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Multi-channel lock-in amplifier assisted femtosecond time-resolved
fluorescence non-collinear optical parametric amplification spectroscopy
with efficient rejection of superfluorescence background
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Superfluorescence appears as an intense background in femtosecond time-resolved fluorescence
noncollinear optical parametric amplification spectroscopy, which severely interferes the reliable
acquisition of the time-resolved fluorescence spectra especially for an optically dilute sample. Su-
perfluorescence originates from the optical amplification of the vacuum quantum noise, which would
be inevitably concomitant with the amplified fluorescence photons during the optical parametric
amplification process. Here, we report the development of a femtosecond time-resolved fluores-
cence non-collinear optical parametric amplification spectrometer assisted with a 32-channel lock-in
amplifier for efficient rejection of the superfluorescence background. With this spectrometer, the
superfluorescence background signal can be significantly reduced to 1/300-1/100 when the seeding
fluorescence is modulated. An integrated 32-bundle optical fiber is used as a linear array light receiver
connected to 32 photodiodes in one-to-one mode, and the photodiodes are further coupled to a
home-built 32-channel synchronous digital lock-in amplifier. As an implementation, time-resolved
fluorescence spectra for rhodamine 6G dye in ethanol solution at an optically dilute concentration of
10~M excited at 510 nm with an excitation intensity of 70 nJ/pulse have been successfully recorded,
and the detection limit at a pump intensity of 60 uJ/pulse was determined as about 13 photons/pulse.
Concentration dependent redshift starting at 30 ps after the excitation in time-resolved fluorescence
spectra of this dye has also been observed, which can be attributed to the formation of the excimer at
a higher concentration, while the blueshift in the earlier time within 10 ps is attributed to the solvation

process. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4938187]

I. INTRODUCTION

Ultrafast time-resolved fluorescence spectroscopy is a
useful method in the study of energy and electron transfer
occurring in the photophysical and photochemical processes
of the excited states.'™ Unlike the ultrafast time-resolved
transient absorption spectra, it usually gives the straight-
forward information regarding the lowest fluorescence excited
state. To acquire ultrafast time-resolved fluorescence spectra,
a number of detection techniques such as Kerr gating, streak
camera, up-conversion and fluorescence non-collinear optical
parametric amplification spectroscopy (FNOPAS) with their
unique advantages as well as limitations have been developed.
Commercial streak camera is more popular for its simple
optical alignment, broad spectral-, and large dynamical
ranges. However, its temporal resolution is limited to 1 ps.>>
Kerr gating method, with the advantage of broad spectral
acceptance, is limited by the requirement of high pulse energy
for gating and residual transmittance of the Kerr shutter which
reduces the temporal resolution.®”!%!! In 2003, Gilch’s group
realized 100 fs time resolution in a near IR pumped broadband
Kerr gating setup.® Up-conversion technique is superior for
its temporal resolution as high as that of the laser pulse width,
owing to the requirement of the phase matching condition,
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the angle of nonlinear crystal has to be optimized for
different wavelengths to cover the broadband spectrum.’'2-14
In 2009, Eom et al. provided 40 fs time resolution for
the whole emission wavelength range in the investigation
of polar solvation dynamics of Coumarin 153.° Recently,
broadband spectrum as wide as 26000 cm~' was obtained
by the combination of down- and up-conversions with a
fixed geometry by Ernsting’s group.'>'® Compared with the
traditional up-conversion system, their collected fluorescence
cone is varied 5° to meet the needs of phase matching condition
of different wavelengths with the collective optics and a prism.
Fluorescence non-collinear optical parametric amplification
spectroscopy is a newly developed technique for recording
ultrafast time-resolved broadband fluorescence spectra.!’~>!
The proof-in-principle experiment was demonstrated by Fita
et al. in the visible range.'” Soon after, our group extended
the seeding fluorescence to the near IR region,'® and the
fluorescence decay kinetics together with the time-resolved
spectra can be obtained by its conjugated part in the visible
region. Later, we reported a gain factor of 10°-10°,"" a
detection limit of about 20 photons/pulse for noncoherent
seeding light,'”??> and a single photon/pulse for coherent
seeding light>® for a 120 fs pulsed laser, spectral correction
method by using the inherent spectrum of the vacuum quantum
noise which would be amplified as the superfluorescence
concomitant with the amplified fluorescence,?” and Cassegrain
objective for fluorescence collection to remove the possible

©2015 AIP Publishing LLC
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interference from the white light continuum generation.?! It
has been reported that the amplified signal of non-collinear
optical parametric amplification (NOPA) could be tuned from
460 to 1150 nm in a signal branch, the corresponding tuning
range for the idler beam would be 600 nm to 2800 nm.>*
And we have shown that the bandwidth of more than
100 nm (2500 cm™!) with a relatively uniform gain curve
(normalized value in the range of 0.8—1.0) could be achieved
at a fixed phase-matched angle.?” In principle, the detectable
fluorescence spectral range can cover 460 to 2800 nm in
combination with rotation of the beta barium borate (BBO)
angle. We also successfully applied FNOPAS in a number of
practical cases, such as detection of photogenerated carrier
relaxation dynamics in CdS,Se;_,,? ultrafast energy transfer
in photosynthetic process for marine algae and for artificial
photosynthetic systems,?®?” and characterization of the lasing
dynamics in organic waveguide with a length about 500 nm.?®
With our continuous efforts, FNOPAS could achieve a time
resolution comparable to the width of the excitation laser
pulse and can be used to acquire time-resolved fluorescence
spectra with a good spectral fidelity.

However, the concomitant parametric superfluorescence
in FNOPAS is an unavoidable background interference in
the time-resolved amplified fluorescence spectra. Parametric
superfluorescence is the amplified quantum noise due to zero-
point fluctuations?>** in the absence of the signal or idler
input at a condition of high gain of the nonlinear media.*'
It has been shown recently that the parametric fluorescence
has the same amplification behavior as the purposely applied
seeding beam at the signal wavelength. Both the parametric
fluorescence and seeding light enter linearly into the output
and the pump leads to exponential amplification. Zero-point
fluctuations at both the signal and the idler wavelength range
contribute to the parametric superfluorescence.? Therefore,
the parametric fluorescence can hardly be removed physically
from the amplified fluorescence, in principle, as well as
in practice. Owing to its fluctuation by nature, it would
bring a large fluctuation in the intensity of amplified seeded
fluorescence, especially when the amplified fluorescence
is much weaker than the parametric superfluorescence. In
our previous work, when the amplified fluorescence is
more intense than the parametric superfluorescence, multi-
wavelength acquisition of the time-resolved fluorescence
spectra can be realized with a polychromator assisted with
an array detector or charge coupled device (CCD) matrix.
The parametric fluorescence background was subtracted by
data post-processing, i.e., subtracting the mixed spectra of
amplified fluorescence and parametric fluorescence by an
independently acquired background parametric fluorescence
spectrum scaled by an appropriate factor. Apparently, when
the superfluorescence is more intense than the amplified
fluorescence, this method becomes invalid. This greatly limits
the application of FNOPAS. In contrast, single wavelength
detection of kinetics at this condition is still possible by the
use of a conventional single-channel lock-in amplifier, for a
lock-in amplifier which can detect AC signals even if when
they are overwhelmed by much larger noise components. This
is realized by selecting an appropriate reference modulation
frequency on the signals.**3* With this method, the detection
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limit for the single wavelength detection has been determined
as about 20 photons/pulse for noncoherent seeding light!%??
and down to one photon/pulse for coherent seeding light.??

In principle, it is possible to construct the time-
resolved fluorescence spectra by the acquisition of the
single-wavelength amplified fluorescence decay kinetics using
single-channel lock-in amplifier method at every selected
wavelength; however, this would take a long time, and the
problem of long-term stability of the laser system would
definitely prevent the construction of reliable time-resolved
fluorescence spectra. Consequently, an idealized apparatus
for acquisition of time-resolved fluorescence spectra based
on FNOPAS should combine the advantages of simultaneous
detection of multi-wavelengths like array detector or CCD and
rejection of the parametric fluorescence signals as the lock-
in amplifier. Recently, Kobayashi’s group used multi-channel
lock-in detection in stimulated Raman microscope for spectral
imaging to obtain spontaneous Raman scattering spectra with
high temporal synchronization. The multi-channel lock-in
detection improves imaging not only by increasing the speed
being multiplied by the channel number but also by alleviating
problems such as laser fluctuations and sample damage by
simultaneously measuring the full Raman spectral range of
interest.>*

Towards this purpose, in this work, we proposed a
new detection system for FNOPAS by using a 32-bundle
optical fiber arranged in a linear array at the focal plane
of the spectrometer, and the exit ends were connected to
32 photodiodes coupled to a 32-channel lock-in amplifier.
With this apparatus, we realized nearly background-free
femtosecond time-resolved broadband spectra detection, and
the time-resolved fluorescence spectra for rhodamine 6G dye
in ethanol solution at an optically dilute concentration as low
as 107M with an excitation intensity as low as 70 nJ/pulse
at 510 nm have been successfully recorded. We have clearly
illustrated that the dynamics for the solvation process is at the
initial stage within 10 ps with a blueshift in the time-resolved
fluorescence spectra, while the formation of the excimer at a
higher concentration started at about 30 ps after the excitation
with a significant redshift in fluorescence spectra.

Il. EXPERIMENTAL SETUP
A. Optical setup

The optical setup is shown in Fig. 1. A Ti:Sapphire
regenerative amplifier (Spitfire Ace, 3.5 W, Spectra Physics)
with a repetition rate of 1 kHz provides p-polarized laser
pulses of 35 fs in pulse-width at 800 nm. The output beam
is split with a 50:50 beam splitter (BS1). The transmitted
beam is used to excite the sample while the reflected beam
is used as the pump beam for the fluorescence amplification
in a BBO crystal. Half-wave plates WP1 and WP3 rotate the
polarizations of the excitation and pump beams, respectively,
by 90° to realize the phase matching condition of NOPA and
FNOPAS. Both of BBO crystals for NOPA and FNOPAS
are cut for type I phase matching. 1% of the transmitted
beam is reflected by the second beam splitter (BS2) and
is focused on a c-cut sapphire plate (S) to generate white
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FIG. 1. Schematic diagram for the setup of multi-channel lock-in amplifier assisted femtosecond time-resolved fluorescence non-collinear optical parametric
amplification spectroscopy. HR, high reflective mirror at specific wavelength; BS1, 50:50 beam splitter; BS2, 99:1 (T:R) beam splitter; WP1 and WP3, 1/2
wave plate at 800 nm; WP2, achromatic 1/2 wave plate (400-800 nm); L, lenses; A, continuously variable aperture; S, c-cut sapphire; SC, sample cell; ND,
neutral density filter; F1, notch filter centered at 800 nm; F2, long pass filter for elimination of the excitation beam; BBO1 and BBO3, 1 mm thick BBO crystal
cut at 0 =29.2° for second harmonic generation (SH1 and SH2); BBO2 and BBO4, 1 mm thick BBO crystal cut at 6 =31.7° for NOPA and FNOPAS.

light continuum in NOPA. The remaining beam after BS2
is frequency-doubled in a 1 mm thick second harmonic
generation BBO crystal (BBO1), and the output 400 nm
beam (60 pJ/pulse) acts as the pump beam of NOPA. To
eliminate the anisotropic decay effect of the excited molecules,
a half-wave plate WP2 is used to rotate the polarization of
excitation beam at a magic angle (0 = 54.7°) with respect
to the polarization of the amplified fluorescence (FNOPAS
only amplifies the phase-matched polarization of the seeded
fluorescence photons). A neutral density filter is used to adjust
the excitation intensity. A plano-convex Lens L7 collects and
focuses the fluorescence on the BBO crystal in FNOPAS.
The reflected beam from BS1 is reflected by a retroreflector
on a motorized delay stage, and then it is frequency doubled
in a 1 mm thick BBO crystal (BBO3) as the pump beam
for FNOPAS. A plano-convex lens L10 (f =300 mm)
focuses the pump beam with the focal point located 20 mm
behind the BBO crystal in FNOPAS. To test this apparatus,
rhodamine 6G ethanol solution was used as the fluorescent
sample. During the measurement, the sample solution was
continuously stirred in the sample cell having an optical
pathlength of 1 mm. Spot sizes of the pump beam and collected
fluorescence beam on the FNOPAS crystal are about 600 um
and 400 um, respectively. The temporal resolution of this
FNOPAS was determined as 100 fs by replacing fluorescence
seeding light by a small portion of 510 nm light from
NOPA.

B. 32-Channel digital lock-in amplifier assisted
spectrometer

The amplified fluorescence was focused on the entrance
of a 180 mm focal-length spectrograph using either a 300
grooves/mm or a 600 grooves/mm grating by an achromatic
lens. The dispersed fluorescence was imaged on the exit
plane of the spectrograph where a linear array of quartz
fiber bundle consisting of 32 multi-mode optical fibers (core
diameter: 400 um; clad diameter: 500 um; NA = 0.37) was

installed. The 180-mm spectrograph was calibrated with a
commercial CCD spectrometer. Consequently, the spectral
resolution of the fiber coupled spectrometer was determined
as 8.2 nm for the 300 grooves/mm grating and 3.8 nm for
the 600 grooves/mm grating. As is shown in Fig. 1, the
ends of 32 optical fibers are coupled to 32 standalone Si
photodiodes which convert the light intensities of different
wavelength to current signals. The current signals are then
converted to voltage signals by transimpedance amplifiers
with a gain of 4.7 x 107 V/A. The amplified voltage signals
are sent to a home-built 32-channel synchronous digital lock-
in amplifier, the detail of its design has been described
elsewhere.®® Briefly, the digital lock-in amplifier consists
of a field programmable gate array (FPGA) to synchronously
communicate with and control ofeight 4-channel synchronous
digital lock-in modules.*® The reference frequency is locked
at the optical chopper in the fluorescence excitation beam with
a chopping frequency far different from 1 kHz, e.g., 193 Hz as
a typical reference frequency. The reference signal is sent to a
phase locked loop which provides synchronous clock signals
for the digital lock-in modules. The final demodulated signals
from FPGA are transferred to a computer via communication
interface for further data treatment. Considering the intense
parametric superfluorescence background noise which is
pumped by the 1 kHz pulsed laser, 32 notch filters with a
central cutoff frequency of 1 kHz are designed and connected
in the front of each circuit to filter the 1 kHz interference
signals associated with the pump laser to improve the signal
to noise ratio and dynamic range of our measurement.
Comparing with photodiode array, standalone optical fiber
coupled photodiodes can eliminate cross talk signal between
the neighboring detecting elements. The spectral response
of this multi-channel lock-in amplifier assisted spectrometer
was calibrated with a commercial spectrometer (HR4000CG-
UV-NIR, Ocean Optics). Explicitly, we acquired the steady-
state fluorescence spectra of R6G with our 32-channel
lock-in amplifier assisted spectrometer and the commercial
spectrometer, respectively. The ratio between the two acquired
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spectra is taken as the spectral calibration curve for the 32-
channel lock-in amplifier assisted spectrometer.

lll. RESULTS AND DISCUSSION

To demonstrate the feasibility of this multi-channel lock-
in amplifier assisted spectrometer for time-resolved FNOPAS,
we measured the transient fluorescence spectra of rhodamine
6G dye in ethanol of varied concentrations. Fig. 2(a) shows
a typical amplified fluorescence image as a bright spot on a
superfluorescence ring background, where the concentration
of rhodamine 6G is 1073M and the corresponding time-
resolved fluorescence spectra and the fluorescence kinetics
are displayed in Figs. 3(a) and 3(b), respectively. At this
concentration, the fluorescence peak wavelength shows an
obvious redshift starting at 30 ps after the excitation, i.e.,
from 580 nm to 592 nm till 1100 ps, while the fluorescence
decay process can be fitted with a monoexponential decay
process (7 = 180 ps). With the multi-channel lock-in amplifier
assisted fiber-array spectrometer, it took only several minutes
to acquire the above time-resolved spectra. As reported
previously, under this condition, the time-resolved spectra can
also be collected with a CCD assisted spectrometer by the use
of background subtraction of an averaged superfluorescence
spectrum, since the intensity of the amplified fluorescence
is more intense than that of the superfluorescence. However,
when the concentration of the dye was reduced to the order
of 107*M, the amplified fluorescence spot cannot be distin-
guished from the superfluorescence ring as shown in Fig. 2(b),
and the method of direct background subtraction fails,
indicating that the CCD assisted spectrometer could no longer
be used to acquire the time-resolved fluorescence spectra at a
concentration lower than 10™*M. In contrast to our previous
work, we reduced the lowest concentration from ~10~*M
to 107M in this work, and the corresponding time-resolved
fluorescence spectra and the fluorescence decay kinetics are
displayed in Figs. 4(a) and 4(b), respectively. In contrast to
those at high concentration, almost no redshift in the spectra
can be observed after 2 ps at such a low concentration, and
the decay kinetics can be well fitted by a monoexponential

FIG. 2. Far-field image of superfluorescence ring together with the amplified
transient fluorescence (bright spot on the right of the superfluorescence
ring) of 1073M (a) and 10~*M (b) rhodamine 6G in ethanol. A rectangular,
continuously variable metallic neutral density filter was placed to ensure that
both the amplified transient fluorescence and superfluorescence were in the
dynamic detection range of the camera. The bright spot arising from 400 nm
pump beam at the center of the ring was blocked by a continuously tunable
iris.
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kinetics at 580 nm (open triangles) and its monoexponential decay fitting
curve (solid line), 7 = 180 ps.

decay with a time constant of 3.3 ns much longer than that
at high concentration, which basically matches a reported
lifetime of 3.85 ns measured at a concentration less than
1.5 x 1075M.%¢ All the time-resolved spectra presented have
been corrected for the gain of the BBO crystal according
to the reported spectral correction method.?’ Meanwhile,
the time-resolved fluorescence spectra were subjected for
chirp correction caused by the solvent and optical elements,
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FIG. 4. (a) Transient fluorescence spectra of 10~>M rhodamine 6G in ethanol
at different time delays. The solid line is the GaussMod fitted curve for
determination of the peak wavelength. (b) Kinetic trace at 572 nm (open
triangles) and its monoexponential decay fitting curve (solid line), 7 = 3.3 ns.
The non-zero background around 540 nm comes from the inference of
excitation pulse of 510 nm with a broad bandwidth.
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which affects the time zero for different wavelengths. To
correct the time zero of time-resolved fluorescence spectra at
different wavelength, we employed the white light from the
super-continuum generation as the reference. Explicitly, we
acquired time zero for the amplified super-continuum white
light to quantitatively derive the chirp from the solvent and
optical elements at two different conditions, i.e., with and
without the solvent in the sample cell, output window of the
cell, lens collecting the fluorescence and longpass filter in
front of FNOPAS BBO. The resulting difference of time zero
between the two measurements is used as chirp from solvent
and optical elements for the correction of time-zero position.
All the spectra were acquired at room temperature.
Comparing Figs. 3(a) and 4(a), a remarkable difference
is that the time-resolved fluorescence spectra of rthodamine
6G solution exhibit a time-dependent redshift in their peak
wavelength at the high concentration (1073M), while such a
spectral shift does not appear in those of low concentration
(107M, also see Fig. 6 for clearer vision). Redshift in the
peak fluorescence wavelength of rthodamine 6G in glycerol
solution (5 x 107°M) has been observed in picosecond time-
resolved fluorescence spectra by Kerr gating method as early
as in 1974, and this phenomenon has been interpreted in
terms of inhomogeneous spectral broadening accompanied
by a Stokes shift due to the interaction among the dye and
the surrounding solvent molecules.’” Our results at the low
concentration (107M) do not support such an interpretation
since no spectral shift can be observed after 2 ps. As the
redshift in the spectra is concentration dependent, and the
fluorescence obviously shows the concentration quenching
effect as shown in Fig. 3(b), the fact strongly indicates the
formation of the excimer, i.e., an excited dye molecule (A*)
associates with a ground-state molecule (A) to form the
excimer ([A—A]") through effective diffusion and collision at
high concentration.’®* Accordingly the following reaction
schemes can be proposed:

ky

A5 A (1
A+ A % [A-AT', @)
[A-A]" 2 [A-A]. 3)

And the corresponding rate equations can be written as

dA*

ar —(ky + kyA)A" + k3[A-A]", “
d[Ad—_tA]* = kyAA* — (ks + ky)[A-A]". Q)

Therefore, the dye solution should contain two kinds of
emissive species, i.e., the excited-state monomer and the
excimer. Thus, the experimentally acquired time-resolved
fluorescence spectra should also consist of two types of
spectra correspondingly.

To resolve the individual spectral components from the
as-acquired spectra, we employed the method of singular
value decomposition (SVD) to resolve the species-associated
emission spectra and the corresponding kinetics according
to the reported procedures.’**! Fig. 5(a) presents the
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FIG. 5. (a) SVD-resolved two species associated spectra (SAS) assigned to
the excited-state monomer (open triangles) and the excimer (open circles), re-
spectively (the solid line is used to guide for view). (b) SVD-resolved species-
associated kinetics for the excited-state monomer (open triangles) and the
excimer (open circles). (¢) Comparison of the SVD-resolved monomer fluo-
rescence spectrum (open triangles) with that obtained directly by FNOPAS
at low concentrations of 107°M and 5x 10~*M rhodamine 6G solution (the
solid line is used to guide for view).

SVD resolved species associated spectra (SAS) of 107°M
rhodamine 6G in ethanol and the corresponding population
evolution kinetics are shown in Figs. 5(b) and 5(c) compares
the SAS of the fast decay component with the experimentally
collected one at two different lower concentrations (107°M
and 5 x 107*M) after 2 ps. For these two concentrations no
observable spectral shift can be observed after 2 ps (see
Fig. 7(a)). Obviously the SAS of the fast decay component of
1073M solution is basically same as the fluorescence spectrum
of 5 x 107*M solution. We also noted that the time-resolved
fluorescence spectra of 107> M and 5 x 10~*M solutions having
10 nm difference in their peak wavelengths. A possible cause
will be given later in this section (see discussion about
Fig. 7). The fluorescence spectrum for 107M solution is
believed as that of the excited-state monomer at such a low
concentration, since it has been reported that the ground-state
dimer would be formed only when the concentration exceeds
1072M.*? If we neglect the spectral difference between these
two lower concentrations, i.e., also assume that rhodamine
6G molecules still exist as monomer at the concentration
of 5x107*M, we can assign the SAS of the fast decay
component to that of the excited-state monomer, and the
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FIG. 6. Time-dependent peak wavelength of the fluorescence spectra ac-
quired for 107M and 10~>M rhodamine 6G ethanol solutions.

remaining SAS of slow decay component would be from
the excimer accordingly. To fit the SVD-resolved population
evolution kinetics globally, we solved the rate Equations
(4) and (5) numerically by using Runge—Kutta method with
an initial condition of A7_j =1 and [A-A];_, = 0. We used
Levenberg—Marquardt algorithm to search the values for
ki, ky, k3, and k4 which best fit the population evolution
kinetics. The fitted curves are shown in Fig. 5(b) as the solid
curves, where k; = 1/1910 (ps)™', ky = 1.1 x 1013 s7!M~!,
k3 = 1/3240 ps~!, and k4= 1/2285 ps~!. From the global
fitting, we got the radiative decay lifetime for the fast decay
component of 1.9 ns (1/k;) which can be compared to that of
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FIG. 7. (a) Time-dependent peak wavelength of the fluorescence spectra
acquired for a series of rhodamine 6G ethanol solutions of varied con-
centration. (b) Plot of the initial peak wavelength at t=0.1 ps against the
concentration. The horizontal lines denote the positions of the two averaged
peak wavelengths, respectively.
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5 x 10~*M solution (1.5 ns) directly fitted by monoexponential
decay; and a lifetime for the excimer of 2.3 ns (1/k4) is also
basically consistent with the reported lifetime for the excited
dimer in methanol of 4.6 ns considering our limited optical
delay line of 1.1 ns.*?

To further confirm the above mechanism, as well as to
illustrate the solvation process, we acquired time-resolved
fluorescence spectra for a series of samples with a varied
concentration at a better temporal and spectral resolution
as suggested by the reviewers. As we have shown that the
spectral resolution of the apparatus is 3.8 nm, while in the
post-data analysis, we used GaussMod function embedded in
Origin software to fit the acquired spectra (see Fig. 4(a)), and
the peak position of the time-resolved fluorescence spectra
can be found with an improved spectral resolution. Fig. 6
plots the obtained fluorescence peak wavelength against the
time for two different concentrations, i.e., 107>M and 10~>M.

As shown in Fig. 6, at a low concentration (open triangle),
about 10 nm spectral shift can be observed within the first
10 ps, then there is no spectral shift in the later time. We
then inspected the time-resolved fluorescence peak shift in a
much higher concentration of 107M shown in Fig. 6 (open
circle). In this case, the spectral blueshift in the first stage is
still there within the first 10 ps, the time-dependent spectral
shift can be fitted by a monoexponential process with a time
constant of 2.4 ps. Referring to the solvation process of
Coumarin 153 probed by the dynamic Stokes shift in the peak
fluorescence, which has a time constant ranging from about 2
ps to 10 ps with a relative large Stokes shift (redshift about
2000 cm~! measured in a concentration of 5x 107°M);*
thus, we attribute the first stage to the solvation process of
rhodamine 6G in ethanol. However, the spectral shift observed
in our experiment was blue shift. The spectral shift can be
observed in a steady-state and a nonequilibrium state. For
steady-state spectra, solvation can cause either a blue or a
red shift in the absorption or emission spectra depending on
the relative magnitude of the dipole-moment of the ground
and the excited state, i.e., u; and .. For the case of the
blue shift, u, should be larger than p, (ug > ); and it is
reversed for the case of red shift.***> For nonequilibrium
state, blue shift has been scarcely observed. Levy et al. have
conducted molecular dynamical simulation of time-resolved
fluorescence and nonequilibrium solvation of formaldehyde in
water; they found that a dynamical blue shift occurs within the
first ps of solvation, which also requires u, > .. A physical
account for this is that the excited state is more favorably
solvated by the solvent structure organized around the ground
state indicating a larger stabilization energy at the initial
time of the excitation pulse, because the excited-state species
having a smaller dipole moment will not be able to keep the
solvent molecules as tight as the ground-state species; the
solvation (stabilization) energy decreases with time as the
solvent structure relaxes, which would lead to a dynamical
blue shift in the time-resolved fluorescence spectra.*® In the
current work, we have observed a dynamical blue shift in
the time-resolved fluorescence spectra. For rhodamine 6G,
it has been reported that p, = 16.1 and u, = 10.5 (Debye),
respectively;*’ therefore, the observed dynamical blue shift in
the first ps can be plausibly ascribed to the solvation process.
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Interestingly, a remarkable difference in the time-dependent
peak wavelength appears in the second stage, i.e., starting at 30
ps, the fluorescence peak wavelength exhibits a monotonical
redshift from 580 nm to 592 nm, which is clearly missing
in that of the low concentration. The fact obviously supports
the excimer formation mechanism we proposed based on the
SVD analysis.

Fig. 7(a) gives more time-dependent fluorescence peak
wavelength in a series of sample of varied concentration.
Obviously, all the initial peak wavelengths (0.1 ps after
time zero) can be classified into two groups of low and
high concentrations (Fig. 7(b)), i.e., 579 nm (17 271 cm™")
(averaged value) for low concentration and 591 nm
(16921 cm™") (averaged value) for high concentration. It
has been observed that the rthodamine 6G forms unstable
ground-state dimer with a binding energy less than 1 kT at
a concentration larger than 1072M in methanol;** therefore,
our result in Fig. 7(b) strongly suggests that ground-state
loosely bound pairs might be formed at a concentration about
5% 107*M with a calculated binding energy about 350 cm™!
(1.7 kT) in ethanol. It is noted that the theoretical calculation
of the ground-state dimer shows that the J-aggregate form
(head-to-tail) of rhodamine 6G would lead to a redshift in
the absorption spectrum with respect to that of the monomer,
and the predicted energy difference between the absorption
maxima is 0.098 eV (792 cm™!),*® which indicates that the
ground-state loosely bound pair would be less stable than the
ground-state dimer.

We then conducted SVD analysis on the measured time-
resolved fluorescence spectra of rhodamine 6G solutions with
a series of different concentrations. Only some of the spectra
at a concentration of 1074, 2.5 x 107, 5x 107, 7.5 x 107%,
1073, and 2 x 107*M can be analyzed successfully by the SVD
method. The corresponding pseudo first-order rate constant
(koA) can be obtained. A plot of these rate constants against the
concentration of the dye is shown in Fig. 8, in which the second
order rate constant (k) for the formation of the excimer can be
obtained, which has a value of 1.07 x 10'3 s~'"M~!. This value
is apparently larger than the generally observed diffusion-
limited bimolecular rate constant at room temperature in
an order of 10'° s7'M~'.* Lawandy et al. have reported
the phenomenon of laser inhibited diffusion in rhodamine
ethanol solutions, they found that the diffusion constant of
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FIG. 8. Pseudo first-order rate constant against the concentration. The solid
line is the linear fitted curve for all the data points except for the last one.
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the singlet-excited state rhodamine 6G is only 1/18 of that
of the ground state.’? Therefore, the observed larger second-
order rate constant for the formation of the excimer cannot
be interpreted by the diffusion rate constant of the singlet-
excited state molecule, instead the much larger rate constant
also points to the formation of the ground-state loosely bound
pair. We noted that the pseudo first-order rate constant for
2 x 107*M solution is almost same as that of 107>M, which
indicates that the ground-state loosely bound pair would
begin to form ground-state dimer at a concentrated solution
higher than 1 X 1073M, for this would lead to a concentration
independent pseudo first-order rate constant.

Based on the above analysis, it is quite clear that the
observed redshift in the fluorescence peak wavelength with
respect to that of the excited monomer after 30 ps for
the concentrated rhodamine 6G solution is caused by the
formation of excimer from the ground-state loosely bound
pair. The energy diagram for the ground-state loosely bound
pair and excimer is shown in Fig. 9, where the coupling
matrix element |V| for the excimer [A—A]" can be estimated
from the difference in the emission peaks of excimer and the
excited state of the ground-state loosely bound pair [A*-A],
i.e., [V| =0.036 eV or 292 cm~!. There the formation energy
of the excimer (energy difference between the excimer and
the monomer) should be the sum of the binding energy of the
ground-state loosely bound pair and the above coupling matrix
element, i.e., 642 cm™!' (0.08 eV, or 3.1 kT). Interestingly,
Lawandy et al. reported an energy difference between the
excited state and the ground-state rhodamine 6G in ethanol
of 3 kT in a concentration range of 10~ to 10~>M at room
temperature;>® thus, their value is quite consistent to the
energy difference between the excimer and the monomer in
the current case.

To test the background noise rejection capability, we
collected the superfluorescence intensities at a selected
area on the superfluorescence ring under rejected and un-
rejected mode, respectively. The intensity of the rejected
superfluorescence was simply collected by blocking the
seeding fluorescence with chopper modulation on the
fluorescence excitation beam, while the intensity of the
un-rejected superfluorescence was measured by moving the
chopper from the excitation beam to the pump beam with
the seeding fluorescence being blocked. The calculated ratio

| - %
— 2V
3

[A%-—-A] Tt-s
[A-A]*
hv hv
[A---A] [A-A] §

FIG. 9. The energy diagram for the relation between the excimer and the
ground-state loosely bound pair, | V| is the coupling matrix element for the
excimer.
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between the two intensities of rejected and un-rejected
superfluorescence ranges between 1/300 and 1/100.

Finally, we used 107M rhodamine 6G in ethanol
excited at 510 nm with an excitation intensity of 70
nJ/pulse to determine the detection limit of our system.
The gain factor of the FNOPAS was determined to be
about 4.2 x 10° at a pump intensity of 60 uJ/pulse with the
method reported previously.'” The lowest detectable amplified
fluorescence signal at 610 nm with a time delay of 1100
ps was measured, which is equivalent to about 18 fJ/pulse,
corresponding to 5.3 x 10* photons/pulse. This corresponds to
afluorescence detection limit of about 13 seeding fluorescence
photons/pulse.

IV. CONCLUSION

We have developed a femtosecond time-resolved
fluorescence spectroscopy setup which realizes background
free detection of broadband fluorescence spectra with a home-
made 32-channel lock-in amplifier. The superfluorescence
background signal can be significantly reduced down to
1/300-1/100. Temporal synchronization of 32 channels avoids
the wavelength scanning in single-wavelength detection
mode. This has an advantage of reducing the measuring
time and eliminating the time jitter at different wavelength for
construction a reliable time-resolved fluorescence spectrum.
Transient fluorescence spectra of 10~°M rhodamine 6G dye
in ethanol have been successfully detected by the current
apparatus, which could not be realized with CCD assisted
spectrometer. Concentration dependent spectral shift in time-
resolved fluorescence spectra of this dye have also been
observed, and we proposed an excimer formation model to
account for the observed concentration-dependent spectral
shift. The improvement of the detection system would
definitely make FNOPAS a more powerful tool in ultrafast
time-resolved fluorescence spectroscopic studies.
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