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ABSTRACT
Parametric superfluorescence (PSF), which originated from the optical amplification of vacuum quantum noise, is the primary noise
source of femtosecond fluorescence non-collinear optical parametric amplification spectroscopy (FNOPAS). It severely affects the detec-
tion limit of FNOPAS to collect the femtosecond time-resolved spectra of extremely weak fluorescence. Here, we report the development of
femtosecond fluorescence conical optical parametric amplification spectroscopy (FCOPAS), aimed at effectively suppressing the noise
fluctuation from the PSF background. In contrast to traditional FNOPAS configurations utilizing lateral fluorescence collection and
dot-like parametric amplification, FCOPAS employs an innovative conical fluorescence collection and ring-like amplification setup. This
design enables effective cancellation of noise fluctuation across the entire PSF ring, resulting in an approximate order of magnitude
reduction in PSF noise compared to prior FNOPAS outcomes. This advancement enables the resolution of transient fluorescence spectra
of 4-dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-pyran (DCM) dye molecules in ethanol, even at an optically dilute concen-
tration of 10−6 mol/l, with significantly enhanced signal-to-noise ratios. This improvement will be significant for extremely weak fluorescence
detection on the femtosecond time scale.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0197254

I. INTRODUCTION

Ultrafast time-resolved fluorescence spectroscopy has been
extensively used as a direct and powerful tool for studying
ultrafast photophysical and photochemical processes in condensed
phases.1–13 With nonlinear optical laser sampling techniques such as
fluorescence up-conversion,14–18 optical Kerr gating,19–22 transient
grating,23 and fluorescence non-collinear optical parametric
amplification spectroscopy (FNOPAS),24–29 a time resolution
comparable to the excitation laser pulse width can be obtained,
which is beneficial for monitoring the fluorescence dynamics occur-
ring on the femtosecond to picosecond time scales. Fluorescence
measurement with such high temporal resolution also allows
the direct observation of ultrafast coherent exciton dynamics in
molecular aggregates and, therefore, is proposed to be an attractive
complement of two-dimensional spectroscopy to study quantum
coherence effects.30,31

Compared with other nonlinear optical techniques, FNOPAS
has the unique advantages of both ultra-broad spectral bandwidth

(>200 nm) and extremely high optical gain (∼106).32 As a
consequence, it can record ultrafast broadband fluorescence spectra
with a detection limit lower than 20 photons/pulse for noncoherent
seeding fluorescence.32,33 This technique has been successfully used
to study diverse ultrafast phenomena, such as delayed fluorescence
in semiconductor nanostructures,34 ultrafast energy transfer in
photosynthetic and artificial photosynthetic systems,35,36 and lasing
dynamics in organic waveguides.27 Despite these advantages, the
FNOPAS measurement still suffers from an unavoidable interfer-
ence from the concomitant parametric superfluorescence (PSF)
background,37 which is generated through a spontaneous paramet-
ric down-conversion (SPDC) process between vacuum quantum
fluctuation and a pump beam in a nonlinear crystal.38–40 The PSF
background always coincides with the amplified fluorescence signal,
both temporally and spatially, and can hardly be removed physically.
Consequently, the intensity fluctuation of PSF always introduces
considerable noise to the amplified fluorescence signal, which
limits this technique to detect extremely weak fluorescence.
Mao et al. reported the development of a femtosecond FNOPAS
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assisted with a 32-channel lock-in amplifier for efficient rejection
of the PSF background, allowing the time-resolved fluorescence
measurement of rhodamine 6G dye in an ethanol solution at an
optically dilute concentration of 10−5 mol/l.37

In this study, we present a novel technique termed femtosecond
fluorescence conical optical parametric amplification spec-
troscopy (FCOPAS), designed to enhance the suppression of noise
fluctuations arising from the PSF background. Departing from
the conventional lateral fluorescence collection and dot-like
parametric amplification method employed in FNOPAS, FCOPAS
utilizes an inventive conical fluorescence collection and ring-like
amplification scheme. To elucidate the spatial fluctuation properties
of the PSF ring, we conduct measurements involving the correlation
of intensity fluctuations between two arbitrarily chosen segments
from the PSF background. Our findings affirm the stochastic nature
of the PSF ring, allowing for the cancellation of noise fluctua-
tions to some extent through the ring-like amplification scheme.
Consequently, the PSF noise is substantially suppressed when
compared to the FNOPAS method. This technological advance-
ment enables the resolution of transient fluorescence spectra for
4-dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-pyran
(DCM) dye molecules in ethanol, even at an optically dilute
concentration of 10−6 mol/l, with a markedly improved signal-to-
noise ratio. The reduction in PSF noise enhances the precision of
femtosecond time-resolved fluorescence measurements, providing a
clearer and more detailed understanding of ultrafast phenomena in
photochemical and photophysical processes.

II. EXPERIMENTAL SETUP

The schematic diagram of the typical FCOPAS setup is shown
in Fig. 1(a). The femtosecond laser (∼100 fs pulse duration, 810 nm
central wavelength, and 2 kHz repetition rate) is generated by a
Ti: sapphire laser system (Spitfire Ace, Spectra Physics). The out-
put beam is first frequency-doubled in a 2 mm thick β-barium
borate (BBO) crystal for second harmonic generation (SHG). The
generated 400 nm pulses are then split by a beam splitter (BS) with
a splitting ratio of 1:4 (T:R). The reflected beam is used as the
pump beam for the optical parametric amplification (OPA), and the
transmitted beam is used as the excitation beam to excite the sample.
The pump beam (∼100 μJ/pulse) is focused by a plano-convex lens
(f = 300 mm) on a 2 mm thick BBO crystal used for the OPA, and
the excitation beam (∼0.7 μJ/pulse) is focused on the sample to emit
fluorescence. Then, the generated fluorescence is collected and
focused on the BBO crystal to overlap with the pump beam for the
OPA process. A long-pass filter is employed to remove the residual
400 nm excitation light.

Traditionally, a lateral fluorescence collection and dot-like
parametric amplification scheme is generally employed in FNOPAS
[Fig. 1(b)].32,33 In this scheme, the collected fluorescence from the
sample is injected into the BBO crystal with a specific propagation
direction, and the non-collinear angle α between the pump beam
and the fluorescence beam is generally around 3.9○.33 As a conse-
quence, the amplified fluorescence signal appears as a bright point
located on the PSF ring, as shown in Fig. 1(b).

FIG. 1. (a) The schematic diagram for the FCOPAS setup. BS: 1:4 (T:R) beam splitter, WP: λ/2 wave plate at 400 nm, ND1 and ND2: neutral density filters, BBO (SHG) is
cut at θ = 29.2○, and BBO (OPA) is cut at θ = 31.7○. (b) The schematic diagram for the lateral collection and dot-like amplification scheme in traditional FNOPAS. (c) The
schematic diagram for the cone-shaped collection and ring-like amplification scheme used in FCOPAS.
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Based on the principle of the OPA process, all the light injected
into the BBO crystal with the propagation direction satisfying
the phase-matching condition can be amplified. That means we
can simultaneously amplify all the collected fluorescence, which
propagates with a fixed non-collinear angle α to the pump beam.
Therefore, we here introduce a conical fluorescence collection and
ring-like amplification scheme [Fig. 1(c)] to replace the one used
in traditional FNOPAS [Fig. 1(b)]. To achieve this, a mirror with
a through-hole in the center is employed to converge the collected
fluorescence along with the propagation direction of the pump
beam, and both beams are concurrently focused on the BBO crystal
[Fig. 1(a)]. As a consequence, a conical zone of the fluores-
cence beam at the phase matching angle can be parametrically
amplified, and the rest is blocked. With this optical configura-
tion, all the fluorescence located on the PSF ring can be amplified
simultaneously. As a result, not only the fluorescence collection and
amplification efficiencies but also the signal-to-noise ratio can be
greatly improved, which will be discussed later.

After passing through the OPA crystal, the pump beam is
blocked, and all the amplified fluorescence is collected. The PSF
background (IPSF) originating from the SPDC process always
coincides with the amplified fluorescence signal (Iflu) because both
of them obey the same phase-matching condition.37 To remove the
PSF background, we modulate the excitation beam to 1 kHz through
an optical chopper. Then, the spectra of the amplified signal with
(IPSF + Iflu) and without (IPSF) the seeding fluorescence are recorded
by a fiber-coupled spectrometer (AvaSpec-ULS2048CL-EVO,
Avantes). As a result, the spectra of the pure amplified fluorescence
signal Iflu can be obtained.

The time delay between the pump and the excitation beams was
controlled by a monitored delay stage. The half-wave plate WP is
used to realize the phase-matching condition of FCOPAS by rotating
the polarizations of the pump beam. The neutral density filters ND1
and ND2 are placed to adjust the excitation and the pump intensities,
respectively. The DCM ethanol solution was used as the fluorescent
sample. During the measurement, the DCM solution was continu-
ously stirred in the sample cell with an optical path length of 1 mm.
All measurements were performed at room temperature.

III. RESULTS AND DISCUSSION
A. Suppression of the PSF intensity fluctuation

Since the PSF background originates from the optical ampli-
fication of the vacuum quantum noise, the intensity fluctuations
within the PSF ring are supposed to exhibit spatial uncorrelation.
As displayed in Fig. 2(a), fluctuations observed at distinct points
(A, B, or C) along the PSF ring are expected to be random. There-
fore, when aggregating signals across the entire PSF ring [Fig. 1(c)],
the noise fluctuations from different points on the ring tend to partly
cancel out, resulting in a notable reduction in PSF noise compared
to the FNOPAS method [Fig. 1(b)].

To validate the stochastic nature of the PSF ring’s spatial prop-
erties, we measured the correlation of intensity fluctuations between
two small arc segments arbitrarily taken from the ring. Initially,
Fig. 2(b) illustrates the statistical properties of the PSF probed at
600 nm derived from segment A in Fig. 2(a), gathered over a 1-s

FIG. 2. (a) Far-field image of the PSF Ring, with three distinct arc segments labeled as A, B, and C, respectively. (b) The intensity fluctuation of PSF segment A at 600 nm,
recorded over a 1-s trajectory (2000 data points). Inset: the amplitude spectrum of the intensity fluctuation demonstrates nearly flat characteristics resembling white noise
across the entire frequency spectrum. (c) and (d) Wavelength-dependent correlations in PSF intensity fluctuations between segment pairs A&B (c) and A&C (d).
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trajectory (2000 data points). Its amplitude spectrum displays
near-flat characteristics akin to white noise across the entire fre-
quency spectrum. Subsequently, we examined the correlation in
intensity fluctuations between segment pairs A&B and A&C.

Mathematically, there are several definitions for the correlation
coefficient, which quantifies the relationship between two ran-
dom variables.41 Here, we introduce the Pearson product-moment
correlation coefficient (Pearson’s r) to portray the correlation of
co-frequency light intensity fluctuations between different segment
pairs. Pearson’s r is mathematically defined as

Cov(X, Y)√
D(X)D(Y) =

E(XY) − E(X)E(Y)√
D(X)D(Y) , (1)

where the expectations, variances, and covariance of the random
variables X and Y are represented by E(X), E(Y), D(X), D(Y), and
Cov(X, Y), respectively.

Figures 2(c) and 2(d) illustrate the wavelength-dependent
correlations in PSF intensity fluctuations between segment pairs
A&B and A&C, respectively. Notably, only at wavelengths near
800 nm, where the signal and idler lights degenerate with the same
photon energy, does Pearson’s r for two arbitrary arc segments
significantly exceed zero. In particular, when comparing two seg-
ments that precisely correspond to a pair of signal and idler lights,
such as A&C, their intensity fluctuations exhibit a perfect linear
relationship [Fig. 2(d)]. These results confirm that within the PSF,
intensity fluctuations are entirely spatially uncorrelated across the
entire nondegenerate spectral region, as indicated by Pearson’s
r values approaching zero. Consequently, for the cone-shaped
collection and ring-like amplification scheme utilized in FCOPAS,
averaging across the entire ring yields a significant reduction in PSF
intensity fluctuation.

Directly and fairly comparing the PSF intensity fluctuations
between the lateral collection and dot-like amplification scheme
in traditional FNOPAS and the cone-shaped collection and ring-
like amplification in FCOPAS is technically challenging. Such a
comparison necessitates extensive modifications to the optical setup
during measurements, and the results would heavily rely on the
optimization of the corresponding optical configurations. To
mitigate this deviation, we maintained a fixed optical configuration

similar to that used in FCOPAS [Fig. 1(a)]. By exclusively collecting
a small segment of the PSF ring and blocking the rest, this approach
effectively simulates the traditional FNOPAS method, which solely
amplifies a dot region on the PSF ring.

Figure 3(a) presents a comparative analysis of spectra between
the PSF segment and PSF ring, revealing significantly higher inten-
sity in the collected PSF ring. Here, the fluorescence is intentionally
blocked before reaching the BBO (OPA), allowing the pump beam
to exclusively generate the PSF signal. To collect the arc-shaped
segment of the PSF, an aperture diaphragm selectively confines a
segment approximately one-fifth the size of the entire ring [see
Fig. 3(a)]. Meanwhile, Fig. 3(b) illustrates a comparison of noise
levels between these two schemes. Here, the noise level is quanti-
fied as the standard deviation of the intensity fluctuation divided by
the average intensity. Notably, amplification across the entire PSF
ring substantially diminishes the PSF noise when contrasted with
amplification limited to a portion of the ring. Across most spectral
regions, the noise level decreases from above 0.1 to below 0.05. This
outcome aligns with expectations, given that the entire circular PSF
area is roughly five times larger than the collected arc region. This
estimation implies that after spatial averaging, the noise level will
decrease by approximately the square root of 5 (∼2.2), consistent
with the results in Fig. 3(b).

Importantly, in practical FNOPAS measurements, only a
point-like area on the PSF ring is typically amplified,37 which is
significantly smaller than the arc-shaped region depicted in Figs. 3(a)
and 3(b). As a consequence, it becomes evident that the FCOPAS
method offers substantial noise level suppression compared to
FNOPAS, leading to significantly enhanced signal-to-noise ratios
in practical fluorescence amplification measurements. In particular,
achieving a noise level of less than 0.05 through the FCOPAS method
could result in a substantial reduction of the PSF background to less
than 1/1000 with 5-s averaging (2500 pairs of pulses), representing
an approximate order of magnitude increase compared to the
previous FNOPAS result.37

B. Transient fluorescence spectra of DCM ethanol
solution

To validate the feasibility of the FCOPAS method, we initially
conducted measurements on the transient fluorescence spectra of

FIG. 3. (a) PSF spectra for the arc-shaped segment (blue line) and the entire ring (orange line), along with the corresponding far-field images. (b) The comparison of noise
levels for the arc-shaped segment (blue line) and the entire ring (orange line). It indicates that the amplification across the entire PSF ring can substantially reduce the PSF
noise.
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FIG. 4. (a) Waiting-time-dependent transient fluorescence spectra of 10−4 mol/l DCM ethanol solution under excitation of 400 nm. (b) Transient fluorescence spectra at
various time delays represent the spectral redshift process after the photoexcitation. (c) Transient fluorescence dynamics probed at 600 nm (blue) and 630 nm (red). The
dots denote the data points, while the curves denote the multiexponential fitting, accounting for the instrument response function (∼100 fs).

DCM dye molecules dissolved in ethanol at a concentration of 10−4

mol/l. Figure 4(a) displays the detailed temporal evolution of the
DCM fluorescence spectra, which have been corrected for chirp
effects. Notably, the fluorescence intensity peak swiftly shifts toward
longer wavelengths, transitioning from around 600 to ∼630 nm
within the initial 30 ps [Fig. 4(b)]. Examining the fluorescence
dynamics at 630 nm reveals an initial rapid rise, characterized by a
time constant of 4.4± 0.2 ps [Fig. 4(c)], attributed to the spectral red-
shift process. Following this rise to the maximum, the fluorescence
dynamics demonstrate a bi-exponential decay process, featuring
time constants τ1 = 490 ± 60 ps and τ2 > 2 ns. This ultrafast
redshift of the DCM emission spectrum was previously observed
using femtosecond up-conversion fluorescence spectroscopy42

and femtosecond FNOPAS,26 where it was interpreted as the

consequence of the fast singlet excited state’s energy reduction due to
reorganization of the polar solvent molecules around the increased
dipole moment following photoexcitation.

Previously, transient fluorescence spectra for an ethanol
solution of rhodamine 6G at an optically diluted concentration as
low as 10−5 mol/l were successfully recorded using an upgraded
FNOPAS.37 To further validate the improvement in signal-to-noise
ratio while measuring weak transient fluorescence signals with the
FCOPAS method, we conducted additional measurements on tran-
sient fluorescence spectra for ethanol solutions of DCM at optically
diluted concentrations of 5 × 10−6 and 10−6 mol/l, respectively.
Figure 5 depicts a comparison between the transient fluorescence
spectra of DCM ethanol solutions acquired using two different
collection schemes [the arc-shaped segment and the entire ring,

FIG. 5. Transient fluorescence (TF) spectra of (a) 5 × 10−6 mol/l and (b) 10−6 mol/l DCM ethanol solution collected from the arc-shaped segment (blue line) and the entire
ring (orange line) of PSF. The excitation wavelength is 400 nm, and the time delay is fixed at 10 ps. (c) Comparison of the transient fluorescence signal, PSF background,
and the combined signal prior to background subtraction (PSF + TF) collected from the entire ring during the analysis of the 10−6 mol/l DCM solution. This illustrates that the
intensity of the PSF noise background exceeds that of the amplified fluorescence signal by three orders of magnitude.
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similar to those utilized in Figs. 3(a) and 3(b)]. In this comparison,
the time delay is fixed at 10 ps, and all data are averaged over 1000
repeated measurements (800 pulses per measurement).

In Fig. 5(a), the transient fluorescence of the DCM ethanol
solution at a concentration of 5 × 10−6 mol/l displays a spectral
shape similar to that obtained from the 10−4 mol/l solution at
initial time delays. This outcome vividly illustrates a remarkable
enhancement in the signal-to-noise ratio of the transient spectrum
when amplifying across the entire PSF ring compared to a limited
arc-shaped portion. Particularly noteworthy is the scenario when
the solution is further diluted to a much lower concentration of
10−6 mol/l [Fig. 5(b)], wherein the transient fluorescence signal
collected from the arc-shaped segment of the PSF becomes nearly
indiscernible within the PSF noise. Conversely, capturing data from
the entire ring maintains a distinctive transient fluorescence spec-
tral feature. Figure 5(c) presents a comparison of the transient
fluorescence signal, PSF background, and the combined signal
before background subtraction collected from the entire ring during
the analysis of the 10−6 mol/l DCM solution. This comparison
illustrates that the intensity of the PSF noise background sur-
passes that of the amplified transient fluorescence (TF) signal by
three orders of magnitude. Despite this significant background
noise, the transient fluorescence spectrum can still be accurately
resolved following background subtraction using the FCOPAS
technique.

These findings reinforce the significant noise reduction
capability of the FCOPAS method in contrast to traditional
FNOPAS, where amplification is typically confined to a point-like
area on the PSF ring. The FCOPAS presents a substantial advantage,
delivering notably improved signal-to-noise ratios in practical
fluorescence signal amplification measurements. Moreover, this
method substantially improves fluorescence collection and ampli-
fication efficiency, resulting in a notably larger signal. These
advantages collectively position FCOPAS as a more suitable
approach for amplifying transient fluorescence, especially when
dealing with significantly weaker fluorescence against a strong PSF
background.

IV. CONCLUSION
Utilizing the phase-matching condition inherent in non-

collinear OPA processes, we developed FCOPAS, a novel
femtosecond time-resolved transient fluorescence technique.
Unlike the traditional FNOPAS method, which employs lateral fluo-
rescence collection and dot-like parametric amplification, FCOPAS
introduces an innovative conical fluorescence collection and ring-
like amplification scheme. Due to the stochastic intensity fluctuation
properties of the PSF ring, FCOPAS achieves a substantial reduction
of the PSF background to less than 1/1000 with 5-s averaging,
representing an approximate order of magnitude improvement
compared to previous FNOPAS results. This enhancement signif-
icantly improves signal-to-noise ratios in transient fluorescence
amplification measurements. Notably, FCOPAS successfully
resolves the transient fluorescence spectra of DCM dye molecules in
ethanol at an optically dilute concentration of 10−6 mol/l, previously
obscured within the PSF noise, now discernible with a favorable
signal-to-noise ratio. These advancements position FCOPAS as a
potent tool in ultrafast time-resolved fluorescence spectroscopic

studies. It expands the scope for measuring exceedingly weak
fluorescence dynamics across diverse samples, thereby enabling
researchers to gain clearer insights into ultrafast phenomena within
various photochemical and photophysical processes.
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