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The streak camera is one of the fastest photodetection systems, while its capability of multiplexing is particularly
attractive to many applications requiring parallel data acquisition. The degree of multiplexing in a streak camera is
limited by the crosstalk between input channels. We developed a technique that introducing a fixed time delay
between adjacent fiber channels in a customized two-dimensional to one-dimensional fiber array to significantly
reduce crosstalk both at the sample plane and at the input of a streak camera. A prototype system has been devel-
oped that supports 100 input channels, and its performance in fluorescence microscopy is demonstrated. © 2012
Optical Society of America
OCIS codes: 180.2520, 060.4230.

A streak camera is one of the fastest time-domain photo-
detection systems with picoseconds resolution [1–3],
which is achieved by using a time-varying voltage to de-
flect photoelectrons perpendicular to their direction of
travel. The time of photoelectron generation therefore
correlates to spatial position on a readout camera.
Over the past two decades, several groups have devel-

oped streak camera based fluorescence lifetime imaging
microscopy (FLIM) techniques [3–8], which measure
fluorescence lifetime in addition to intensity [9–13]. For
example, Krishnan et al. developed a multiphoton FLIM
system with both high temporal resolution (from the
streak camera) and spatial resolution (from the scanning
multiphoton illumination) [6,7]. In this design, a single ex-
citation point is raster scanned across the field of view to
generate a two-dimensional (2D) lifetime image.
Similar to an imaging spectrograph, a streak camera

supports multiple input channels, which makes it inher-
ently suited for high-throughput applications such as
FLIM. Qu et al. [8] and Shao et al. [14] used a microlens
array to divide a laser beam into a 4 × 4 array of foci, and
also a special streak camera input consisting of a match-
ing pinhole array. A prism was used after the pinhole in-
put, resulting in a 4 × 4 array of streak images combined
with spectral information. This approach led to a sub-
stantial improvement of throughput by multiplexing,
but it required a special wide photocathode [8] and
further multiplexing was limited by the photocathode’s
spatial resolution [15]. The multiplexing ability is limited
by crosstalk between adjacent input channels, which not
only reduces image quality but also hinders the accurate
estimation of time-domain data (e.g., lifetime). Instead of
generating a 2D array at the input of a streak camera, we
developed a 2D to one-dimensional (1D) fiber array that
transfers the image of a 2D array of spots on the sample
to a linear array entering a conventional streak camera
with a slit photocathode. Crosstalk between channels
at the sample plane on the 2D end is reduced by using
a large pitch between individual channels. Throughput

improvement may be realized by increasing the number
of fibers in the array, which is limited by the spatial
resolution of the photocathode and crosstalk between
adjacent fiber inputs at the 1D end. (Details of this design
will be reported elsewhere.)

Besides spatial separation, short pulses/decays may be
separated in time, by varying the optical path length to
introduce a delay in the time domain [16]. In this report,
we present a novel fiber bundle design that can signifi-
cantly reduce crosstalk at the 1D end of the streak cam-
era input by introducing a fixed optical path length
difference between adjacent fibers. We demonstrate that
this design significantly reduces crosstalk between adja-
cent fibers such that it enables a much greater degree of
multiplexing at the streak camera input. This design is
applicable for not only FLIM but other multichannel
applications using a streak camera.

Figure 1 shows the schematic of the experimental set-
up. Two microlenslet arrays (500 μm center-to-center
pitch, square microlenses, SUSS MicroOptics, Neuchâtel,
Switzerland) are used to generate arrays of excitation

Fig. 1. Instrument setup for multiple delay optical fiber array
streak imaging.
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foci on the sample and focus the fluorescence emission
to the fiber array. A diode laser (3 mW, 60 ps LDH-P-C-
440M, PicoQuant, Berlin, Germany) provides pulsed ex-
citation at 440 nm, which goes through the first lenslet
array to generate a 10 × 10 array of foci. A 445 nm di-
chroic filter (Di01-R442-25 × 36, Semrock, Rochester,
New York) reflects the beams to the side imaging port
of an inverted fluorescence microscope (Axiovert 200,
Carl Zeiss, Oberkochen, Germany). Fluorescence emis-
sion from the sample is relayed back through the two
lenslet arrays and an emission filter (FF01-542/27-25,
Semrock), then focused onto the 2D end of a customized
2D–1D fiber array (0.11 NA, fused silica, n � 1.44, 50 μm
diameter core, 50 μm cladding). At the 1D end of the fiber
array, the fibers are arranged into a linear 1 × 100 array
and coupled to the input slit of a streak camera (SC-10,
Optronis, Kehl, Germany). In the fiber array, adjacent fi-
bers are of alternating lengths of 1 and 2 m, which leads
to a temporal separation of 4.8 ns. This temporal separa-
tion is translated into a spatial separation of 4.8 mmwhen
sweeping at 1 ns∕mm. FLIM acquisition is achieved by
raster scanning the sample so that the 2D foci array cov-
ers the full frame. A lookup table correlating the 2D foci
array to the 1D array on the streak camera readout is
used to reconstruct the final FLIM image.
The overall system temporal response is limited by a

number of factors, including the laser pulse width
(60 ps), the fiber modal dispersion (15–30 ps), and the
fiber core size (50 μm), which translates to a 50 ps spot
at the streak camera readout. The impulse response of
the system is measured to be 126 ps FWHM.
To demonstrate the crosstalk reduction using the alter-

nating fiber delay lines, Coumarin 6 (546283, Sigma-
Aldrich, St. Louis, Missouri) dissolved in ethanol solution
(5 μM) is measured to form a uniform distributed image
using the sweep on and sweep off modes of the streak
camera. The sweep on mode is the normal opera-
ting mode, where a time-varying ramp voltage is applied
in the horizontal (temporal) direction. As shown in
Fig. 2(b), fluorescence decay from each fiber becomes
a streak on the readout camera. In this case, the differ-
ence in fiber lengths results in a right shift of 4.8 mm for
longer fibers, which are spatially separated from streaks
from the adjacent shorter fibers. As shown in Fig. 2, each
of the streaks is visibly separate with low crosstalk
between adjacent channels.
To quantify the reduction in crosstalk achieved using

alternating 1 and 2 m fibers, the extent of crosstalk when
the fiber delay is not present was simulated by acquiring
images using the sweep off mode. In this mode, there is
no time-dependent deflection of electrons, such that all
photoelectrons reach the readout camera at the same
time-axis location. As a result, the time delay between
adjacent fibers does not lead to spatial separation on
the readout camera, which is similar to the crosstalk be-
tween two adjacent streaks when the time delay is not
present. As shown in Fig. 2(c), the crosstalk between
adjacent spots is obvious when the streak camera is op-
erated in the sweep off mode.
To compare the crosstalk between the two modes

quantitatively, intensity profiles of the spots in Fig. 2(a)
and the streaks in Fig. 2(b) were calculated with the
background noise subtracted. The crosstalk between

adjacent channels was defined by the ratio of the valley
between two spots to the average of the two adjacent
peaks. The crosstalk in sweep off mode, which simulates
a fiber array without alternating fiber lengths, was
52� 11%. The crosstalk in sweep on mode was 19� 4%
and 33� 11% for 1 m fibers and 2 m fibers, respectively.
The 2 m fibers have significantly more crosstalk with the
addition of the residual decay from the 1 m streaks,
which may be removed using incomplete decay algo-
rithms [17–18]. The lifetime of the Coumarin 6 was 2.58�
0.04 ns when fitted to a multiexponential decay. It is in
good agreement with literature reported values [19].

Figure 3 shows steady-state fluorescence images of
fixed Convallaria specimens (Convallaria majalis fixed
sample, Leica, Wetzlar, Germany) using the fiber array
multiplexing method presented. The Convallaria sample
is stained with safranin (530 nm, 590 nm) and fast green
(620 nm, 660 nm) [20]. The sample was scanned using an
X -Y stage with 40 steps and a 20× objective. The resulting
image resolution is 1.3 μm, but the resolution can be im-
proved to the objective limit of 0.6 μm by increasing the
number of steps taken by the X -Y stage. Figure 3(a)
shows the fluorescence image acquired in the sweep
off mode, simulating the situation in which there is no
fiber delay present.

The images were reconstructed from the 1600 streak
images. Furthermore, a normalization factor was applied
to each channel to correct its intensity variations. The
normalization table was obtained by each channel’s in-
tensity measurement when imaging a uniform paper
fluorescence standard.

Fig. 2. Streak images of fiber array inputs, with corresponding
intensity profiles. (a) Fiber array imaged at the sweep off mode,
(b) fiber array imaged at the sweep on mode. The left and right
columns of streaks are from the 1 and 2 m fibers, respectively.
(c) Magnified view of spots in the sweep off mode with corre-
sponding intensity profile, (d), (e) magnified views of the sweep
off mode and the corresponding intensity profiles.
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To acquire the images shown in Fig. 3, 0.5 s integration
was required for each step, depending on sweep mode.
This leads to over 800 s to acquire a full FLIM image.
It should be noted that the current FLIM setup is opti-
mized not for high speed but for the demonstration of
the performance of crosstalk reduction. For example,
the diode laser pulse energy is 75 pJ∕pulse, which is
shared by over 100 foci. The acquisition time in this
setup is also limited by the 4 MHz repetition rate of the
streak camera, where the laser can operate at 40 MHz. A
higher intensity laser and high repetition synchroscan
sweeping module can significantly improve acquisition
speed.
Figure 3(b) shows the time-integrated fluorescence im-

age of the same sample region in the sweep on mode de-
monstrating the reduced crosstalk. Although the sweep
off mode image [Fig. 3(a)] shows better signal intensity,
the sweep on image [Fig. 3(b)] shows significantly im-
proved contrast from lower crosstalk. This is especially
apparent in the low-signal regions of the image, where
crosstalk from an adjacent fiber would be especially
detrimental.
The lifetime of most fluorescent probes used in FLIM

are shorter than 4 ns. By introducing a 4.8 ns delay, life-
time estimation based on the intensity decay of the short-
er fiber is minimally affected by the adjacent longer
fibers. Nonetheless, different delay times can be intro-
duced by using fibers of different lengths. A time-domain
signal measured from the longer fibers only suffers from
the residual decay (>4.8 ns) from the shorter fibers. This
is similar to the incomplete decay effect commonly seen
with high repetition rate laser excitation and may be cor-
rected mathematically [17,18]. Depending on the lifetime
being studied, signal multiplexing may be increased
further by introducing more groups with different delays.
In addition to lifetime, the time delay is also limited by the
overall width of the time window on the streak camera
(20 ns in our case).
Because of the length limitation of this short commu-

nication, fluorescence lifetime imaging results as well as
a detailed description of the FLIM system setup will be
reported elsewhere. It is, however, important to confirm

that the delayed fibers are able to measure the same life-
time decays as the nondelayed fibers.

In summary, alternating the length of adjacent fibers
significantly reduces crosstalk between adjacent fiber
channels and thereby increases the degree of multiplex-
ing possible when using a streak camera to measure mul-
tiple input channels simultaneously. This technique is
expected to be particularly useful both for live cell ima-
ging and for high-throughput automated imaging as is
used in drug discovery systems, where the speed at
which a FLIM image is acquired is a major hurdle.
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Fig. 3. Reconstructed fluorescence intensity images of fixed
Convallaria specimens imaged (a) without sweeping and
(b) with sweeping. When the streak camera is not sweeping
(a), the fiber delay between adjacent fibers is not present
and the image is reconstructed from steady-state acquisitions
such as in Fig. 2(c). When the streak camera is sweeping
(b), the image is reconstructed from time-resolved acquisitions
such as in Figs. 2(d)–(e).
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