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Signature of femtosecond laser-induced superfluorescence from atomic hydrogen
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Cavity-free lasing generation from gas constituents has been studied in the past decade since it promises great
potentials in remote sensing and optical diagnostics techniques. Here we report on experimental investigations
of temporal characteristics of H-atom lasing emission at 656 nm by examining the dependences of its durations
and delays on the pump-laser-pulse energies. An indirect measurement was also performed to test the delays of
the lasing pulse for varying H-atom concentrations. The results show that the lasing pulse exhibits considerable
superfluorescence signatures. Analysis based on experimental parameters by using deductive expressions of
superfluorescence theory shows good agreement to this conjecture. Our investigations on fundamentals could
pave the way to a better understanding of the lasing generation and further applications of lasing-based optical

diagnostics.
DOI: 10.1103/PhysRevA.105.013702

I. INTRODUCTION

The lasing effect, i.e., the generation of coherent emis-
sion from atoms or molecules by impulsive laser excitation,
has been extensively studied in the fields of nonlinear and
quantum optics in the 1990s [1-3]. It regained considerable
research interest in the last decade because the lasing emission
can be generated to propagate backwards to its pump-laser
source, which has been deemed to hold great potential ap-
plications in standoff diagnostics of combustion and reacting
flow as well as the atmospheric environment [4-7]. Two
approaches have been found to generate backward lasing,
i.e., multi-photon-absorption resonant excitation of atoms or
molecules [8—15] and electron-molecule inelastic collision ex-
citation of the neutral nitrogen molecule [16-25], and the first
approach is so far the most promising one to generate a back-
ward lasing pulse with pJ-level energy [26]. In this regard,
an important milestone was made by Dogariu et al., where
lasing from air molecules was demonstrated by using ultra-
short laser pulses (100-ps duration) at 226-nm wavelength to
consecutively photodissociate oxygen molecules and excite
the resultant oxygen atoms via two-photon absorption in am-
bient air [11]. A single-pass gain coefficient of 62 cm~! was
achieved and such high optical gain enabled lasing emission
in both forward and backward directions. To date, lasing from
atomic species that are created by the dissociation of major
air constituents including oxygen [11,13], nitrogen [26], and
water molecules [27] has been reported.
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The emphasis was put on the methods to generate back-
ward lasing from various atomic species with well-known
two-photon-transition schemes. However, much less attention
was given to the lasing mechanism. There are mainly two
different mechanisms proposed: (1) amplified spontaneous
emission (ASE) via stimulated emission process that relates
to the population inversion [11,28] and (2) superfluorescence
(SF) that requires the presence of both population inversion
and the macroscopic dipole (also called atomic coherence)
[13,29]. As it is well known, the concept of superradiance
(SR) was proposed by Dicke in the first calculation of co-
herence in the spontaneous emission process in 1954 [30]. It
describes cooperative spontaneous emission from a collection
of excited atoms or molecules where a macroscopic dipole
moment has been initially set up, which manifests as a burst of
radiation or a “radiation bomb.” Different from SR, SF starts
from an initially incoherent superposition of energy levels,
which later on spontaneously develops a macroscopic dipole
within a characteristic induction time [30]. In this case, normal
fluorescence is first emitted by the excitation volume and fol-
lowed by a SF pulse [31]. In contrast to SF that is a cooperative
emission, ASE is a collective emission from an incoherent
system. In an ASE process, all the modes of spontaneous
emission are amplified by stimulated emission and compete
with each other. Gradually the mode with the maximum gain
wins out and finally results in a coherent ASE pulse at the
end [32]. In practical experiments requiring a pump laser to
generate an excitation volume during the propagation, which
is the case in the present paper, the phenomena of ASE and SF
both appear as cavity-free lasing, and their features are quite
similar to each other, namely, a clear pump-laser threshold,
spectral line narrowing, low beam divergence, similar polar-
ization inherited from spontaneous emission, and exponential
dependence of signal intensity on the pump-laser energy.
These common features make it challenging to determine
the nature of the observed emission. Conclusive distinction
between ASE and SF requires knowledge of excited pop-

Published by the American Physical Society
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FIG. 1. Schematic illustration of the experimental setup. f, spherical lens; M, ultraviolet enhanced reflective mirror; DM, dichromatic
mirror that reflects ultraviolet light and transmits near-infrared light. Insets: (a) Energy diagram of the H atom and the related transitions and
(b) records of the backward 656-nm lasing pulse (red circle) and 205-nm reference pulse (white circle) taken by the streak camera in focus

mode.

ulation numbers, decoherence time, single-pass gain of the
system, etc.

In our previous studies, the generation of bidirectional
lasing of H atoms at the Balmer-o line in a premixed
CHy-air flame with femtosecond deep-ultraviolet laser pulses
was demonstrated [33-35]. In the excitation scheme, the H
atom is excited from 1S to 3D or 3§ via resonant absorption
of two photons at 205-nm wavelength, followed by down-
transition to 2P that results in 656-nm radiation [see Fig. 1(a)].
Later on, we found that ASE occurred simultaneously with
four-wave mixing (FWM) but ASE dominates in the forward
direction, whereas the backward lasing is virtually only ASE
[35]. However, it was realized that the evidences presented
therein were not able to distinguish if the lasing is fundamen-
tally ASE or SF despite the involvement of FWM since they
share a common lasing feature as described above. Recently,
Wang et al. [36] reported a pump-probe study of forward
H-atom lasing in H;-air flames, in which the gain dynamics
were measured, similar to our previous results [see Fig. 4(b)
in [35]]. Based on a comparison of the experimental results
of gain dynamics for different probe laser energies with the
simulations using the theoretical SF model, it was speculated
that the H-atom lasing is SF.

In this paper, we performed measurements of the dura-
tions of both forward and backward H-atom 656-nm lasing
pulses as well as their relative time delays with respect to
the pump-laser pulse for varying pump-laser-pulse energies.
The results indicate that both the duration and time delay are
approximately proportional to the inverse of the pump-laser-
pulse energy, suggesting a clear signature of SF. Qualitative
analysis based on the SF theory and current experimental
parameters show good agreements with the experimental ob-
servations. In addition, we conducted qualitative experiments
to measure the time delay of the lasing pulse for varying
H-atom concentrations in a jet flame. The result exhibits a

clear trend that the delay appears shorter with higher con-
centration, which is in accordance with the typical feature of
SF emission.

II. EXPERIMENTAL METHODS

In the experiments, a Ti:sapphire femtosecond laser sys-
tem (Coherent, Hidra-50) was used to provide approximately
30-mJ, 800-nm laser pulses with a duration of 125 fs, which
then pumps an optical parametric amplification system (Light
Conversion, TOPAS-PRIME-HE) and a frequency mixing
unit (Light Conversion, NirUVis) to generate laser pulses at
205-nm wavelength for exciting H atoms. The laser beam
diameter is about 5 mm and the output laser-pulse energy
is approximately 60 wJ on average. The schematic of the
experimental setup is shown in Fig. 1. The 205-nm laser beam
was sent to propagate through a dispersive prism and then
focused by a spherical convex lens (f = 30 cm) into a pre-
mixed welding CHy-O, flame, where H atoms in the ground
state are naturally present, generating 656-nm lasing of atomic
hydrogen in both forward and backward directions. The size
of the excited cylindrical-shaped volume was estimated to be
~100 pum in diameter and ~4 mm in length. The dispersive
prism significantly reduces the 205-nm laser-pulse energy due
to reflections at its surfaces and internal attenuation, and the
maximum pulse energy before the flame was ~20 uJ. The
lasing pulses were detected with a spectrometer (Princeton
Instruments, Acton SP2500, spectral resolution ~0.018 nm)
for measuring the spectra, a streak camera (Optronis, optimal
time resolution ~2 ps) for recording the temporal profile, and
an intensified charge-coupled device (Princeton Instruments,
PIMAX-4) camera for capturing the side fluorescence. Two
narrow-band filters (Semrock, ~15-nm bandwidth) with op-
timal transmission at 656-nm wavelength were placed before
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FIG. 2. Durations of forward and backward lasing pulses as a
function of the 205-nm pump pulse energies. The dashed lines repre-
sent power function fittings.

the detectors. More details of the experimental setup can be
found in our previous works [33,35].

The challengeable part of the experiment relates to the
method of measuring the time delay of the backward 656-nm
lasing pulse with respect to the 205-nm pump-laser pulse. A
small portion of the incident 205-nm laser pulse is reflected
by the dispersive prism, which is then used as a time reference
pulse for the backward lasing pulse. Proper adjustment of the
mirror M1, M2, and M3 directs the time reference pulse to
propagate alongside with the backward lasing pulse towards
the streak camera. M2 was placed on a translational motorized
stage to adjust its position. The inset in Fig. 1(b) shows the
images of the backward lasing beam and the reference beam
taken by the streak camera in its focus mode, in which the
streak camera functions as a conventional camera. The beams
were deliberately separated to show both of them. In order
to determine the position of the M2 mirror, a thin transparent
glass is placed at the position of the flame, and the glass is
carefully tilted to reflect a tiny portion of the pump-laser pulse
back to the streak camera. Then, we simultaneously detected
both the reflected pump-laser pulse and the reference pulse
with the streak camera, and overlapped these two pulses in
time by adjusting the position of the M2 mirror. In this way,
the reference pulse functions as the pump-laser pulse in the
focus, by which we can obtain the roughly correct time delay
of the backward lasing pulse with respect to the pump-laser
pulse.

III. RESULTS AND DISCUSSIONS

First, we measured forward and backward 656-nm lasing
pulses and studied the dependence of their averaged durations
on 205-nm pump pulse energy. The sweeping speed of the
streak camera was set to 10 ps/mm and the slit width was
fixed to 70 wm, which eventually provides a temporal resolu-
tion of approximately 4 ps. The results are shown in Fig. 2.
One can notice that the backward lasing pulse is slightly
longer than the forward one. Both lasing pulses exhibit a
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FIG. 3. (a) Temporal profiles of the forward lasing pulses for
different pump-laser energies. The pulse at zero time is the 205-
nm pump-laser pulse. (b) Delay of the forward lasing pulse as a
function of the pump pulse energies. The red solid line represents
power function fit whereas the blue dashed line shows exact inverse
dependence.

monotonic decrease with the increasing pump pulse ener-
gies. The data are fitted with the power function y = a x E?
through the nonlinear least-squares curve fitting method us-
ing the orthogonal distance regression algorithm, where E
represents the pump pulse energy and a, b are the fitting co-
efficients. The fitting suggests a power index of —0.88 +0.16
for the forward lasing pulse, and —0.91 £ 0.12 for the back-
ward one.

Next, we concentrated on the measurement of the av-
erage time delay of the forward lasing pulse with respect
to the pump-laser pulse. Figure 3(a) shows the temporal
profiles of forward lasing pulses generated with different
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FIG. 4. Delay of the backward lasing pulse with respect to the
205-nm pump pulse as a function of the pump pulse energies.

pump-laser-pulse energies, where the pump-laser pulse was
fixed at zero time. Apparently, the forward lasing pulse ap-
pears closer to the pump-laser pulse in time as the pump-laser
energy increases. The time delay was defined as the temporal
separation of the peaks of the pump-laser pulse and the for-
ward lasing pulse, and averaged up to 100 shots. The relative
time delay as a function of the pump pulse energy was plotted
in Fig. 3(b), from which we can see a monotonic decrease of
the delay with increasing pump pulse energy. Power function
fitting to the data suggests an index of —0.98 & 0.15. For the
backward lasing, we also managed to measure its time delay
with respect to the pump pulse. Compared to the forward
lasing, the signal strength of the backward lasing pulse is
much weaker. Also, temporal jitter is a complication. These
effects lead to a faint signal of the backward lasing pulse
appearing in and out of the time window of 192 ps for 10-
ps/mm streak speed. Therefore, in order to simultaneously
record both the lasing and the reference pulses in the mea-
surements, the streak speed was changed to 25 ps/mm, which
substantially increased the signal intensity and also extended
the time window to X486 ps at the expense of the temporal
resolution. Eventually the system gives a temporal resolution
of approximately 30 ps, determined by the reference pulse.
Figure 4 shows the dependence of delay on the pump pulse
energy, which again shows a monotonic decrease with in-
creasing pump pulse energies. Power function fitting to the
data suggests an index of —0.97 4 0.23. The larger error bar
in data, compared to forward lasing, is a result of poorer
temporal resolution.

Given the limited number of data points, which is a re-
sult of the limited range of laser-pulse energies accessible
in the current experiments, small deviations of the power
indices from a perfect —1 power index are to be expected.
Approximately, both the duration () and time delay (z;) of
the H-atom lasing pulse are proportional to the inverse of
the pump pulse energy (E), ie., 7, 7y o« E~'. With higher
laser-pulse energy for pumping, more H atoms are excited
to the upper state and contribute to lasing generation. For

two-photon excitation, the number of excited atoms (V,) is
proportional to the square of the input laser power, i.e., N, o
E?, which was confirmed by the observation that the lasing
intensity depends on the square of the pump pulse energy [35].
Therefore, we have 7, 7; Ne‘l/ 2 which means that a larger
number of excited emitters sets off faster occurrence of the
lasing pulse with a shorter duration, a typical signature of SF
[12,37].

The occurrence of SF can be characterized with N, and the
single-pass gain oL through the excitation volume of length L
[30,31]:

27,

oL = =2, (1)
T

where 75 is the collisional dephasing time and t, is the coop-
erative lifetime which gives the typical time scale of SF. For a
cylindrical-shaped excitation sample, it was expressed as

AT,
Ty = ———>>
UN, A2

where 77 = 15 ns [38], A = 656 nm, A, and u = 3/87 are the
spontaneous decay time of the excited state, the SF emission
wavelength, the cross-section area of the excitation volume,
and a geometrical factor, respectively. In the extreme of no
collisional dephasing, the SF pulse emits in a duration of the
order 7, with a delay time

| 2
Ty = rr[zln\/ZnNe} , 3)

with respect to the excitation source [39].

Given the measured single-pass gain coefficient o =
52 cm~! in our previous study [35] and the stimulated emis-
sion cross section o, ~ 2 x 107!2 cm? for the lasing transition
[38], the excited number density of the H atom can be esti-
mated to be n, = a/o, = 2.6 x 10'3 cm™3. With the above
parameters, we obtain that N, = nendzL/4 ~ 8.164 x 108,
7, ~ 2.81 ps, and t; ~ 21.95 ps through simple calculations,
where the diameter and length of the excitation volume are
d ~ 100 um and L ~ 0.4 cm, respectively. We can see that
the calculated delay is qualitatively in agreement with our
measured results (see Fig. 3). It has to be emphasized here that
the gain coefficient was measured in a noncollinear geometry
so that the real value was definitely underestimated. Assuming
a higher gain coefficient, for example, @ = 62 cm™!, that is
identical to the gain coefficient of oxygen lasing reported in
[11], we obtain 7, ~ 2.35 ps and 7; ~ 18.68 ps, which is in
better agreement with the experimental result.

Furthermore, with simple calculation we get the measured
single-pass gain as «L ~ 21 and log;oNe ~ 8.9. According to
the work by Maki et al. [40], the SF process can be categorized
into different regimes depending on the relative importance
of the collisional dephasing, in which the regimes labeled as
ASE, damped SF, and SF are separated with the curves 7, =
(t,74)"/? and 7;. Thus, the above values of oL and log;oN.
place the current experiment in the damped SF regime [40], in
which both atomic coherence and collisional dephasing play a
role. As far as we know, the exact collisional frequency for
welding the CHy-air flame under the atmospheric pressure
was not available in literatures. For atomic lasing experiments
in air, researchers commonly chose the collisional frequency

2
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FIG. 5. (a) Side view of the flame structure where the flame fronts can be clearly observed. The dashed line represents laser focusing
into the flame. (b) Top view of the experiment configuration. The nebulous cloud illustrates the spatial distribution of H-atom density in
the horizontal plane. (c) Single-shot two-dimensional femtosecond two-photon-absorption laser-induced fluorescence (fs-TALIF) imaging of
H atoms. Note that similar fs-TALIF imaging has been shown in our previous work [35]. (d) Delay of forward lasing pulses with different
horizontal positions in the flame where the 205-nm pump-laser beam was focused.

of Yeol ~ 10'0 s=! [13,40]. An earlier work on the measure-
ment of Doppler-free laser-induced fluorescence of atomic
oxygen in an atmospheric-pressure CH4-O, flame provided
a collisional frequency of yeo ~ 8.0 x 10'° s=! [41]. For the
CHy-air flame, a smaller collisional frequency can be expected
due to lower flame temperature and we assume a median value
as Yeol ~ 4.0 x 10'° s=!, which results in a dephasing time
T = 1/yc01 ~ 20 ps. According to Eq. (1), we get oL ~ 18,
which is very close to the measured single-pass gain of 21.

The SF regime can be further divided into three regimes
labeled as pure SF, weak-oscillatory SF, and strong-oscillatory
SF that are separated with the curves N, = N, and N, = /N,
[40], where

SJTCT]A
= o2 4
3A\2L @

is the maximum number of atoms that cooperatively emit.
With the above formula, we get N, ~ 1.72 x 108, which is
a few times lower than N,. Also, one can calculate /7,75 ~
7.85 ps, and thus we have /7,7, < T> < 4. These two results
again place the current experiment in the damped SF regime.
More importantly, with N, > N,, the SF theory predicts that
the duration and delay time of the SF pulse from the entire
excitation volume scale as N, 172 \which is consistent with the
main observations in this paper.

Additional experiments trying to reveal the nature of H-
atom lasing were to measure the time delay of the forward
lasing pulse for varying H-atom concentrations. Due to the
absence of an apparatus to control the H-atom concentration
in the excitation volume, we turned to take advantage of
the radial distribution of H atoms in the flame as a way of
varying its concentration. Figures 5(a) and 5(b) show the side

and top views of both the flame structure and the focusing
geometry, respectively. From these two abstract graphs, one
can clearly catch sight of the flame fronts, where most of
the hydrogen atoms are produced through chemical reactions.
In order to acquire the precise radial distribution of H-atom
concentration in the flame, two-dimensional femtosecond
two-photon-absorption laser-induced fluorescence (fs-TALIF)
imaging experiments were conducted [42,43] and the result is
shown in Fig. 5(c). In the measurements, the height above the
burner of the laser focusing spot was kept at &7 mm, half the
total height of the flame. The fs-TALIF image shows that the
H-atom concentration peaks at the radial distance of approx-
imately 1 mm and then quickly decreases down to none at
3 mm. Though a similar image has been reported in our previ-
ous work [35], to show it here again is helpful for conveniently
acknowledging the spatial distributions of the H-atom atoms.

To study the impact of the H-atom concentration on the
lasing pulse, we focused the pump-laser beam at different
radial positions to generate forward 656-nm lasing pulses and
measured the delays with respect to the pump-laser pulse.
Although there are slight variations of both the number of H
atoms in the beam path and the gain medium length when
the focus position is scanned radially outwards, the overall
H-atom concentrations that the pump-laser pulse encountered
will decrease with larger radial distance. According to the SF
theory, a lower concentration of emitters leads to a longer
time delay of the SF pulse with respect to its pump source.
Figure 5(d) shows the measured delays of the forward lasing
pulses generated at different radial positions, which becomes
significantly longer with farther distances from the center of
the flame, i.e., with lower H-atom concentration. This re-
sult is qualitatively consistent with the SF theory, and thus
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provides another, not direct but effective, signature showing
that the femtosecond two-photon-excited H-atom 656-nm las-
ing could be fundamentally SF.

IV. CONCLUSION

To conclude, we have investigated the radiation nature of
femtosecond laser-induced H-atom lasing pulses in a flame by
measuring the dependences of its duration and delay time on
the femtosecond laser-pulse energy. Both the duration and de-
lay time are inversely proportional to the pump-laser energy,
showing clear signatures of superfluorescence. This conjec-
ture is further strengthened by a test experiment in which the
duration of the lasing pulse decreases with increasing H-atom
concentrations. Analysis based on experimental parameters
by using deductive expressions of SF theory successfully

predicts the delay time and N,"!/? dependence. Our studies
on the radiation nature of femtosecond two-photon-excited
atomic lasing contribute to a better understanding of lasing
generation, and could be useful for further development of
lasing-based optical diagnostics.
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