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Abstract: We introduce a new concept for stimulated-Brillouin-scattering-
based slow light in optical fibers that is applicable for broadly-tunable 
frequency-swept sources. It allows slow light to be achieved, in principle, 
over the entire transparency window of the optical fiber. We demonstrate a 
slow light delay of 10 ns at 1.55 μm using a 10-m-long photonic crystal 
fiber with a source sweep rate of 400 MHz/μs and a pump power of 200 
mW. We also show that there exists a maximal delay obtainable by this 
method, which is set by the SBS threshold, independent of sweep rate. For 
our fiber with optimum length, this maximum delay is ~38 ns, obtained for 
a pump power of 760 mW. 

©2010 Optical Society of America 

OCIS codes: (290.5900) Scattering, stimulated Brillouin; (060.4370) Nonlinear optics, fibers; 
(060.2310) Fiber optics 

References and links 

1. R. W. Boyd, and D. J. Gauthier, “Controlling the velocity of light pulses,” Science 326(5956), 1074–1077 
(2009). 

2. L. V. Hau, S. E. Harris, Z. Dutton, and C. H. Behroozi, “Light speed reduction to 17 metres per second in an 
ultracold atomic gas,” Nature 397(6720), 594–598 (1999). 

3. R. W. Boyd, and D. J. Gauthier, “““Slow” and “fast” light,” Prog. Opt. 43, 497–530 (2002). 
4. T. Krauss, “Why do we need slow light?” Nat. Photonics 2(8), 448–450 (2008). 
5. M. M. Kash, V. A. Sautenkov, A. S. Zibrov, L. Hollberg, G. R. Welch, M. D. Lukin, Y. Rostovtsev, E. S. Fry, 

and M. O. Scully, “Ultraslow group velocity and enhanced nonlinear optical effects in a coherently driven hot 
atomic gas,” Phys. Rev. Lett. 82(26), 5229–5232 (1999). 

6. Z. Zhu, D. J. Gauthier, Y. Okawachi, J. E. Sharping, A. L. Gaeta, R. W. Boyd, and A. E. Willner, “Numerical 
study of all-optical slow-light delays via stimulated Brillouin scattering in an optical fiber,” J. Opt. Soc. Am. B 
22(11), 2378–2384 (2005). 

7. Y. Okawachi, M. S. Bigelow, J. E. Sharping, Z. Zhu, A. Schweinsberg, D. J. Gauthier, R. W. Boyd, and A. L. 
Gaeta, “Tunable all-optical delays via Brillouin slow light in an optical fiber,” Phys. Rev. Lett. 94(15), 153902 
(2005). 

8. K. Y. Song, M. Herráez, and L. Thévenaz, “Observation of pulse delaying and advancement in optical fibers 
using stimulated Brillouin scattering,” Opt. Express 13(1), 82–88 (2005). 

9. W. Zou, Z. He, and K. Hotate, “Tunable Fiber-Optic Delay Line Based on Stimulated Brillouin Scattering,” 
Appl. Phys. Express 3(1), 012501 (2010). 

10. Z. Zhu, A. M. C. Dawes, D. J. Gauthier, L. Zhang, and A. E. Willner, “Broadband SBS slow light in an optical 
fiber,” J. Lightwave Technol. 25(1), 201–206 (2007). 

11. E. Cabrera-Granado, O. G. Calderón, S. Melle, and D. J. Gauthier, “Observation of large 10-Gb/s SBS slow light 
delay with low distortion using an optimized gain profile,” Opt. Express 16(20), 16032–16042 (2008). 

12. M. González Herráez, K. Y. Song, and L. Thévenaz, “Arbitrary-bandwidth Brillouin slow light in optical fibers,” 
Opt. Express 14(4), 1395–1400 (2006). 

13. K. Y. Song, and K. Hotate, “25 GHz bandwidth Brillouin slow light in optical fibers,” Opt. Lett. 32(3), 217–219 
(2007). 

14. M. A. Choma, M. V. Sarunic, C. Yang, and J. A. Izatt, “Sensitivity advantage of swept source and Fourier 
domain optical coherence tomography,” Opt. Express 11(18), 2183–2189 (2003). 

15. Z. Shi, R. W. Boyd, R. M. Camacho, P. K. Vudyasetu, and J. C. Howell, “Slow-light fourier transform 
interferometer,” Phys. Rev. Lett. 99(24), 240801 (2007). 

16. A. M. Rollins, S. Yazdanfar, M. Kulkarni, R. Ung-Arunyawee, and J. A. Izatt, “In vivo video rate optical 
coherence tomography,” Opt. Express 3(6), 219–229 (1998). 

17. S. Shimotsu, S. Oikawa, T. Saitou, N. Mitsugi, K. Kubodera, T. Kawanishi, and M. Izutsu, “Single Side-Band 
Modulation Performance of a LiNbO3 Integrated Modulator Consisting of Four-Phase Modulator Waveguides,” 
IEEE Photon. Technol. Lett. 13(4), 364–366 (2001). 

18. Thorlabs, “TL1550-B INTUN Tunable laser,” http://www.thorlabs.com/thorProduct.cfm?partNumber=TL1550-
B. 

#136124 - $15.00 USD Received 5 Oct 2010; revised 3 Dec 2010; accepted 7 Dec 2010; published 10 Dec 2010
(C) 2010 OSA 20 December 2010 / Vol. 18, No. 26 / OPTICS EXPRESS 27263



19. R. W. Boyd, K. Rzaewski, and P. Narum, “Noise initiation of stimulated Brillouin scattering,” Phys. Rev. A 
42(9), 5514–5521 (1990). 

1. Introduction 

Slow light, where the group velocity of a pulse is much smaller than the light speed in vacuum 
[1,2], has shown promise in a great number of applications [3–5], such as optical buffering, 
variable true time delay, and enhancing nonlinear optical phenomena. Slow light via 
stimulated Brillouin scattering (SBS) in optical fibers has attracted a lot of interest due to its 
compatibility with fiber-optic communication systems and room-temperature operation [6–9]. 
Its use in high-bandwidth systems is limited, however, due to the natural linewidth of the SBS 
process, which is typically 35 MHz in conventional single-mode fibers. The bandwidth can be 
extended into the tens of GHz range by dithering the frequency of the pump beam [10–13]. In 
some applications, such as swept-source optical coherence tomography (OCT) [14] and 
Fourier transform spectroscopy [15], it is desirable to have controllable slow light over a 
bandwidth of several nanometers, which is currently not accessible with SBS slow light. 

Optical coherence tomographic systems, comprised of a reference arm and a sample arm, 
are used for micron-resolution imaging. One method, which shows advantage for obtaining a 
high signal-to-noise ratio, uses a rapidly-swept narrowband source that is linearly chirped over 
a broad optical bandwidth. The resolution of such a swept-source OCT system is limited by 
the total sweep range, and the imaging depth is limited by the smallest frequency step of the 
source or the digital sampling rate of the detection system. To capture an image of a sample 
over a large depth, the length of the reference is often changed and the sweep repeated, 
thereby changing the region of interest. A controllable slow light medium, placed in the 
reference arm, could make it possible to change the region of interest without changing the 
physical length of the reference arm because the image location is proportional to group index 
ng in the reference arm [16]. However, due to the narrow linewidth of SBS process, it is not 
possible to use SBS slow light for such an application. 

In this paper, we introduced a new concept to realize SBS slow light applicable to broadly-
swept sources. This method allows slow light to be achieved, in principle, over the entire 
transparency window of the optical fiber (many 100’s of nm at telecommunication 
wavelengths). The key idea is to pump the SBS process with a beam that is derived from the 
linearly swept source, but shifted to a higher frequency equal to the Brillouin frequency shift 
of the fiber ΩΒ using a Mach-Zehnder modulator. In this way, the pump beam frequency 
automatically tracks the swept-source signal frequency as they enter the fiber and hence are 
always near the SBS resonance frequency where the slow-light effect is largest. The fact that 
the pump and signal beams counterpropagate through the fiber causes a small detuning Δν 
between the beams, which decreases the slow light effect. This detuning increases with 
increasing fiber length L and the source sweep rate R and must be accounted for to optimize 
the slow light delay. 

We experimentally and theoretically investigate the slow light effect and its dependence 
on R and other experimental parameters. We demonstrate that there is an optimum value of L 
to obtain the largest delay for a given R. We observe a delay τ = 10 ns using a 10-m-long 
photonic crystal fiber (PCF) with R = 400 MHz/μs and a pump power Pin = 200 mW. Larger 
delays can be obtained by increasing Pin until spontaneous Brillouin scattering dominates the 
process. We find that the maximum obtainable delay for an optimum-length fiber of the same 
type used in our experiment is ~38 ns independent of R. A pump power of 760 mW is 
required to obtain the maximum delay for R = 400 MHz/μs for our fiber. 

2. Experiment setup 

In the experiment, a beam from a single-mode rapidly-tunable laser is split in two, with one 
beam serving as the SBS pump beam and the other as the signal beam (see Fig. 1). The signal 
beam passes through a MZM operated in carrier-suppressed mode to create frequency-shifted 
sidebands at the SBS Stokes and anti-Stokes frequencies. The anti-Stokes beam is filtered out 
using a fiber Bragg grating (FBG) with a linewidth of 20 GHz. In future research, the MZM 
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and Bragg grating can be removed and replaced by single-side-band carrier-suppressed optical 
modulator [17]. The pump and signal beams counterpropagate through the optical fiber (the 
SBS slow light medium), and the signal beam experiences SBS amplification and the 
associated slow light delay [4]. An additional short fiber is used in the pump beam path to 
compensate for the propagation time difference between the pump and signal arms. This 
guarantees the signal and pump have the same frequency shift in the middle of the PCF. 
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Fig. 1. Experiment setup for slow light via stimulated Brillouin scattering. EDFA, erbium 
doped fiber amplifier; PC, polarization controller; FBG, fiber Bragg grating; PD, 
photodetector; RF, radio frequency generator. 

Before we study the slow light effect with a frequency-swept-source, we first characterize 
the properties of the fiber for a monochromatic laser (R = 0). A 10-m-long PCF (NKT 
Photonics Inc., NL-1550-NEG-1) is used as the slow light medium, which is made of pure 
silica with a core diameter of 2.1 μm and air-filling fraction of 16%. To measure the gain due 
to SBS, we record the signal output while turning on and off the pump beam. The gain factor 
is denoted by G = log(Ps/Pso), where Ps (Pso) is the signal output with (without) the pump 
beam present, respectively. We measure a Lorentzian-shaped gain profile with a resonance 
frequency ΩB = 9.782 GHz, and a resonance width (FWHM) ΓB = 40.8 MHz. To measure τ, 
we sinusoidally modulate the signal beam intensity at a frequency of 1 MHz. We record the 
transmitted intensity in the presence and absence of the pump beam and determine τ by 
comparing the phase difference of the waveforms. We find τ = 20 ns with a pump power 
inside the PCF Pin = 200 mW. 

3. Slow light with a swept source 

We investigate the slow light effect using a linearly swept-frequency source. By directly 
sweeping the injection current of the DFB laser, we obtained a linearly-swept source over a 

total sweep range of 10 GHz with frequency   0t Rt   , where ν0 is the initial frequency 

and R is the sweep rate. The output power varies slightly as the frequency is swept (less than 
5%). The natural linewidth of the DFB laser is ~1 MHz, comparable to the linewidth of 
advanced swept sources used in OCT systems [18]. The repetition period of the modulation 
waveform is much longer than the transit time of light through the fiber, denoted by tr = L/u, 

where u~ 82 10 m/s is the speed of light in the fiber, and tr is ~50 ns for our fiber. Therefore, 

we can assume the pump and probe frequency increase linearly with time during the SBS 
process. The MZM is largely insensitive to the change in frequency of the light passing 
through it. Since the signal and the pump beams are derived from the same swept source, they 
are chirped simultaneously. The signal-beam frequency automatically tracks the swept-source 
pump-beam frequency and hence is always near the SBS resonance frequency, which 
guarantees a strong slow light effect. However, the pump and signal beams counterpropagate 
through the fiber, which causes a spatially-dependent detuning between the beams and hence 
decreases the slow light effect. 

To investigate the frequency-dependent SBS gain experienced by the chirped beams, we 
adjust the signal beam frequency (set by the frequency-shift Ω of the MZM) and measure the 
gain G. Fig. 2 shows the measured gain profiles for three different sweep rates as a function of 
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the frequency difference δ = Ω-ΩB. We see that the gain profile is broadened substantially due 
to the sweep-rate-dependent detuning mentioned above. Broadening begins when the detuning 
between the two beams differs by ΩB ± ΓB/2 at the middle of the fiber (recall that the beams 
differ by Ω when enter either end of the fiber). That is, when R = ΓB/(2tr)~400 MHz/μs for our 
fiber. To characterize the gain profile in greater detail, we analyze theoretically the gain and 
delay experienced by the signal beam. 

 

Fig. 2. Measured (dots) and simulated (solid) gain profile of photonic crystal fiber with sweep 
rate R of 0 (blue circles), 400 MHz/μs (red diamonds), and 800 MHz/μs (black stars). 

Consider a reference frame that travels with signal beam (see Fig. 3). The frequency 
detuning between the pump and signal beam at position x is given by 
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where g(Δν) is gain profile of the slow light medium, and P(x) is pump power. We find 
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where α (gp) is the optical loss (SBS gain) coefficient of the fiber. For our photonic crystal 

fiber, α = 9 dB/km and gp = 2.5 m1W1. The PCF used in this experiment is only 10 meter 
long, which makes the optical loss negligible and hence we can set α = 0 for simplicity. 
However, for a longer fiber, the optical loss needs to be considered because it will cause 
asymmetry of the broadened gain profile. With α = 0, we solve Eq. (3) and find 
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The linewidth (FWHM) of the gain profile is then given by 
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and goes over to 2LR/u in the limit of R>>ΓBu/(2L). Using Eq. (4), we predict the SBS gain 
profile for three different sweep rates, as shown in Fig. 2. Agreement with our experimental 
measurements is very good. 

 

Fig. 3. Diagram of the space-dependent frequency detuning between the pump and signal 
beams caused by the swept source. 

The slow light effect is largest at the center of the resonance (Ω = ΩB). Therefore, we 
analyze the gain and delay and their dependence on R on the resonance. With δ = 0 in Eq. (4), 
we find that 
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The slow light delay due to the SBS process is given by 
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where nfg is the group index of the fiber without the SBS process, c is speed of light in 
vacuum, and 
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is the group index due to the SBS effect in a differential segment of the fiber [6]. By 
combining Eqs. (1), (5), (7) and (8), we find 
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The gain and delay are measured in our PCF using Pin = 200 mW for various value of R as 
shown in Fig. 4, using the same method described in the previous section. We see that the 
delay drops faster than the gain due to the broadened gain profile, as discussed above. In 
particular, we observe τ = 10 ns for R = 400 MHz/μs and τ = 4 ns for R = 800 MHz/μs. We 
also overlay the predictions of Eq. (6) and (9) with no free parameters, where the agreement 
with our observations is very good. 
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Fig. 4. (a) Measured (dots) and simulated (solid) gain as a function of sweep rate R. (b) 
Measured (dots) and simulated (solid) delay as a function of sweep rate R. 

4. Optimum fiber length to achieve the largest delay 

We find that, for a given sweep rate R, there is an optimum value of fiber length L to obtain 
the largest delay. From Eqs. (5) and (9), the maximum delay occurs for Lopt = uΓB/(2R) and is 
equal to τmax = gpPinu/(4R), showing that τmax is inversely proportional to R. Figure 5(a) shows 
the delay as a function of L for R = 400 MHz/μs using Eq. (9). For ΓB = 40 MHz, Lopt~10 m, 
which corresponds to the length of our PCF. For fixed L and different R, a constant delay can 
be obtained by adjusting Pin, as shown in Fig. 5(b). 

 

Fig. 5. (a) Delay as a function of L for R = 400 MHz/μs with Pin = 200 mW. (b) The pump 
power needed to obtain τ = 10 ns for L = 10 m. 

Larger delays can be obtained by increasing the pump power until spontaneous Brillouin 
scattering dominates the process. The gain parameter G is limited up to the Brillouin threshold 
Gth, where the delay reaches its maximum value τth obtainable by the fiber. By combining Eqs. 
(5) and (8) and assuming L = Lopt (giving Rtr = ΓB/2), we find that 
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which is independent of R. Using ΓB = 40 MHz and Gth = 15 for the 10-m-long PCF [19], we 
estimate τth = 38 ns, obtained when Pin = 760 mW. 

5. Conclusion 

We investigate the slow light effect via SBS with a linearly swept-frequency source. The 
pump and signal beams counterpropagate through the fiber, which introduces a small detuning 
between the beams and hence decreases the slow light effect. This detuning increases with 
increasing fiber length L and the source sweep rate R. We find there is an optimum value of 
fiber length to obtain the largest delay for a given sweep rate. Using the optimum-length fiber, 
we observed a delay of 10 ns with R of 400 MHz/μs and a pump power of 760 mW. 

This research provides a path toward practical applications of the SBS slow light 
technique that uses broadband swept sources. The total frequency sweeping range using this 
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method is limited up to 1 nm due to the varying Brillouin resonance as a function of pump 
frequency. However, by adjusting the RF frequency Ω to simultaneously track the Brillouin 
resonance of the pump frequency, the slow light can be achieved over the entire transparency 
window of the optical fiber. It has a potential to work with the high-speed commercial 
frequency-swept sources, which makes it applicable to optical coherence tomography and 
Fourier transform spectroscopy. 
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