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Abstract
We report simultaneous measurements of fluorescence lifetimes at multiple excitation
wavelengths with a Fourier transform frequency domain fluorescence lifetime spectrometer. The
spectrometer uses a Michelson interferometer with its differential optical path length scanning at
22,000 Hz scan rate. The scan speed of the optical delay varies linearly during each scan and
creates interference modulations that sweep from −150 to 150 MHz in 45.5 μs. The frequency-
sweeping modulation allows nanosecond fluorescence lifetime measurements within 45.5
microseconds. Because the interference modulation frequency is wavelength-dependent, under the
Fourier multiplexing principle, the spectrometer can perform lifetime measurements on multiple
excitation wavelengths simultaneously.

Multiplexed fluorescence imaging simultaneously visualizes multiple molecular components
of interests within the same sample [1, 2]. The most common multiplexing method is to
differentiate fluorophores by their emission spectra. Fluorescence lifetime imaging provides
additional means to distinguish multiple fluorescent components by their lifetimes [3].
However, multiplexing by excitation remains a bottleneck in fluorescence lifetime imaging.
Multi-excitation fluorescence lifetime instruments often use a time sharing scheme, which
uses switching mechanisms to limit the excitation wavelength to be one at a time to obtain
spectrally resolved lifetimes [4–6]. In these instruments, the complexity of the optical
systems and the data acquisition time increases linearly with growing numbers of excitation
lines.

Fourier excitation spectroscopy allows true parallel excitation detection [7, 8] by modulating
a multi-wavelength excitation source with time-varying interference in a path-length
modulated interferometer. Because the interference modulation frequency is linear to the
path-length scanning speed and wavenumber, multiple excitation lines are naturally
separated by their different modulation frequencies. When fluorophores are excited by the
Fourier modulated multiple excitation sources, fluorescence emission associated with
different excitation wavelengths can be resolved by the inverse Fourier analysis. By
changing the path-length scanning speed, which changes interferometric modulation
frequencies, emission responses at different modulation frequencies can be measured. The
fluorescence lifetimes at multiple excitation lines can then be extracted with frequency
domain lifetime methods [7, 8]. However, the previous Fourier lifetime spectrometers can
only measure μs lifetimes at 50 points per second, whereas lifetime imaging applications
require ns lifetime measurements at a high pixel rate. In this letter we present a novel
Fourier fluorescence lifetime system that can perform nanosecond fluorescence lifetime
measurements with multiple excitation lines simultaneously within 45.5 μs.
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Figure 1 shows a schematic of the frequency-sweeping fluorescence lifetime spectrometer.
Because the intensity modulations of the excitation source are generated by interference, the
system accepts any laser with a coherence length longer than the maximum differential
optical path length (~2 mm). We choose a combination of four continuous wave lasers at
wavelength 405 nm, 488 nm, 561 nm and 638 nm, which is a common 4-color configuration
in confocal microscopes. The four laser lines are combined by three dichroic mirrors
(Semrock) and directed into a Michelson interferometer, whose differential path-length
scans between 0 and 2 mm at 22,000 Hz by a double-passing high-speed optical delay line
[9]. The delay line consists of a spinning 24-facet polygon mirror array (2.5 inch diameter,
Lincoln Laser) scanning at 55,000 RPM (45.5 μs per facet), a lens (Nikon 50mm f/1.4D)
and a mirror. The modulated multi-line output of the interferometer is focused onto the
fluorescence sample by a 20x, 0.75 NA microscope objective (Olympus). The emitted
fluorescence light is collected by the same microscope objective. After spatial filtering by a
20 μm pinhole and a pair of 35 mm focus lenses, the emission is detected by a PMT detector
(Hamamatsu H7422, 0.78 ns rise time), amplified and recorded by a 1.5 GHz digitizer.

The optical delay d of the polygon delay line is a parabolic function of rotational angle,
given by d=2Rθ2, where R is the radius of the mirror array and θ is the incident angle
(±7.5°). The polygon mirror produces 22,000 facet scans per second. Within a single facet
scan, the instantaneous delay-scan speed changes linearly from approximately −94 m/s to
+94 m/s. At the interferometer’s output, the instantaneous frequency of the wavelength-
dependent modulation is given by f= λ/v, where λ is the wavelength and v is the
instantaneous velocity of the optical delay. For laser lines at 400 ~ 600 nm wavelengths, the
modulation frequency linearly changes from approximately 230~150 MHz to 0 then back to
230~150 MHz. The frequency sweeping modulation allows frequency domain lifetime
measurements over a continuous frequency span at a rate of 22,000 points per second. To
our knowledge, it is the fastest frequency domain lifetime fluorometer currently available.

The detected fluorescence signal contains emission driven by all excitation lines, each
modulated at a different frequency. Fluorescence emissions from different excitation lines
are therefore orthogonal to each other in the frequency domain. By correlating fluorescence
emission with the interference signal from a single excitation line at λ, the lifetime property
of the sample at the excitation wavelength λ is revealed.

(1)

where Iem is the total emission signal, Iλex is the interference signal from the excitation line
at λ, H refers to the Hilbert transform, m is the modulation intensity of fluorescence
emission, and φ is the phase delay between the fluorescence emission and the excitation
modulation. Lifetime of the sample at the excitation wavelength equals to λ can be obtained
by fitting m and φ with the frequency domain lifetime model [10].

Since ω changes linearly with time during each scan, in the data analysis, signal from a
single scan is divided into short segments, in which modulation frequencies are
approximately constants. In these segments, the fluorescence emission is cross-correlated
with the excitation modulation at wavelength λ to obtain m and φ responses at different
modulation frequencies. The fluorescence lifetime is then calculated by fitting m and φ with
a decay model. The process is repeated for all excitation lines, and the lifetime of the sample
is obtained as a function of excitation wavelengths. The Fourier spectral resolution in
excitation wavelengths is set by the length of the delay-scan during a segment, which is 10
μm or higher for 1-μs time segments. The spectral resolution under 1-μs segmenting is 500
cm−1 (12 nm at 488 nm). Segment durations and frequency points can be freely adjusted
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depending on the signal to noise ratio, the excitation line separation and the lifetime model.
Such flexibility could benefit the study of complex lifetime phenomena such as multi-
exponential decays.

The above algorithm requires high-speed digitizing of both the fluorescence emission and
interference modulations of all excitation lines. If the interference signals are highly
repeatable, interference signals from the excitation lines can be pre-calibrated instead of
measured in real-time, which greatly reduces the data volume. To determine whether pre-
calibration is sufficient, we tested the system with a mixture of two fluorescence lifetime
standards (2 μM fluorescein and 5 μM rhodamine B (Sigma) in DI water). The sample was
excited by 488 nm and 561 nm laser lines simultaneously. Figure 2 plots normalized
fluorescence modulation intensities of the mixture at 488 nm and 561 nm excitation,
calculated with pre-recorded laser interference signals. Modulation intensity was analyzed in
1-μs segments, in which the modulation frequency swept across an approximately 7-MHz
span. The error bars represents the standard deviation of the scan-to-scan variation.
Modulation responses were fitted with the single exponential fluorescence decay model at
each excitation lines [10]. At 488 nm excitation, which excites fluorescein, the fluorescence
lifetime measured with a single facet scan is 3.6±0.4 ns. At 561 nm, which excites
rhodamine B, the fluorescence lifetime is 1.7±0.2 ns. Both lifetimes match results in the
literature [11]. The standard deviation in lifetime measurements is 10% with single 45.5-μs
facet scans.

Figure 2 also plots fluorescence phase delays of the mixture at the two excitation lines,
calculated with real-time laser interference signals. The resulting lifetimes are the same as
measured by modulation, with lifetime of fluorescein at 3.6±0.4 ns, and rhodamine B at
1.6±0.2 ns. We found that real-time interference signals are required for accurately
calculating the phase delay, whereas pre-recorder interference signals are sufficient for
calculating the intensity modulation m. Laser modulation phases are very sensitive to
random mechanical vibrations and motions of the delay line as the mirror spins. Therefore,
real-time measurements of laser interference phases are required for precise phase analysis.
On the other hand, modulation intensity analysis is much less sensitive to the instantaneous
variations in the optical path. The algorithm to calculate m is equivalent to a frequency
sweeping spectrum analyzer, whose bandwidth is the inverse of the segment duration and
the center of the band tracks the laser modulation frequency. With 1-μs segments, the
bandwidth is approximately 0.5 MHz. As long as the laser modulation frequency is
repeatable within the segment bandwidth, frequency tracking is maintained in modulation
analysis. We observed 0.05% variations in interference modulation frequencies between
scans, which is mainly caused by the scanner motor speed instability (0.03%). When the
modulation frequency changes between 0 and 230~150 MHz, the 0.05% frequency variation
remains much smaller than the 0.5-MHz bandwidth during the entire scan. Because there is
no observable frequency mismatch, pre-calibrating the optical delay line is sufficient for
measuring lifetimes with modulations. We also observed 2% interference modulation
amplitudes variation, which is caused by mirror tilting and vibration. The modulation
amplitudes variation is the major noise source when the fluorescence is strong. It is the
source of the 10% lifetime uncertainty and also limits the shortest detectable lifetime to be
0.4 ns. When the fluorescence is weak and the photon shot noise exceed the modulation
amplitudes variations, a Monte-Carlo simulation shows that the photon efficiency of the
frequency sweeping lifetime measurement is similar to the photon efficiency of a single
frequency measurement at the center of the frequency sweeping span. Within the frequency
range of our system, modulation measurements are more photon efficient than phase
measurements when lifetimes are longer than 1.5 ns [12]. We conclude that although phase
analysis provides additional information about fluorescence lifetime heterogeneity,
modulation-only analysis will be better suited for imaging applications of the current
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system, because it does not need real time data of the laser interference. In the future, on-
board hardware data processing may allow both phase and modulation analysis.

In conclusion, we have demonstrated an instrument that can perform simultaneous lifetime
measurements on multiple excitation wavelengths. The Fourier frequency-sweeping
fluorescence lifetime spectrometer is fully compatible with laser-scanning confocal
microscopy. At 22,000 measurements per second, it could produce multiplexed lifetime
images at 3 second per frame over a 256×256 pixel field of view if connected with a
confocal scanning microscope. Because the instrument generates laser modulations by
interference, it works with any continuous wave laser excitation line combinations. In the
future, we will replace the color-blind detector with a multi-spectral photon-counting
detector. The upgrade will make the instrument capable of simultaneously measuring
fluorescence intensities and lifetimes in excitation emission matrices (EEMs) [6] at single
molecule level. The instrument opens the door to multidimensional spectral and lifetime
imaging, which will allow more fluorescent labels to be imaged simultaneously, and enable
the investigation of complex fluorescence phenomena, such as multi-color Förster resonance
energy transfer.
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Figure 1.
Optical setup of the frequency-sweeping fluorescence lifetime fluorometer. The combined
multi-line laser is directed into a Michelson interferometer. The path length of the
interferometer is modulated by an optical delay line consisting of a rotating polygon mirror,
a lens and a mirror.
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Figure 2.
Fluorescence intensity modulation and phase delay as a function of frequency measured
within 45.5 μs at 488 nm and 561 nm excitation lines simultaneously. The sample was a
mixture of 2 μM of rhodamine B and 5 μM of fluorescein in DI water. Error bars represent
variations between 24 facet scans.
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