSIS: MAXIMUM ENTROPY
METHOD

Intensity decays of biomolecules are usually multi-expo-
nential or non-exponential. The decays can be fitted using
the multi-exponential model. However, it is difficult to
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obtain an intuitive understanding of the results by examin-
ing table of a; and 7, values. Analysis of the decays in terms
of lifetime distribution (Section 4.11.2) is often useful for
visualizing the decay. However, when using NLLS the life-
time distribution analysis is usually performed in terms of
assumed shape functions (eqs. 4.35 and 4.36). Analysis
using the maximum entropy method (MEM) allows recov-
ery of lifetime distributions without assumptions about the
shape of the components.

The MEM is mathematically complex2!3-21¢ and the fit-
ting criteria somewhat subjective. Most of the published
analyses were performed using commercial algorithms
which are not completely explained. Nonetheless, the MEM
is now widely utilized and provides insight into complex
intensity decays.

The MEM is based on maximizing a function called
the Skilling-Jaynes entropy function:

a(T)

m(t)

S = Joc(t) —m(t) — a(t) log dt  (4.43)
0

In this expression o(t) is the recovered distribution and
m(t) is an assumed starting model that is flat in log t space.
The MEM method is not used alone, but the fits are per-
formed while calculating yg? according to eq. 4.22 to
ensure that the recovered distribution is consistent with the
data. In contrast to NLLS there does not appear to be a well-
defined stopping point for the MEM analysis. The analysis
is stopped when > does not decrease more than 2% for 20
interactions. The MEM is advantageous because it provides
smooth a(t) spectra that have enough detail to reveal the
shape of the distribution. The MEM method is claimed to
not introduce o.(t) components unless they are needed to fit
the data.

An example of an MEM analysis is shown in Figure
4.62 for domain III of Annexin V. Annexins are peripheral
membrane proteins that interact with negatively charged
phospholipids. Annexins can become inserted into mem-
branes (Figure 4.62), so the tryptophan intensity decays are
expected to be dependent on the presence of phospholipids.
This domain of Annexin V contains a single tryptophan
residue at position 187 (W187). The intensity decays of
W187 were measured by TCSPC. The excitation source
was synchrotron radiation that appeared as pulses at 13.6
MHz with a pulse width of 1.4 ns.2!5> The maximum entropy
analysis shows a shift from a dominant component near 0.9
ns in the absence of membrane to a longer-lived component
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Figure 4.63. Tryptophan intensity decays of FKBP59-1 excited by
synchrotron radiation at 295 nm and observed at 310 and 380 nm.
Revised from [219].

near 6 ns in the presence of lipid. It is easier to visualize the
effects of lipid from the distributions than from a table of
parameter values.

Lifetime distributions and the MEM are also useful in
visualizing the effects of observation wavelength on inten-
sity decays.?!® The immunophilin FKBP59-1 contains two
tryptophan residues, one buried and one exposed to the sol-
vent (Chapter 16 and 17). The intensity decays are visually
similar on the short (310 nm) and long (380 nm) sides of the
emission spectrum (Figure 4.63). The difference between
the decays are much more apparent in lifetime distributions
recovered from the maximum entropy analysis (Figure
4.64). An excellent monograph has recently been published
on TCSPC [220]. Readers are encouraged to see this book
for additional details on TCSPC.
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PROBLEMS

P4.1

P4.2.

P4.3.

P4.4.

P4.5.

. Calculation of Lifetimes: Use the data in Figures 4.1 and
4.2 to estimate the lifetime from the time-domain data,
and from the phase and modulation.

Fractional Intensity of Components in the Tryptophan
Intensity Decay: At pH 7, tryptophan displays a double-
exponential intensity decay. At 320 nm the intensity
decay low is I(r) = 0.19 exp(-#/0.62 ns) + 0.81
exp(—t/3.33 ns). What is the fractional contribution of
the 0.62-ns component to the steady-state intensity at
320 nm?

Stacking Equilibrium in Flavin Adenine Dinucleotide:
Use the intensity decays and lifetimes in Figure 4.61 to
calculate the collisional rate between the flavin and ade-
nine groups in FAD.

Average Lifetime: Suppose that a protein contains two
tryptophan residues with identical lifetimes (t, =1, =5
ns) and pre-exponential factors (o; = o, = 0.5). Now
suppose that a quencher is added such that the first tryp-
tophan is quenched tenfold in both lifetime and steady-
state intensity. What is the intensity decay law in the
presence of quencher? What is the average lifetime (1)
and the lifetime-weighted quantum yield (<t>)? Explain
the relative values.

Decay Associated Spectra: Tables 4.5 and 4.6 list the
results of the multi-exponential analysis of the two-com-
ponent mixture of anthranilic acid (AA) and 2-aminop-
urine (2-AP). Use these data to construct the decay asso-
ciated spectra. Explain the results for the DAS recovered
from the non-global (Table 4.5) and global (Table 4.6)
analysis.
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P4.6. Data Acquisition Times Using TCSPC With Microsec-

P4.7.

ond Decay Times: Calculate the time needed to acquire
the data in Figure 4.45. Assume the lifetime of
[Ru(bpy);]>+ is 400 ns and that one photon is detected
for each excitation pulse. Calculate the data acquisition
time to obtain the same data using TCSPC with the same
pulse repetition rate and a 1% count rate.

Data Acquisition Times Using TCSPC With Nanosecond
Decay Times: Suppose the lifetime of a fluorophore is 4
ns. Determine the conditions needed for TCSPC. Calcu-

P4.8.
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late the time required to count 4 x 10° photons with 1
photon counted per 100 excitation pulses. Consider dead
times of 2 ps and 120 ns.

Calculation of Fractional Intensities and Pre-Exponen-
tial Factors: Suppose two compounds have equal quan-
tum yields but different lifetimes of 1, = 1 usand 1, =1
ns. If a solution contains an equimolar amount of both
fluorophores, what is the fractional intensity of each flu-
orophore?
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