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1. Introduction

The control of the group velocity of light is currently attracting much attention in the
scientific communities because it has several significant applications such as optical buffers
for all-optical routing, phased-array antennas, optical memories and optical signal processing
[1-4]. While the electromagnetically-induced transparency (EIT) [2] or the coherent
population oscillation (CPO) [3,4] has been used for slowing down the optical pulses in bulk-
optic media and semiconductor devices, the slow light experiments in optical fibers were
carried out via stimulated Brillouin scattering (SBS) [5-7], Raman scattering (SRS) [8] or
Raman-assisted parametric amplification [9] with more flexibility and simpler configuration.
These experiments make use of an optically-controlled narrowband gain or loss process
occurring in the fiber, and the group velocity can be tuned continuously by simply controlling
the pump power level. In particular the method based on stimulated Brillouin scattering has
shown that it can reproduce almost all the experimental results achieved by the former studies
such as slow light (v,~71000 km/s), faster-than-light (superluminal) propagation and even
negative group velocities [10] with a simple bench top experimental setup at room
temperatures. Additionally, recent experiments [11,12] have successfully demonstrated the
arbitrary control of the operating bandwidth of SBS by proper frequency modulation of the
pump wave, which has made it a more powerful tool for the generation of slow light. The
method is expected to be applied not only for increasing the bandwidth but also for the
designing and tailoring of the dispersion to minimize the inevitable pulse distortion in the
delaying process.

From the practical point of view, the length of the delay fiber and the amount of pump
power are key parameters which determine the amount of time delays. Considering the
response time, the stability of the controlled delay and the onset of other nonlinear effects,
previously reported figures [5,10] — several kilometer fiber with several tens of mW pump
power or several meter with several watts — may not be practical in most applications.
Besides, the enlargement of spectral bandwidth requires as much increase of the pump power
in order to achieve the same amount of fractional delay [11]. All these aspects highlight the
necessity of the efficiency enhancement in the slow light generation for more practicality. In a
recent experiment, the use of a 2-m Bismuth-oxide highly nonlinear fiber (Bi-HNLF) was
reported to generate 29-dB Brillouin gain and the resultant optical delay of 46 ns with 410-
mW pump power [13]. As another experiments, it has been lately reported that a As,Ses;
chalcogenide fiber can offer very high Brillouin amplification [14,15].

In this paper, we test the As,Se; chalcogenide fiber to further improve the efficiency of
the SBS-based slow light generation. The Brillouin gain of 43 dB is achieved in only 60-mW
pump power in a 5-m chalcogenide fiber, which results in 37-ns optical delay of a probe pulse
having 50-ns duration. We introduce a new figure of merit for the evaluation of optical fibers
as a slow light medium including the consideration of the pump transit time, and the result
shows the As,Se; fiber is about 4 times more efficient than the Bi-HNLF. We believe this
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implementation shows that the chalcogenide fiber can be the best medium for the practical
applications of the SBS slow light.

2, Principle

The process of SBS is the interaction of two counterpropagating waves, a strong pump wave
and a weak probe wave. If a particular frequency relation is satisfied (i.e. Vpumg= Virobet Vs, Va
being the Brillouin frequency), an acoustic wave is generated which scatters photons from the
pump to the probe wave and the interference of these two optical waves in turn stimulates the
process. Since the Brillouin gain bandwidth is as small as 30 MHz in conventional optical
fibers, the SBS can be regarded as a narrowband amplification process, in which a strong
pump wave produces a narrowband gain in a spectral region around V,.,-Vs and a loss
around V,,.,,+ Vs. According to the Kramers-Kronig relation, a refractive index change is
associated with the Brillouin gain/loss process and a substantial change of the group index
ng=n+@dn/dw follows as a result of the sharp index transition, which leads to a controllable
optical time delay.

The linear Brillouin gain along a fiber is expressed as galogPpumpy/Aes; Where ga, Log, Ppump
and A are Brillouin gain coefficient, the effective length, the pump power and the effective
mode area, respectively. The gain coefficient gz depends on material properties as [16]
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where n, p1s, ¢ A p vy and Avp are the refractive index, the longitudinal elastooptic
coefficient, the speed of light, the wavelength, the material density, the acoustic velocity and
the Brillouin gain bandwidth, respectively. Recentlgf, the gz in a single-mode As,Se;
chalcogenide fiber has been measured to be ~ 6.08x10™, more than 130 times larger than that
of usual silica fibers, mainly as a result of its large refractive index of 2.81 [14].

For the slow light experiment, we use a 5-m single-mode As,Se; fiber with a core
diameter of 6 ym and a normalized frequency V of 2.17 at 1560-nm wavelength. The
transmission loss is 0.84 dB/m which corresponds to an effective length of 3.2m. The
Brillouin frequency vz is measured to be 7.968 GHz at 1560nm and the reported value of the
Brillouin gain bandwidth Avz is about 13 MHz [14].

3. Experiments and results

The experimental configuration is shown in Fig. 1. A 1560-nm laser diode was used as a light
source and the output power was divided by a 90/10 coupler. The 10% output was directly
used as a Brillouin pump wave after being amplitude-controlled through an EDFA and a
variable optical attenuator (VOA-1). The 90% output was launched into a phase modulator
(PM) to create sidebands with a frequency difference around vz. The choice of the 90%
coupler port for the probe is only to compensate the modulator extra loss and the incomplete
modulation. A probe pulse train was generated by an intensity modulator (IM) and a pulse
generator to have a Gaussian profile with a width (FWHM) of 50 ns at the repetition rate of
1 MHz. The amplitude of the probe pulse was controlled by an EDFA and a VOA (VOA-2).

The probe and the pump waves were launched into the 5-m As,Se; fiber in counter-
propagating direction using lensed fibers which showed a 1.8 dB coupling loss. The probe
pulse from the fiber output was filtered by Fabry-Perot filter (F-P) and the time waveforms
were recorded through a photodiode (PD) and an oscilloscope. In order to avoid the effect of
gain saturation and any amplitude-dependent time biasing in the PD, we carefully controlled
the amplitude of the initial probe pulse with the VOA-2 to keep the same probe power
(~5pnW) on the PD regardless of the gain. The amount of the Brillouin gain could be
calculated by the variation of the initial probe power which was monitored throughout the
measurements.
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