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Propagation effects of seeded collective emission by two-photon excited oxygen atoms
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A strong ultraviolet pumping laser propagating through the atmosphere could activate the medium and produce
the forward and backward coherent air lasing. In this work, we present the theoretical analyses of forward and
backward lasing dynamics in the long gain medium consisting of oxygen atoms. By numerically solving the
semiclassical Maxwell-Bloch equations, we demonstrate that the atom density, the gain medium length, and
the collisional decoherence rate substantially regulate the forward and backward air laser radiation at 845 nm.
Especially, our study points out that lower atom density and moderate collisional decoherence rate are favorable
for the backward radiation amplification in a long medium, since such conditions balance the competing
processes of forward and backward radiation fields. The simulation shows that long medium backward air lasing
becomes challenging in the oxygen atom system via double-photon pump, because the amplification can only
occur around z = 0, and the amplified backward radiation does not carry the spectral information of atoms
throughout the medium. On the other hand, certain mechanisms such as variation of backward-seeding delay
could possibly alleviate the suppression of backward amplification.

DOI: 10.1103/PhysRevResearch.5.043293

I. INTRODUCTION

The collective laserlike emission can be formed when
strong femtosecond laser pulses propagate in atomic or
molecular gas. A prominent example is air lasing [1], which
refers to a directed, pulsed laser radiation produced by
remote pumping components in the air by a strong laser.
It has the advantages of high brightness, good orientation,
no restriction of resonator, and radiation occurs in both
forward and backward direction [2,3]. Backward air lasing
has important potential applications in atmospheric remote
sensing, space detection, and environmental monitoring,
particularly in geometries requiring single-ended standoff
detection [4–7]. One of the fundamental mechanisms of
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air lasing is superfluorescence (SF) [8–13], which is a
cooperative spontaneous radiation generated by large
number of population-inverted atoms. Dicke first theoretically
predicted the superradiation effect with high peak power [8].

Backward-propagating coherent superfluorescence can be
generated by focusing forward-propagating laser beams in
air [2,13–16]. A. Dogariu et al., who used 226 nm pi-
cosecond laser to dissociate the oxygen molecules in air into
atoms and pump the dissociated oxygen atom to the excited
state 3p 3P, first reported the detection of 845 nm forward
and backward air lasing in oxygen atoms on the order of
millimeter propagation length in 2011 [2]. In the following
year another experimental team achieved a laserlike emission
source by pumping air with nanosecond pulses, producing
845 nm forward and backward superradiation pulses along a
1 cm cylindrical medium, which is proved to be a nonadia-
batic atomic coherence process [14]. Yuan et al. theoretically
simulated the forward and backward radiation process gener-
ated by picosecond and nanosecond pulse pumping oxygen
atoms, and showed that the coherent radiation phenomena of
atomic systems must be described by Maxwell-Bloch equa-
tions rather than rate equations [17]. It is proposed that the
pulsed radiation can be attributed to the strongly oscillatory
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superfluorescence produced by the coherent interaction be-
tween atoms [18–21].

In addition, by adding a light source in the forward and
backward directions simultaneously, using a four-wave mix-
ing mechanism, such as anti-Stokes Raman scattering to
produce a backpropagation-coherent signal, the backward ra-
diation of oxygen atoms can also be achieved [4,22]. Although
this method is relatively simple, it requires a backward light
source from the atmosphere, which limits its practical applica-
tion. From the perspective of experiment and classical theory
prediction, Liu et al. proposes that forward and backward
radiation amplification of nitrogen molecular ion [23], and
qualitatively explained the mechanism for the large back-
ward radiation amplification under the pressure of 20 Mbar.
Because of the backward and forward temporal asymmetry
caused by the one-way propagation of the pump light through
the excited medium, the backward radiation amplification
only happened at lower gas pressure (about 10 Mbar). Fur-
thermore, other methods are proposed for the implementation
of backward air lasing [24,25], such as swept-gain excita-
tion [26], which realizes the amplified backward signal by
sending a series of pump pulses at different times. The pump
pulse activates the gain medium via simultaneous population
inversion, which is a consequence of the group velocity dif-
ference of pump light caused by medium scattering. Ding
et al. also proved that the backward lasing signal in a flame
can be significantly enhanced by 50% with plasma-forcing
technique [27]. Moreover, it has been recently demonstrated
that the forward air lasing process can be effectively mod-
ified by various quantum control schemes, such as Ramsey
interferometry [28], coherent population control [29], and po-
larization modulation [30]. The technology for constructing
long air waveguides has achieved experimentally successful
realization of a 45-meter “fiber” in the air [31]. These all
motivate thorough analysis of the roles of various mechanisms
involved in the backward air lasing process in a relatively
long medium, in order to envisage its efficient quantum
control.

Essentially, backward lasing signals from long medium far
away provide more practical information to single standoff
detectors. Although the above studies have detected backward
signals in short medium, it is still challenging to extend the ex-
periment into a longer one. To explore the underlying physical
mechanism, we have studied the competitive effect between
forward- and backward-propagating collective spontaneous
emission in a cylinder medium. We conducted thorough in-
vestigation of the conditions in the parameter space that can
be beneficial to the formation of backward lasing in a long
medium, since the backward lasing is a major motivation of
the lasing in oxygen atoms and in air without cavity [2], but
it is more difficult to propagate for long distance than the
forward lasing mode.

The present paper presents the parameter conditions in
need of efficient backward lasing. In the following text,
we theoretically study the backward collective emission
of oxygen atoms pumped by single-pass lasing, as well as
its forward counterpart. Especially, we showcase that the
backward superfluorescence of the oxygen atom system can
be favorably realized under the condition of short gain length,
low atom density and moderate collisional decoherence rate,

FIG. 1. Schematic of oxygen atom air laser. (a) Three-level
model of oxygen atom involved in the air lasing process. �p1,
�p2, �ab, �bc are the Rabi frequencies. γab and γbc are the spon-
taneous emission rate of the transitions |a〉 ↔ |b〉 and |b〉 ↔ |c〉,
respectively. (b) The air lasing scheme. A 20 ps pump pulse of
226 nm central wavelength is sent from the left end into a pencil-like
medium of length L at 0.5 ns, which takes t0 = L/c to propagate
through the medium and c is the group velocity. A pulse for mim-
icking the seed for forward lasing is injected after a delay of tps,
and the seed-mimicking backward signal is injected from the right
end of the medium at time t = tps + �t . The forward (backward)
signal is detected at the left (right) end of the medium.

which balance the competition between the forward and
backward lasing processes.

II. THEORETICAL MODEL

Oxygen atoms generate 845 nm superfluorescence radia-
tion in two opposite directions under the pump by the 226 nm
intense laser field (see Fig. 1). This superfluorescence pro-
cess belongs to the conjugated superfluorescence emission
[10,14,17] from three-level cascade system [see Fig. 1(a)].
Due to the prohibition of single-photon dipole transition be-
tween the highest and lowest energy levels, the two-photon
excitation is implemented to realize the population inversion
between 2p 3P (labeled as |c〉) state and 3p 3P (labeled as
|a〉) state. After that, a spontaneous relaxation process from
|a〉 state to state 3s 3S (labeled as |b〉) occurs, emitting a
fluorescence pulse of 845 nm, which could form forward and
backward superfluorescence in the atomic gas systems. For
lacking of established population inversion between |b〉 and
|c〉 state, there is only forward 130 nm UV field emitted in the
|b〉 ↔ |c〉 transition based on the phase matching condition,
while the backward radiation is absent.

These processes are included in our theoretical model
to analyze the backward superfluorescence. We use the
Maxwell-Bloch equations (MBE) to model the dynamics of
the radiation process of oxygen atoms under picosecond pulse
pumping, in order to investigate the effect of medium length,
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atom density, and collisional decoherence to the backward air
lasing. The Hamiltonian for this three-level cascade system
pump-radiation process in the interaction picture reads [17]

HI = Hp + Hg, (1)

where

Hp = − h̄�p1e−i�t+ikpz|a〉〈b| − h̄�p2ei�t+ikpz|b〉〈c| + H.c.

Hg = − h̄(�+
abeikabz + �−

abe−ikabz )|a〉〈b|
− h̄(�+

bceikbcz + �−
bce−ikbcz )|b〉〈c| + H.c. ; (2)

Hp relates to the coherent two-photon pumping process from
|c〉 state to |a〉 state, while Hg represents the corresponding
radiation fields from the transitions |a〉 ↔ |b〉 and |b〉 ↔ |c〉.
h.c. denotes the Hermitian conjugate. With a small detuning
� (6.1 × 1015 rad/s) between the pump field and both the
|a〉 ↔ |b〉 and |b〉 ↔ |c〉 transition, the two-photon excitation
process is treated as two allowed transitions. The electric
field of the pump pulse is expressed as Ep = E0e−i(ωpt−kpz) +
E∗

0 ei(ωpt−kpz), where E0 is the slow-varying envelope of the
pump electric field, ωp is the frequency of the pump pulse,
and kp is the wave vector, while we represents the forward
and backward propagation of the field by taking positive
and negative values of z. �p1 = dabE0/h̄ and �p2 = dbcE0/h̄
are the Rabi frequency of pump field for the |a〉 ↔ |b〉 and
|b〉 ↔ |c〉 transitions, while dab and dbc are electric dipole ma-
trix elements with dab ∼ 1.38 × 10−29 C m and dbc ∼ 0.38 ×
10−29 C m [17]. The radiation fields generated between the
energy levels of |a〉 ↔ |b〉 and |b〉 ↔ |c〉 can be expressed
as �+

i je
−i(ωi j t−ki j z) + �−

i je
−i(ωi j t+ki j z) , (i j = ab, bc) . �±

i j are
the slow-varying envelopes of the radiation fields, with pos-
itive and negative signs indicating forward and backward
propagation.

In our simulation, the rotating-wave approximation,
slow-varying envelope approximation and four-wave mixing
approximation are applied. The temporal evolution of the
density matrix ρ follows the Liouville’s equation [32]

∂ρ

∂t
= − i

h̄
[HI, ρ] + Lρ. (3)

The relaxation and decoherence effects in the oxygen air laser
system are represented by Lρ in Eq. (3), which takes the form
as

L = −γab|a〉〈a| + (γab − γbc)|b〉〈b|
− [(

1
2 (γab + γbc) + γc

)|a〉〈b| + (
1
2γbc + γc

)|b〉〈c|
+ (

1
2γab + γc)|a〉〈c| + H.c.

]
. (4)

γab and γbc are the spontaneous emission rates of the transi-
tions |a〉 ↔ |b〉 and |b〉 ↔ |c〉, with γab = 9.3 × 106 s−1 and
γbc = 1.97 × 108 s−1, while γc is the collisional decoherence
rate [17] which can be manipulated. The evolution of the
generated fields �±

ab and �±
bc follows the Maxwell equation

1

c
∂t�

±
ab ± ∂z�

±
ab + κ�±

ab = iηabρ
±
ab, (5)

1

c
∂t�

±
bc ± ∂z�

±
bc = iηbcρ

±
bc . (6)

In Eqs. (5) and (6), ηi j = 3
8π

nλ2
i jγi j is the coupling constant

between atoms and field, where n is the excited atomic

density and λi j is the wavelength of the corresponding field.
κ ∼ 1.5 cm−1 is depletion rate of the 845 nm field due to the
Rayleigh diffraction length [17,33].

We inject a 226 nm Gaussian laser pulse, at 0.5 ns and
the peak power of 7.65 × 109 W/cm2, entering a pencil-like
mirrorless active volume of L = 1 cm medium length, which
is similar to those used in the experiment [14], into the left
boundary of the medium to activate the oxygen. In our simula-
tion, we find that as long as enough population inversion from
state |a〉 to state |c〉 is generated by the 226 nm pump pulse,
there is little difference between a long nanosecond pump
pulse and a shorter picosecond one. So we use a pump pulse
of 20 ps full width at half maximum (FWHM) in the sim-
ulation. The cross-section radius of the cylindrical medium
is rather small (r � L). After tps = 0.01 ns interval time, we
send a forward Gaussian seed pulse (of 105 rad/s peak Rabi
frequency) at the same position. The backward seed is injected
from the right end of the active medium at t = tps + �t . �t
is the time delay between forward and backward seed. We
assume the seed pulses generated at both ends of the medium
are sufficiently amplified after propagation. As our simulation
shows that the Rabi frequency of the Gaussian seed pulse
neither changes the magnitude of the emitting pulse or the
underlying physics, it may be acceptable to consider the seed
pulse as a spontaneous emission source in the large gain
regime [34]. The detailed simulation about the Rabi frequency
of the seed pulse is shown in Appendix B. For the standoff
detection [2], the backward seed carrying farthest information
generates at the time when the pump pulse has propagated out
of the interaction zone, namely, it lags behind the forward seed
by the time t0.

In order to get the farthest medium information, we set the
medium length to be L = 5 cm compared with the L = 1 cm
simulation, changing the atom density and the collisional de-
coherence rate, to observe the optimal condition for remote
sensing.

III. RESULTS AND DISCUSSION

We demonstrate that in the bidirectional coherent radiation
of oxygen atoms, the length of the gain medium L, the atom
density n, and the collisional decoherence rate γc have impor-
tant effects on the optical amplification. Our simulation for
the collisional decoherence rate is on a scale from 0.1 ns−1 to
500 ns−1 which contains the 1 × 1010 s−1 in the actual exper-
iment. As the collisional decoherence rate is actually effected
by the density of the gas, the temperature of the environment
which affects the incoming collisional velocity, as well as the
scattering cross section and so on, it is achievable to adjust
it in some ways, such as lowering the temperature [35,36].
Firstly we show the spatial-temporal evolution of the gener-
ated 845 nm forward and backward fields inside the L = 1 cm
gain medium in Figs. 2(a) and 2(b), with γc = 10 ns−1 and
n = 1 × 1021 m−3 as in the experiment. It can be identified
that the forward field �+

ab acts as superfluorescence with high
intensity (∼1011 rad/s), short time delay (∼0.022 ns), and
ringing effect in the latter half of the medium. The larger
the gain length is, the stronger intensity �+

ab is built up to.
Similarly, the backward field �−

ab is also amplified in the form
of superfluorescence to the same order (∼1011 rad/s) of its
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FIG. 2. Air lasing in the short (L = 1 cm) gain medium of oxy-
gen atoms. Spatial and temporal evolution of the generated 845 nm
(a) forward (b) backward field intensities, and (c) time-integrated
photon numbers.

Rabi frequency as the forward one, while in contrast at the
forepart of the gain region.

The energy gain, presented as time-integrated photon num-
bers, increases linearly at first, which is a typical character
of superfluorescence, and then turns to saturation with the
changing propagating extent as indicated in Fig. 2(c). In this
scenario, the collective radiations emit under the formation
of macroscopic dipole moment and both the forward- and
backward-propagating signals are amplified, resulting in a
competitive behavior for the population inversion. Theoreti-
cally, the amplified fields contain information from the entire
medium. It is noteworthy that the forward signal carries more
information about the latter part of the medium, whereas the
backward one conveys information predominantly related to
the front segment. The significant amplified backward signal
obtained in this 1 cm active medium can be used to detect
the atomic distribution information mainly at half of the total
length within this range.

As the gain length is extend to L = 5 cm, the forward
and backward fields generated at 845 nm exhibit distinct
behaviors.

For the pump pulse with 20 ps FWHM, we assume that
the medium length from several millimeters to 1 cm is in
the short medium regime, while medium length L > 1 cm
is considered to be a long medium. Figure 3 illustrates the
population dynamics in a medium of length L = 5 cm, along
with the simulated temporal evolutions of the forward and
backward 845 nm fields. The simulation is conducted with
a constant atomic oxygen density of n = 1 × 1021 m−3 and
a collisional decoherence rate of γc = 10 ns−1. The 845 nm
field intensity is represented by its corresponding Rabi fre-
quency �±

ab. As shown in Fig. 3(a), the forward field �+
ab is

amplified to a Rabi frequency of 3 × 1011 rad/s, which falls
within the superfluorescence region with a short time delay
and rapid oscillation (ringing effect). In contrast, the backward
field �−

ab undergoes minimal amplification [see Fig. 3(c)],

FIG. 3. (a) and (c): Temporal behaviors of the generated 845 nm
forward (�+

ab) and backward (�−
ab) emission in the L = 5 cm medium

with other parameters the same as Fig. 2. (b) and (d): The population
dynamics of oxygen atoms at the right (z = 5 cm) and left (z = 0 cm)
end of the medium which are corresponding to �+

ab and �−
ab.

with a maximum Rabi frequency of 7.5 × 107 rad/s, which is
four orders of magnitude lower than that of the forward field.

The underlying reason for the suppression of backward
lasing in the extended medium is the competition for pop-
ulation inversion between the lasing processes propagating
in both directions. Figures 3(b) and 3(d) depict the corre-
sponding population dynamics of �±

ab. The population of the
system is transferred from the initial ground state |c〉 to the
excited state |a〉 under the pump of the UV pulse, creating
population inversion between the |a〉 and |b〉 states. For the
superfluorescence emission process, the macroscopic dipole
moment is gradually built up through spontaneous radiation
and dipole-dipole interaction. Following a certain time delay,
a strong superfluorescent radiation is emitted due to the |a〉 ↔
|b〉 transition, while the population is transferred from |a〉 to
|b〉 state, leading to a reduction in the degree of population
inversion. Due to the time delay between the forward and
backward seeds caused by the propagation of the pump field,
�+

ab is easily amplified, consuming most of the population
inversion, while �−

ab is suppressed.
To be more specific, the dominant parameters, principally

atom density and dephasing rate which determine the coherent
superfluorescence radiation process in an extended medium,
are investigated. The peak Rabi frequencies under various
atomic density and collisional decoherence are studied in
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FIG. 4. Time-integrated photon numbers for the forward- and
backward-propagating lasing signals in a L = 5 cm gain medium
at selected atom densities n: (a) n = 1 × 1020 m−3, (b) n = 2.5 ×
1020 m−3, (c) n = 5 × 1020 m−3, (d) n = 1.5 × 1021 m−3, and de-
phasing rates γc: (e) γc = 5 ns−1, (f) γc = 50 ns−1, (g) γc = 300 ns−1,
(h) γc = 400 ns−1.

Appendix C. In Fig. 4, we present the time-integrated photon
numbers at selected parameters, for the forward and backward
propagating lasing signals with respect to the medium spatial
coordinate axis. Regarding atom density, the backward signals
exhibit a decreasing trend as n increases. In Fig. 4(a), for a
small atom density of n = 1 × 1020 m−3, both forward and
backward emissions are amplified, starting from the middle
of the 5 cm medium. However, as the density increases in
Figs. 4(b)–4(d), the amplification starting positions gradually
shift towards the left side of the medium (z = 0), resulting in
a continuous decrease of backward signals, while the forward
photon numbers keep accumulating.

When it comes to dephasing rate as indicated in Figs. 4(e)–
4(h), the amplifications get more intricate. At small dephasing
rates γc = 5 ns−1 and [see Figs. 4(e), 4(f)], the amplifica-
tion processes are dominated by forward emissions, resulting
in weak backward fields. However, counterintuitively, when
γc = 300 ns−1 in Fig. 4(g), both the forward and backward
emissions are amplified, although both fields carry little in-
formation about the middle of the medium. The reason for
this long-gain medium’s backward amplification is that the
forward field is either greatly weakened due to a large de-
coherence rate, or it is suppressed due to the absence of
population inversion. In the limit of a large decoherence rate
[γc = 400 ns−1, Fig. 4(h)], both fields are suppressed, because

the polarization is not easily built up under this large decoher-
ence rate.

Through the above analysis, we show that the forward
radiation will be amplified continuously with the increase
of atom density at large medium length, and a strong col-
lective spontaneous radiation process will occur, while the
backward amplification is more inclined to occur under the
short medium length, or only in a certain low-atom density
interval when the medium is long. In the population-inverted
system, the coherence effects play the dominant role in a wide
range of decoherence rates, resulting in SF radiation mainly
in the forward direction, while in the large or quite small
decoherence rate limit, backward amplification appears to a
certain extent.

Our simulations point out the major mechanism of sup-
pressing the backward lasing process to be the competition of
forward lasing, which exhausts the population of the |a〉 state
when the backward-propagating seed is still to be amplified.
Especially for the case of air lasing in the long medium,
the forward radiation field could be too strong after prop-
agating through long gain length and weakens the degree
of population inversion in the medium, which overwhelms
the amplification of the backward seeding field close to the
right end of the medium. Due to this mechanism, lower atom
density and moderate decoherence rate can counterintuitively
enhance the backward amplification process, since these con-
ditions can balance the amplification dynamics of forward and
backward propagating fields, thus leaving space and time for
the backward seeding field to be sufficiently amplified. On
the other hand, certain mechanisms such as variation of back-
ward seeding delay could possibly alleviate the suppression of
backward amplification.

The temporal asymmetry of the forward and backward
fields is generated because of the temporal asymmetry of the
forward and backward seed pulses due to the propagation
effect of the pump pulse, which leads to the competition
between amplifications of the forward and backward fields.

We have gotten the conclusion that both the forward
and backward propagating fields will be amplified inside an
L = 1 cm oxygen atom gain medium at specific parameters.
From the perspective of propagating time, since it takes 30
ps for the pump pulse to pass through the 1 cm medium,
the medium undergoes a uniform population inversion when
being pumped by the 20 ps lasing pulse, so the temporal
asymmetry for the forward and backward seeds caused by
time delay is small, which leads to almost equal amplified
bidirectional superfluorescent radiation (see Appendix A).
When the medium length is larger (L = 5 cm), the pump pulse
needs 167 ps to pass through the medium. In this case, the time
delay between two seeds is large, which leads to an obvious
temporal asymmetry, so that the forward field is amplified
along the cylinder, while the backward field is difficult to be
amplified.

We propose an alternative approach to enhance the 845 nm
backward lasing signal, by reducing the time delay �t be-
tween the two seeds, as shown in Fig. 5. For the L = 5 cm
medium without time delay of seeds (�t = 0 ps), the for-
ward and backward field are all sufficiently amplified to high
Rabi frequencies with narrow pulse widths and ringing ef-
fects as shown in Figs. 5(a) and 5(e). When the time delay

043293-5



XIN WANG et al. PHYSICAL REVIEW RESEARCH 5, 043293 (2023)

FIG. 5. Temporal behaviors (left panel) and time-integrated pho-
ton numbers (right panel) of the generated 845 nm forward and
backward fields in a L = 5 cm medium with different initial time
delay �t between the forward seed and backward seed: (a) and (e)
�t = 0 ps, (b) and (f) �t = 50 ps, (c) and (g) �t = 100 ps, (d) and
(h) �t = 167 ps which equals to the time the pump pulse takes to
travel through the whole L = 5 cm medium.

is introduced, the forward fields prevail in the competition
and maintain the ∼3 × 1011 rad/s peak Rabi frequencies in
Figs. 5(b)–5(d), while the backward fields are gradually sup-
pressed so that they turn from the strong-oscillating SF to
weak-oscillating SF [Fig. 5(f)], and to amplified spontaneous
emission (ASE) [Figs. 5(g) and 5(h)]. So as long as we can
control the pump process, for example a homogeneous pump-
ing, or the seed generating time, we will get the amplified
backward lasing.

IV. CONCLUSION

To summarize, the forward and backward 845 nm super-
fluorescences of oxygen atoms are discussed in a simplified
three-level UV single-pass pump model. We studied the long
medium amplification, and mainly focused on the physical
mechanism and parameter conditions of the backward lasing.
For a long population-inverted medium, lower atom density
will help for the formation of backward emission. In terms
of the collisional decoherence, we find that in a wide range
of decoherence rate, only the forward field is amplified for
a long medium, while in the large or small decoherence rate
limit, the backward emission can be amplified to some extent.
Backward lasing will be accomplished at small forward and

backward seeds’ time delay. This work provides theoretical
guidance for the implementation of backward air laser, and
insight of roles of various physical mechanisms in the forward
and backward emission.

ACKNOWLEDGMENTS

Grants from NSFC (Grants No. 12374238, No. 11934004,
No. 11974230, No. 12174009, No. 12234002, No. 92250303,
and No. 12304279) and Beijing Natural Science Foun-
dation (Grant No. Z220008) are gratefully acknowledged.
Y.H.K. and W.T.L. are supported by the National Sci-
ence and Technology Council of Taiwan, ROC (Grants
No. 110-2112-M-008-027-MY3, and No. 111-2923-M-008-
004-MY3). W.T.L. acknowledges support from Center for
Quantum Technology, Hsinchu 30013, Taiwan, ROC.

APPENDIX A: UNIFORM PUMP

In Fig. 6 we show the simulated results for an L = 5 cm
long uniformly pumped medium. The Rabi frequency of the
pump pulse is the same as the mentioned peak Rabi frequency
of the Gaussian pulse in Section II. As we can see, both
the forward and backward fields are amplified to the order
of 1011 rad/s. The complex structures are the results from
the uniform pump pulse which lead to stronger atom-field
interactions.

APPENDIX B: PEAK INTENSITY OF SEED PULSE

In Fig. 7, we show the effect of the seed Rabi frequency
(�s) on the generated 845 nm backward field in an L = 1 cm
medium with other parameter conditions the same as Fig. 2.
The results show that the Rabi frequency of the Gaussian seed
pulse does not change the magnitude of the emitting pulse
(1011 rad/s) as well as the underlying physics, even though it
has slight influence on the emission time delay and the inten-
sity. According to Fig. 7, even for a seed pulse with �s = 10

FIG. 6. Temporal behavior of the generated 845 nm forward
(�+

ab) and backward (�−
ab) fields in an L = 5 cm medium which is

uniformly pumped.
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FIG. 7. Temporal behavior of the generated 845 nm backward
fields (�−

ab) in an L = 1 cm medium for different incident Gaussian
seed peak intensities.

rad/s there is still a strong coherent superfluorescence emit-
ted. So we believe that this simulation with a seeded pulse is
also a good mimic to the spontaneous radiation process.

APPENDIX C: PEAK RABI FREQUENCY FOR VARIOUS
ATOMIC DENSITY AND COLLISIONAL

DECOHERENCE RATE

In terms of atom density, we obtained the peak Rabi fre-
quency of the coherent emission for the atom density from
1×1019 m−3 to 2 × 1021 m−3 and medium length from 1 cm
to 10 cm in Fig. 8. The simulation results show that with
the increase of atom density, the peak Rabi frequency of
forward emission for all L gradually increases. However, for
the 845 nm backward field, only short medium could generate
the superfluorescence in broad atom density, while for the
long L the signals are produced only in the regime of low
atom density. We also present the investigation of the effect of
dephasing via collisional decoherence, which is phenomeno-
logically included in the model for the forward and backward
coherent emission through the collisional decoherence rate γc.
The peak Rabi frequency of the forward and backward collec-
tive emission at decoherence rate from 0.1 ns−1 to 500 ns−1

and gain length from 1 cm to 10 cm are shown in Fig. 9.
For the forward emission �+

ab, the collisional decoherence
rate γc has the same influence for all L, namely, with its

FIG. 8. Peak Rabi frequency of generated 845 nm (a) forward
and (b) backward fields depending on the atom density and medium
length.

FIG. 9. Peak Rabi frequency of generated 845 nm (a) forward
and (b) backward fields depending on the collisional decoherence
rate and medium length.

increase, the peak Rabi frequency of the forward field always
gets stronger first and then decreases, as shown in Fig. 9(a).
The reason for the increase region of �+

ab with the rise of γc

is because smaller decoherence rate has a certain effect on the
formation of macroscopic polarization of the oxygen cascade
system. Thus, with the increase of γc, the intensity of radiation
field gradually increases. On the contrary, when γc gets larger,
it leads to the collisional decoherence that is much faster than
the evolution of the polarization, so that the coherent effects
lose the dominant influence and the emission field turns to
fluorescence.

As to the backward propagating field, �−
ab has two ampli-

fied spontaneous emission regions under the influences of γc

and L as shown in Fig. 9(b): when γc is rather small, there is
strong backward propagating SF emitting at all L; with larger
γc distributing at different L, weak SF happens. Besides these
two amplification parameter conditions, the coherent radiation
signals are quite weak. So the collisional decoherence effect
and the gain length have a stronger impact on the backward
SF compared to the forward amplification.

For small L, the forward and backward fields will be am-
plified simultaneously as revealed in Fig. 9. The reason for the
backward amplification at long gain length is that the forward
field is either greatly weakened due to large decoherence rate,
or it is suppressed due to absence of population inversion.
Then we show the temporal profiles of the 845 nm forward
and backward fields at L = 6 cm with several decoherence
rates, which correspond to the six tagged points in Fig. 9.
Figures 10(a)–10(c) represent the three points from top to
bottom in Fig. 9(a), and Figs. 10(d)–10(f) represent the points
for top to bottom in Fig. 9(b).

In the large decoherence rate limit in Fig. 10(a), the for-
ward emission �+

ab turns to ASE with a broad pulse width and
low peak Rabi frequency of 9 × 107 rad/s, for the reason that
the polarization is not easy to be built up under large deco-
herence rate. With γc getting smaller, the collective coherence
effect gradually grows and becomes dominant, which leads to
the normal SF in Fig. 10(b) with 3 × 1011 rad/s peak Rabi
frequency and the stronger SF with narrower pulse width of
5 × 1011 rad/s Rabi frequency in Fig. 10(c). The backward
field �−

ab is amplified in Figs. 10(d) and (f), respectively,
to the damped SF with 8 × 1010 rad/s peak Rabi frequency
and the strong-oscillatory SF with 3 × 1011 rad/s peak Rabi
frequency, while at other decoherence rate intervals, such as
Fig. 10(e), �−

ab can be attributed to weak ASE with ca. 3 × 106

rad/s peak Rabi frequency.
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FIG. 10. Temporal behavior of the generated 845 nm forward (�+
ab) and backward (�−

ab) fields in a L = 6 cm medium with different
collisional decoherence rates where the simulating parameters are corresponding to the tags in Fig. 9: (a) �+

ab with γc = 400 ns−1 [Fig. 9(a) red
club], (b) �+

ab with γc = 200 ns−1 [Fig. 9(a) purple diamond], (c) �+
ab with γc = 50 ns−1 [Fig. 9(a) black heart], (d) �−

ab with γc = 300 ns−1

[Fig. 9(b) pink club], (e) �−
ab with γc = 200 ns−1 [Fig. 9(b) white diamond], (f) �−

ab with γc = 0.1 ns−1 [Fig. 9(b) red heart].
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