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Abstract: Slow-light delay via stimulated Brillouin scattering (SBS)
in optical fibers is usually achieved with delay-dependent amplification
that degrades system performance. To address this problem, we propose a
SBS slow-light method that makes use of two widely separated anti-Stokes
absorption resonances, and achieve nearly transparent slow light in an
optical fiber. We demonstrate the method in a highly nonlinear optical fiber,
and achieve a slow-light bandwidth of∼150 MHz and a relative of delay of
∼0.3 for∼9-ns pulses with a signal attenuation of∼4.8 dB.
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14. M. G. Herŕaez, K. Y. Song, and L. Th́evenaz, “ Optically controlled slow and fast light in optical fibers using
stimulated Brillouin scattering,” Appl. Phys. Lett.87, 081113 (2005).
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1. Introduction

There has been a great deal of interest in slow light, in which the propagation speed of light
pulses is controllably slowed down [1]. Slow light has potential applications in optical buffer-
ing, data synchronization, optical memories, and optical signal processing [2-4]. Most slow
light techniques rely on resonant effects that cause large normal dispersion in a narrow spec-
tral region (approximately equal to the resonance width), which increases the group index and
thus reduces the group velocity of optical pulses. Slow light has been demonstrated in various
materials including atomic gases [5, 6], solid crystals [7, 8], semiconductors [9, 10], optical
fibers [11-17], and other photonic structures [18-20]. In particular, slow light in optical fibers
has recently attracted a lot of interest due to the inherent advantages with optical fibers such
as compatibility with fiber-optic communication systems, room temperature operation, and the
potential for large bandwidths. Slow light in optical fibers has been demonstrated via optical
amplifying resonances associated with stimulated Brillouin scattering (SBS) [11-15], stimu-
lated Raman scattering [16], and parametric amplification [17]. In these fiber-based slow-light
methods, pulse delay is achieved via an amplification resonance, where the delay is proportional
to the exponential gain coefficient associated with the resonance. Thus, the intensity of the data
pulse passing through the slow-light channel experiences large variation in a delay-dependent
manner. This dependence will cause significant performance degradation due to large variation
in the pulse power in the data stream.

In this paper, we propose a slow-light method that avoids large power variations in the de-
layed pulses. Our method uses two widely separated absorption resonances that are generated
by SBS and achieves slow light for signal pulses whose frequency lies in between two absorp-
tion lines. The resonances are due to anti-Stokes absorption when the SBS process is pumped
by a two-frequency pump beam. This method also has a large bandwidth suitable for shorter
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pulses, even though the absorption lines have a narrow linewidth (∼30 MHz in standard optical
fiber SMF-28e). Our method is similar to the one that was recently demonstrated using two
absorption resonances in atomic gases [21, 22].

This paper is organized as follows. In the next section, we present a theoretical analysis of the
method. In Section 3, we describe our experiment and present the experimental results. Section
4 concludes the paper.

2. Theory

Our method to achieve nearly transparent slow light in optical fibers is to use two Lorentzian-
shaped absorption resonances that are generated by stimulated Brillouin scattering. To achieve
an absorption doublet, a two-frequency continuous-wave (CW) laser beam (of angular frequen-
cies ωp±∆) can be used to pump an optical fiber along -z-direction, giving rise to absorb-
ing resonances at anti-Stokes frequenciesωp±∆ + ΩB due to the process of electrostriction,
whereΩB is the Brillouin frequency shift in the fiber. A counterpropagating beam (along the
+z-direction) experiences these resonances in the vicinity of the anti-Stokes frequencies. It is
straightforward to obtain a two-frequency CW pump laser field from a single CW laser using
carrier-frequency-suppression amplitude modulation [23, 24]. For simplicity, we assume the
two resonances have the same characteristics except for their resonant frequencies. The com-
plex linear susceptibility for such a medium with two Lorentzian-shaped absorption resonances
is given by [24]

χ = i
cn0α0

ω

[
1

1− i(δ +∆)/γ
+

1
1− i(δ −∆)/γ

]
, (1)

whereδ = ω−ω0 = ω−(ω20+ω10)/2, ∆ = (ω20−ω10)/2, ω10 andω20 are the line centers of
the two absorption resonances,α0 is the line-center absorption coefficient,γ is the half-width
at half-maximum of the resonances,n0 is the background refractive index, andc is the speed of
light in vacuum. The refractive index associated with these resonances is given by

n(δ ) = n0 +
1

2n0
χ = n0 + i

cα0

2ω

[
1

1− i(δ +∆)/γ
+

1
1− i(δ −∆)/γ

]
. (2)

The intensity absorption coefficient is then given by

α(δ ) =
ω
c

Im(
χ
n0

) = α0

[
1

1+(δ +∆)2/γ2 +
1

1+(δ −∆)2/γ2

]
. (3)

The additional time delay experienced by an optical pulse (of carrier frequency ofω0) prop-
agating through a material of lengthL is given by

Tdel =
L
c
(ng−n0) =

α0L
γ

(∆/γ)2−1
[1+(∆/γ)2]2

, (4)

whereng = (n+ ωdn/dω)|ω=ω0 is the group index evaluated atω0. When∆ > γ, Tdel > 0.
This shows that the pulse experiences delay when the two absorption resonances are widely
separated. The intensity attenuation parameter atδ = 0 is given by A0 = α(δ = 0)L =
2α0L/(1+∆2/γ2) and it is related toTdel by

Tdel =
A0

2γ
(∆/γ)2−1
(∆/γ)2 +1

. (5)

Figures 1(a) and 1(b) show an example of the refractive index and absorption associated with
the two absorption resonance lines where the line separation is set at∆ = 3γ. The normal
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Fig. 1. (a) Refractive index (b) absorption coefficient and (c) slow light bandwidth for
the absorption doublet. In (a) and (b),∆ = 3γ . The slow light bandwidth (FWHM)B is
determined from the absorption spectrum as illustrated in (b).

dispersion between the resonances atδ = 0 is used to increase the group index so as to achieve
slow light.

The FWHM bandwidthB of the slow light can be estimated from Eq. (3) by calculating the
spectral span across the two half-height points between the absorption valley and two peaks,
as illustrated in Fig. 1(b). Figure 1(c) shows the slow-light bandwidth as a function of the line
separation2∆. It is seen that the bandwidth increases linearly with the line separation. However,
the increase of the line separation reduces the slow light delay in a nonlinear manner as shown
in Eq. (4). We examine the delay-bandwidth productTdelB and find there exists an optimal line
separation that gives rise to the maximum delay-bandwidth product, as shown in Fig. 2(a). The
delay falls off only slowly for large line separations. This demonstrates that it is possible to
obtain large bandwidths using the proposed method.

The advantage of our method in achieving nearly transparent slow light is manifested in the
comparison with that based on a single SBS gain resonance of the same bandwidthB. The
slow light delay for the latter is simply given byTdel = G0/B [11, 25], whereG0 is the gain
parameter. If we require the two methods achieve the same pulse delay, then we have

G0

A0
=

B
2γ

(∆/γ)2−1
(∆/γ)2 +1

. (6)

Figure 2(b) showsG0/A0 as a function of the line separation 2∆. It is seen thatA0 is smaller than
G0 when2∆/γ > 4.53, indicating a much smaller pulse power change in the proposed method.
For example, when 2∆/γ = 14, the signal attenuation (in dB) for the absorption-doublet method
is only∼1/6 of the gain (in dB) for the corresponding gain-singlet method.

As in the gain-singlet SBS slow light, the delayed signal pulse acquires distortion and the
main contribution to the pulse distortion is the frequency-dependent gain or attenuation, which
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Fig. 2. (a) Delay-bandwidth product as a function of the line separation for the absorption-
doublet slow-light method. (b) Comparison in signal pulse power variations between the
gain-singlet and the absorption-doublet slow light at the same delay and bandwidth.

gives rise to a pure imaginary group-velocity-dispersion coefficient. The third-order dispersion,
which comes only from the real part of the refractive index, is usually negligible. In the case of
negligible third-order dispersion, for a Gaussian-shaped input pulse (intensity∝ exp[−(t/τin)2])
with center frequency tuned atω0, the output pulse width is given by

τout =
[

τ2
in +

A0

γ2

3(∆/γ)2−1
[1+(∆/γ)2]2

]1/2

. (7)

From Eqs. (5) and (7), it is seen that the signal pulse is always broadened under conditions for
which the pulse experiences delay (∆ > γ). The slow-light pulse distortion could be minimized
using distortion-compensation methods [24, 26].

The above theoretical analysis assumes an ideal Lorentzian shaped anti-Stokes absorption
spectrum. In reality, the absorption spectrum may deviate from the ideal Lorentzian shape due
to inhomogeneous broadening or multiple acoustic modes. Therefore, the absorption and dis-
persion characteristics can be different from the ideal Lorentzian line case. However, as long as
the distortion in the absorption spectrum is not significant, the analytical results presented above
will give a good estimation of the slow light characteristics with realistic absorption spectra.

Due to strong filtering and dispersive effect with slow light propagation, optical pulses with
sharp edges can be significantly distorted, causing ambiguity in determining slow light delay.
To avoid this ambiguity, pulses with smooth edges (e.g., Gaussian pulses) are usually used in
slow light studies. A recent study on pulse propagation through a single-resonance slow-light
medium has shown that arbitrarily shaped pulses tend to acquire a nearly Gaussian shape [27].
For these reasons and theoretical convenience as well, we only consider Gaussian shaped pulses
in both the theoretical analysis and the experimental study.

3. Experiment and results

An absorption-doublet with an adjustable frequency separation 2∆ is realized by pumping a
room-temperature highly nonlinear optical fiber (HNLF) with a bichromatic laser field, which
is obtained via carrier-frequency-suppression amplitude modulation of a CW single-frequency
laser field [23, 24]. The doublet spacing 2∆ is adjusted by changing the frequency of the voltage
driving the modulator and the slow light delay is adjusted by changing the pump power.
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Fig. 3. Experiment setup based on two anti-Stokes absorption lines in an optical fiber
via stimulated Brillouin scattering. TL1, TL2: tunable lasers; IS1, IS2: isolators; FPC1,
FPC2, FPC3: fiber polarization controllers; MZM1, MZM2: Mach-Zehnder modulators;
FG1, FG2: function generators; EDFA: Erbium-doped fiber amplifier; C1, C2: circulators.

The experimental setup is shown schematically in Fig. 3. Two 1550-nm narrow-linewidth
tunable lasers (TL1 and TL2) are used to produce signal pulses and the pump beam, respec-
tively. A bichromatic pump beam is produced by passing the single-frequency CW laser beam
generated by TL2 (angular frequencyωp) through modulator MZM2, which is driven by a sinu-
soidal voltage of angular frequency∆. The bias voltage applied to MZM2 is chosen to suppress
the carrier frequency, resulting in a beam with two frequencies (ωp±∆). This beam is amplified
by an erbium-doped fiber amplifier (EDFA) and routed via circulator C2 to pump a 2-km-long
HNLF (OFS Denmark). For this fiber, we measure an SBS absorption linewidth (full-width at
half-maximum) ofγ/π ∼ 50 MHz. After passing through the slow-light medium, the beam is
routed out of the system via circulator C1 and monitored by a power meter.

The signal pulses are produced from a laser beam generated by TL1. The beam passes
through an isolator, a fiber polarization controller, and modulator MZM1, producing pulses
with carrier frequencyωc. The pulses enter the 2-km-long HNLF via circulator C1 and coun-
terpropagate with respect to the bichromatic pump beam in the fiber. The slow-light-delayed
and attenuated pulses are routed out of the system via C2, detected by a fast photoreceiver, and
displayed on a digital oscilloscope. The frequency difference between TL1 and TL2 is tuned
so that the pulse carrier frequency is set precisely to the center between the two anti-Stokes
absorption resonances, i.e.,ωc = ωp +ΩB, whereΩB/2π = 9.6 GHz is the Brillouin frequency
shift for the HNLF. Fiber polarization controllers FPC1 and FPC2 are used to maximize the
transmissions through the Mach-Zehnder modulators, and FPC3 is used to maximize the SBS
slow-light delay experienced by the signal pulses.

Figure 4 shows the experimental results when the absorption line separation is set at 200
MHz, i.e., 2∆/γ = 8. The input signal pulses have a pulsewidth (FWHM) of about 9 ns. In
the left column of the figure, we show both the delayed and un-delayed pulse intensities in
the same scale for total pump powers of 5 dBm, 10 dBm, and 13 dBm (from top to bottom).
The right column of the figure shows the corresponding power absorption spectra (obtained by
measuring the transmission of a CW signal beam through the slow light medium). It is seen that
the pulse delay increases with the pump power, and that the pulse power decreases as the pump
power increases due to increased absorption. The signal pulse is delayed by about 2.6 ns and
is attenuated by 4.8 dB at the pump power of 13 dBm. To achieve the same amount of delay
using a single SBS amplifying resonance of the same bandwidth, the signal pulse will acquire
an amplification of 12.3 dB. This demonstrates that the proposed slow light method can greatly
reduce the output pulse power variation and therefore enable nearly transparent slow light.

By fitting the pulse traces shown in Fig. 4 with a Gaussian function, the pulse delay, power
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Fig. 4. Experimental results with two anti-Stokes absorption lines. Each line has a linewidth
of 2γ/2π = 50 MHz and the line separation is2∆/2π = 200 MHz. (a),(c),(e): Traces of
delayed (shown in red) and un-delayed (show in blue) signal pulses at a pump power of 5
dBm, 10 dBm, and 13 dBm, respectively; (b), (d), (f): Power absorption spectra measured
with a CW signal beam at the corresponding pump powers.
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Fig. 5. (a) Pulse delay, (b) power transmittivity, and (c) pulse broadening as a function of
the pump power. The data points shown in squares are obtained by Gaussian fitting the
pulses traces in Fig. 4. The data points shown in circles are the zero-detuning transmittivity
from Fig. 4. The solid line in (a) is a line fit of the measured delay as a function the pump
power, which provides a parameter to obtain the theoretical resuts of transmittivity and
pulse broadening that are shown in (b) and (c) as solid curves.

transmission and pulse broadening are obtained and shown in Fig. 5 as solid squares. The pulse
broadening is defined as the ratio of the delayed pulse width to the undelayed pulse width.
The transmitivities measured with a CW signal beam at zero-detuning (from Figs. 4(b)(d)(f))
are also shown in Fig. 5(b) as solid circles. From a linear fit of the measured delay versus
the pump power (solid line in in Fig. 5(a)) and using Eqs. (5) and (7), theoretical predictions
of power transmission and pulse broadening are obtained and shown as solid curves in Figs.
5(b) and 5(c). The measured power transmission data agree well with the theoretical ones. The
large discrepancy between the measured pulse broadening and the theoretical prediction may
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be due to the fact that the input pulses are far from ideal Gaussian pulses. Nonetheless, the
measured pulse broadening is small for the 9-ns input pulse because of the relative large slow
light bandwidth (∼150 MHz as estimated from Fig. 1(c) and Fig. 4(b)).

In order to achieve a large slow-light delay, one needs to increase the attenuation parameter
A0 at a given line separation (see Eq. (5)). However, to obtain large anti-Stokes absorption by
increasing the pump power or the fiber length will cause the build up of the Stokes fields that are
downshifted from the pump frequencies by the Brillouin frequency shift. The energy transfer
from the pump beam to the counterpropagating Stokes beam reduces the pump power that can
pass through the fiber and hence the anti-Stokes absorption. This problem may be obviated
by a multi-stage slow-light approach [13], where a filter can be inserted between two adjacent
stages to attenuate the Stokes field. This approach is equivalent to putting multiple filters along
the fiber length to suppress the build up of Stokes fields without affecting the pump and the
signal fields.

4. Conclusion

We have described a slow-light method that is based on two widely separated absorption reso-
nances. It is implemented in a room-temperature optical fiber that is pumped by a bichromatic
laser beam, which induces an absorption doublet via anti-Stokes stimulated Brillouin scatte-
ring. Compared to SBS slow light based on a single SBS gain resonance, the proposed method
has the advantages of easily controllable large bandwidths and smaller variation in pulse power,
indicating that better system performance can be achieved with the proposed method. This ap-
proach can be extended to achieve broader bandwidths using spectrally broadened pump light
[15, 28, 29] and smaller pulse distortion by tailoring the shape of the absorption lines [24, 26].
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