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The stationary light pulse (SLP) refers to a zero-group-velocity optical pulse in an atomic ensemble
prepared by two counterpropagating driving fields. Despite the uniqueness of an optical pulse trapped
within an atomic medium without a cavity, observations of SLP so far have been limited to trapping a single
optical pulse due to the stringent SLP phase-matching condition, and this has severely hindered the
development of SLP-based applications. In this Letter, we first show theoretically that the SLP process in
fact supports two phase-matching conditions and we then utilize the result to experimentally demonstrate
simultaneous SLP trapping of two optical pulses for the duration from 0.8 to 2.0 μs. The characteristic
dissipation time, obtained by the release efficiency measurement from the SLP trapping state, is 1.22 μs,
which corresponds to an effective Q factor of 2.9 × 109. Our Letter is expected to bring forth interesting
SLP-based applications, such as, efficient photon-photon interaction, spatially multimode coherent
quantum memory, creation of exotic photonic gas states, etc.
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A stationary light pulse (SLP) is a zero-group-velocity
optical pulse trapped in an atomic ensemble prepared by
two counterpropagating classical driving fields [1–3]. In
contrast to the light storage based on electromagnetically
induced transparency (EIT) in which the photonic exci-
tation is fully mapped to the atomic coherence [4–9], the
SLP process effectively traps the optical pulse in the
atomic ensemble while retaining its electromagnetic field
nature [1–3,10–12]. In the experiment, SLP for a classical
light pulse has been reported in a warm atomic vapor
system [13] and in a cold atomic ensemble [14,15].
Recently, based on a cold atomic ensemble, quantum
SLP has been demonstrated [16] and the formation of
quantum SLP from a free-propagating single photon has
also been reported [17].
The fact that a zero-group-velocity optical pulse can be

trapped in an atomic ensemble without the need for a
cavity has brought forth to proposals on novel SLP-based
applications, such as, efficient cavity-free nonlinear optics
[18–20], photonic quantum gates [21], fermionization of
polaritons [22], mimicking interacting relativistic theories
with SLPs [23], Bose-Einstein condensation of stationary-
light polaritons [24], etc. Although the majority of such
proposed SLP-based applications require interactions of
multiple SLPs occupying different spatial modes, obser-
vations of SLP so far have been limited to trapping a single
optical pulse due to the stringent SLP phase-matching
condition [25], which has been one of the bottlenecks for
realizing various theoretical proposals on SLP-based phys-
ics. Extending the SLP physics to support multiple spatial
modes would therefore promote the development of, in
addition to the above-mentioned potential applications,

multiplexed quantum memory, optical image buffer based
on SLP, and efficient photon-photon nonlinear optics.
In this Letter, we demonstrate the simultaneous SLP

trapping of two optical pulses in an atomic ensemble. We
first show in theory that the SLP process in fact supports
two phase-matching conditions and we then utilize the
result to experimentally demonstrate simultaneous SLP
trapping of two optical pulses for the duration from 0.8 to
2.0 μs. The formation of SLPs is verified by comparing the
probe waveforms of SLP with those of EIT. We have also
carried out the release efficiency measurement from the
SLP trapping state, and the resulting characteristic dis-
sipation time 1.22 μs, which corresponds to an effective Q
factor of 2.9 × 109.
Propagation of the photon-atom excitation through

the atomic ensemble is described by a quasiparticle ψ̂
described as [26],

ψ̂ ¼ ½Êþ cosϕþ Ê− sinϕ� cos θ − Ŝ sin θ; ð1Þ

where Êþ and Ê− are the slowly varying field operators
for the forward-propagating and backward-propagating
optical fields, respectively, and Ŝ is the collective atomic
spin operator. Here, tanϕ ¼ ΩBWC=ΩFWC, whereΩFWC and
ΩBWC, respectively, are the Rabi frequencies due to the
forward coupling (FWC) and backward coupling (BWC)
classical driving fields for the atomic medium, and
tan2 θ ¼ g2n=Ω2, where g is the atom-photon coupling
constant, n is the number of atoms, and Ω2¼Ω2

FWCþ
Ω2

BWC. The polariton propagates through the atomicmedium
with the group velocity vg ¼ c0 cos2 θ cos 2ϕ, where c0 is
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the speed of light in vacuum [27]. Note that, when the Rabi
frequencies due to FWC and BWC driving fields are
balanced, i.e., ϕ ¼ 45°, the SLP state with vg ¼ 0 is formed
within the atomic medium.
In addition to balancing FWC and BWC Rabi frequen-

cies, the formation of SLP from an optical pulse injected
into the atomic medium requires a stringent phase-match-
ing condition, see Fig. 1(a). First, a probe pulse k⃗1 injected
into the atomic medium dressed by FWC, k⃗FWC, is fully
mapped into the collective atomic spin state Ŝ with the
wave vector k⃗s ¼ k⃗1 − k⃗FWC by adiabatically turning off
FWC, which corresponds to the EIT storage process [28]. If
FWC is turned back on after a specified storage time, the
propagating optical pulse is retrieved from the collective
atomic spin state. For the SLP trapping of the retrieved
pulse, BWC is simultaneously turned on with FWC. At
this step, the wave vectors of trapped forward-propagating
field k⃗þ1 and backward-propagating field k⃗−1 must simulta-
neously satisfy the following conditions: k⃗þ1 ¼ k⃗s þ k⃗FWC

and k⃗−1 ¼ k⃗s þ k⃗BWC for the momentum conservation,
and jk⃗þ1 j ¼ jk⃗−1 j for the energy conservation. This phase-
matching condition determines the injection angle between
probe 1 and FWC to be 0.345° for our experimental
conditions [16,17], in stark contrast to EIT storage which
does not require any phase matching for the incoming
probe beams [8].
Simultaneous trapping of two SLPs requires another

input angle that satisfies the phase-matching condition and
it can be found by considering the mirror symmetry with
respect to k⃗FWC. As shown in Fig. 1(b), a second probe
pulse k⃗2 injected into the atomic medium symmetrically

with respect to k⃗FWC can create the phase-matching con-
dition which is a mirrored image of the typical SLP phase-
matching condition shown in Fig. 1(a). Note that the wave
vector for the spin wave in the case of Fig. 1(b) is opposite
to the case of Fig. 1(a). Therefore, for simultaneous SLP
trapping of two optical pulses, the second probe pulse k⃗2
must be injected into the atomic medium at the angle of
−0.345° with respect to k⃗FWC, while the first probe pulse k⃗1
is injected at the angle of þ0.345° with respect to k⃗FWC.
We note that the phase-matching condition shown in

Fig. 1 can support the formation of multimode SLPs for
more than two optical pulses because the conditions in
Figs. 1(a) and 1(b) can be satisfied separately. As the only
restriction is the angles between the probe pulses k⃗1 and k⃗2
and the FWC beam k⃗FWC, the wave vectors k⃗1 and k⃗2 form a
cone around k⃗FWC. The three vectors need not line on the
same plane. This feature can be utilized to enable multi-
mode photon-photon interaction for interesting quantum
information applications, somewhat analogous to multi-
mode EIT quantum memory [29]. In our experiment, we
demonstrate the pairwise formation of SLPs on the plane
parallel to the optical table.
The schematic of the experiment to demonstrate simul-

taneous SLP trapping of two optical pulses is shown in
Fig. 2(a). We exploit a cigar-shaped 87Rb cold atomic

(a)

(b)

FIG. 1. (a) Typical phase-matching condition of the SLP
trapping process. The momentum conservation conditions, k⃗þ1 ¼
k⃗s þ k⃗FWC and k⃗−1 ¼ k⃗s þ k⃗BWC, and energy conservation con-
dition, jk⃗þ1 j ¼ jk⃗−1 j, must be simultaneously satisfied, leading to

the angle restriction between k⃗1 and k⃗FWC. (b) The mirror
symmetry with respect to k⃗FWC helps to identify another equally
likely SLP phase-matching condition, enabling simultaneous
trapping of two optical pulses. Note, however, that the three
vectors k⃗1, k⃗2, and k⃗FWC need not lie on the same plane.
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FIG. 2. (a) Experimental schematic for the simultaneous SLP
trapping of two optical pulses. (b) The level diagram of 87Rb used
in the experiment. The detuning Δ ¼ 2π × 4 MHz is introduced
to suppress higher-order Raman excitations, which hinders the
formation of SLP. APD: avalanched photodiode; FWC: forward
coupling beam; BWC: backward coupling beam; MOT: magneto-
optical trap.
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ensemble consisting of a pair of rectangular anti-Helmholtz
coils and 1-inch-diameter trapping beams of 130 mW [30–
33]. The duration of each experimental sequence is 200 ms,
of which 190 ms is used for preparing the atomic medium
starting with the plain magneto-optical trap (MOT) loading
phase of 173.5 ms. It is then followed by the temporal dark
MOT phase of 15 ms to trap more atoms by gradually
ramping down the trapping beam powers. The decreased
beam powers help to increase the optical depth (OD) of the
atomic ensemble by preventing the trapped atoms from
reheating by the intense trapping beams [34,35]. At the start
of the temporal dark MOT phase, the magnetic field
compression phase is simultaneously initiated by ramping
up the current of the anti-Helmholtz coils from 5.8 to
13.6 A (SM100-AR-75, DELTA ELEKTRONIKA). After
13 ms of the magnetic field compression phase, the anti-
Helmholtz coils are then switched off using an insulated-
gate bipolar transistor (IGBT) (1MBI400V-120-50, Fuji
Electronic) to remove residual magnetic field stray. Finally,
the atoms are prepared in the ground state j52S1=2; F ¼ 1i
by shining a 1.5 ms optical pulse which is resonant to
j52S1=2; F ¼ 2i to j52P3=2; F ¼ 2i transition. The SLP
trapping experiment is carried out during the experimental
window of 10 ms and the relevant energy level diagram is
shown in Fig. 2(b). The probes and the coupling beams
are prepared from a 795 nm-centered external-cavity
diode laser (ECDL) combined with a tapered amplifier
system (TA Pro, Toptica). The ECDL is locked at the
120 MHZ red-detuned frequency from j52S1=2; F ¼ 2i to
j52P1=2; F ¼ 2i transition. FWC and BWC are then modu-
lated using acousto-optic modulators (AOM) (ATM-
1201A2, IntraAction) for the experimental sequence by
120 and 116 MHz, respectively. Probes 1 and 2 are
prepared by up-shifting the optical frequency of the
ECDL using an electro-optic modulator (EOM) (Visible
Phase Modulator 4851, New Focus) by 6.79 GHz. Finally,
the probes are modulated using AOMs (ATM-801A2,
IntraAction) by 80 MHz to have a 2 μs temporal width
and the frequency resonant to j52S1=2; F ¼ 1i to j52P1=2;
F ¼ 2i transition as shown in Fig. 2(b). As a result, the
atomic ensemble prepared for our experiment has an OD of
60, the dephasing rate between the two ground states of
2π × 60 kHz, and the phase mismatch for SLP process,
ΔkL, of 0.05.
For the available 10 ms experimental window, for

optimal results, we use the first 10 μs for the SLP experi-
ment. First, probes 1 and 2 with 2 μs temporal widths are
simultaneously injected to the atomic ensemble dressed by
FWC with the phase-matching angle �0.345° with respect
to k⃗FWC as shown in Fig. 2(a). Probes 1 and 2 are then
mapped into the collective spin states by adiabatically
turning off FWC, which corresponds to the EIT storage
process. After the 2 μs EIT storage process, FWC and
BWC are turned on simultaneously to form SLPs of probes

1 and 2 inside the atomic ensemble. The detuning between
FWC and BWC, Δ ¼ 2π × 4 MHz, is introduced to avoid
higher-order Raman excitations, which hinder the forma-
tion of SLP [36]. After a specified SLP trapping duration,
the probe pulses are released from the SLP states by turning
off BWC and detected by two avalanched photodiodes
(APDs) (APD120A/M, Thorlabs). All traces from the
APDs are acquired by averaging 50 experimental sequen-
ces using a 1 GHz-bandwidth oscilloscope (DPO7104,
Tektronix).
Figure 3 shows, for probes 1 and 2, the experimental

results of the EIT storage of 2 μs only and those of the EIT
storage of 2 μs followed by the SLP trapping of 1 μs. The
prepared cold atom ensemble (for the duration of 190 ms
prior to the experimental window) is dressed with FWC
and, at the time of 1.6 μs, probes 1 and 2 are injected into
the atomic medium as shown in Fig. 2. Because of EIT
formed by FWC, when FWC is turned off between 3.6 and
5.6 μs, probes 1 and 2 are simultaneously mapped to the
collective atomic spin states. After the EIT storage of 2 μs,
FWC is turned back on at the time of 5.6 μs to retrieve the
two probe pulses as propagating optical pulses from the
collective atomic spin states, as evidenced in the EIT traces
in Fig. 3. If both FWC and BWC are turned on simulta-
neously at 5.6 to 6.6 μs, the retrieved optical pulses are
immediately trapped within the atomic medium as SLPs,
and, when BWC is later turned off, SLPs are converted into
propagating optical pulses. The suppressed emission during
the time both FWC and BWC are simultaneously turned on
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FIG. 3. EIT storage versus SLP trapping for (a) probe 1 and
(b) probe 2. EIT storage occurs by turning off FWC for 2 μs.
When only FWC is turned back on, probe pulses are immediately
retrieved, but if both FWC and BWC are turned on simulta-
neously, photon retrieval is suppressed and delayed until BWC is
turned off, signaling SLP formation. (c) Temporal sequence of
FWC and BWC laser beams.
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and the subsequent emission of the optical pulses when
BWC is turned off clearly indicate the formation of
simultaneous SLPs for probes 1 and 2 for the duration
of 1 μs.
The EIT/SLP efficiency differences observed in Figs. 3(a)

and 3(b) for probes 1 and 2 come from the fact that, in our
experimental setup, each probe beam experiences a slightly
different OD and has a different overlap with FWC. This can
be confirmed by comparing their efficiencies and group
delays during the EIT storage processes shown in Fig. 3. Let
us first consider the retrieval efficiencies of the two probe
beams after the 2 μs EIT storage process. The retrieval
efficiency of probe 1 is measured to be 80.8%, and that of
probe 2 is measured to be 59.1%. Since higher OD gives
higher retrieval efficiency under the same storage duration,
we conclude that probe 1 experiences higher OD than probe
2 does. Let us now compare the group delays (due to the
slow-light effect) experienced by the two probe beams after
the 2 μs EIT storage process. The group delay is calculated
by subtracting the storage time of 2 μs from the total time
delaymeasured at the peak of the observed probewaveform.
The group delay of probe 1 ismeasured to be 1.9 μs, and that
of probe 2 is measured to be 2.4 μs from Fig. 3. In general,
higher OD and lower ΩFWC result in a larger group delay.
Since probe 1 experiences higher OD than probe 2, we
can conclude that the spatial overlap between probe 2 and
FWC is slightly worse than the spatial overlap between
probe 1 and FWC.
In Fig. 4, we show the experimental results of simulta-

neous SLP trapping of probes 1 and 2 for different SLP
trapping times by varying the duration of the BWC turn-on
time. As before, SLPs are formed for probes 1 and 2 after
the EIT storage process of 2 μs. The SLP trapping time is
varied from 0.8 to 2.0 μs in 0.2 μs steps. The experimental
results in Fig. 4 clearly display the suppressed emission of
the probes while FWC and BWC are both turned on, and

the delayed release of the probe pulses when BWC is
turned off after a specified SLP trapping time.
As the SLP trapping times become longer, the peaks of

the released optical pulses become smaller as shown in
Fig. 4. In Fig. 5, we summarize the release efficiency
measurements of probes 1 and 2, as a function of the SLP
trapping time, from the simultaneous SLP trapping shown
in Fig. 4. The release efficiencies of probes 1 and 2 exhibit
the same exponential energy dissipation with the character-
istic dissipation time of τ ¼ 1.22 μs. Since probes 1 and 2
are trapped in the atomic ensemble while retaining their
electromagnetic field nature, the simultaneous SLP trap-
ping process can be understood with the analogy of an
optical cavity system that confines the electromagnetic field
within a restricted volume. TheQ factor of an optical cavity
system is typically given by Q ¼ 2πf0E=P ¼ 2πf0τ,
where f0 is the resonant frequency, E is the stored energy
in the cavity, P ¼ −dE=dt is the energy dissipation rate,
and τ is the characteristic energy dissipation time [37,38].
The characteristic dissipation time of τ ¼ 1.22 μs corre-
sponds to the optical cavity system with an effective Q
factor of 2.9 × 109 [19]. Note that the effective Q factor
of 2.9 × 109 is comparable to other ultrahigh Q-factor
optical cavity systems such as the silicon or crystalline
resonator system.
The high effective Q factor of the SLP trapping process

demonstrated in this Letter implies that there is a strong
atom-photon coupling. The atom-photon coupling can be
estimated by N-atom cooperativity CN, as the photons are
effectively trapped within the atomic ensemble, similarly to
a cavity quantum electrodynamics (QED) system. The N-
atom cooperativity is given as CN ¼ 4g2N=κΓ, where g is
the atom-field coupling constant, κ is the effective linewidth
of the cavity, Γ is the decay rate of the atom, and N is the
number of atoms [39,40]. In our SLP experimental setup,
the relevant parameters are estimated as fg; κ;Γg ¼ 2π ×
f0.24; 0.13; 5.8g MHz from the experimental parameters
(the optical depth OD ¼ 60, the group delay τg ≈ 2 μs, the
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Q factorQ ¼ 2.9 × 109, and the length of atomic ensemble
L ¼ 10 mm) using the relations τg ¼ OD × Γ=jΩFWCj2
[41] and vg ¼ L=τg ¼ c0jΩFWCj2=ðjΩFWCj2 þ g2NÞ [28].
This leads to the N-atom cooperativity of our SLP system
as CN ∼ 8 × 106, which is larger by an order of magnitude
than those reported in recent cavity QED experiments
[39,40,42,43].
In summary, we have for the first time demonstrated

simultaneous SLP trapping of two optical pulses in a cold
atomic ensemble. We have shown theoretically that the
SLP process in fact supports two phase-matching geom-
etries, and experimentally demonstrated simultaneous
SLP trapping of two optical pulses for the duration from
0.8 to 2.0 μs. Although the SLP trapping processes for the
two optical pulses showed slightly different efficiencies
due to the experimental geometry, both SLP trapping
processes exhibited the same characteristic dissipation
time of 1.22 μs, which corresponds to an effective Q
factor of 2.9 × 109. As our SLP system reports a very
large effective N-atom cooperativity, CN ∼ 8 × 106, our
Letter is expected to bring forth interesting SLP-based
applications, such as, cavity-free nonlinear optics [18–
20], photonic quantum gates [21], fermionization of
polaritons [22], mimicking relativistic theories with
SLPs [23], and Bose-Einstein condensates of station-
ary-light polaritons [24].
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