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Abstract: This paper demonstrates stimulated Brillouin scattering (SBS) 
characterization in silica optical fiber tapers drawn from commercial single 
mode optical fibers by hydrogen flame. They have different waist diameters 
downscaled from 5 μm to 42 μm. The fully-distributed SBS measurement 
along the fiber tapers is implemented by Brillouin optical correlation 
domain analysis technique with millimeter spatial resolution. It is found that 
the Brillouin frequency shift (BFS) in the waist of all fiber tapers is 
approximately the same (i.e., ~11.17 GHz at 1550 nm). However, the BFS 
is gradually reduced and the Brillouin gain decreases from the waist to the 
untapered zone in each fiber taper. 
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1. Introduction 

Optical fiber tapers can be downscaled to subwavelength diameter with low transmission loss 
[1]. Up to date, they can originate from whichever of all-silica fibers [1, 2], photonic crystal 
fibers [3], or even biomaterials (such as DNA) [4]. Due to the downscaled diameter, there is 
large evanescent optical field existing surrounding the taper’s waist [1], which has excited a 
lot of research issues for developing the compact photonic components [2–9]. For instance, 
they are excellent candidates for supercontinuum generation [2, 3], passively mode-locked 
fiber laser [5], compact fiber-optic sensors [6–8], and nanowire connectors with photonic 
devices [9]. 

Stimulated Brillouin scattering (SBS) occurs in optical fibers when two counter-
propagating optical waves have a precise frequency offset called Brillouin frequency shift 
(BFS), νB = 2neffVa/λ, where λ is the optical wavelength in vacuum, neff the effective 
refractive index of the fiber, and Va the acoustic velocity [10, 11]. Both neff and Va are 
determined by the fiber materials and optical/acoustic waveguide structure [10]. Recently, 
Kobyakov et al. proved that Brillouin gain is not just related to the optical effective area, but 
physically determined by the acouso-optic overlapping efficiency (or called the acousto-optic 
effective area) [11]. Consequently, the SBS measurement has been an effective tool to study 
the fiber properties [12, 13], and suitable to develop distributed strain and temperature sensing 
for structural health monitoring in smart materials and smart structure [14–20]. 

In this paper, we demonstrate the characterized SBS in silica optical fiber tapers based on 
Brillouin optical correlation domain analysis (BOCDA) technique. For the first time to our 
best knowledge, we experimentally investigate the SBS property in silica optical fiber tapers 
with different waist diameters from 5 μm to 42 μm, which are drawn from commercial single 
mode optical fibers (SMFs) by hydrogen flame [21]. The BFS in the tapers’ waist is almost 
the same (i.e., ~11.17 GHz at 1550 nm), which is equal to the fourth-peak resonance 
frequency in the SMF [22]. The distributed measurement essentially explores the unique SBS 
properties of the fiber tapers rather than those of the untapered SMF. 

2. Experimental setup 

The experimental setup is depicted in Fig. 1. Distributed SBS measurement is based on the 
modified BOCDA technique [20]. A 1550-nm distributed-feedback laser diode (DFB-LD) is 
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used as the light source, which is divided into two coherent beams by a 3-dB coupler. It is 
noted that a function generator providing the sinusoidal frequency modulation is introduced 
or not introduced into the DFB-LD for distributed or entire SBS measurement [16], 
respectively. The upper and lower beams serve as SBS probe and pump waves, respectively. 
Before the probe beam enters unidirectionally into the fiber under test (FUT) through an 
isolator, a polarization scramble (PS) is used so as to average the possible polarization 
disorder in the FUT. Note that a ~5-km fiber spool is inserted in the upper beam for 
distributed SBS measurement to localize a higher-order correlation peak in the FUT [16, 20]. 

A dual-parallel Mach–Zehnder modulator (DMZM) is laid in the lower beam in order to 
generate a carrier-suppressed single sideband (CSSS) with upshifted frequency or a carrier-
suppressed double sidebands (CSDS), which is determined by the bias voltage [20]. The 
upshifted frequency (i.e., the pump-probe relative frequency offset) is determined by the 
microwave synthesizer driving DMZM. A booster erbium-doped fiber amplifier (EDFA) is 
inserted after the DMZM to amplify the optical power. 

The CSSS generation provides strong SBS amplification from the lower arm (pump) to 
the upper arm (probe) in the FUT; while the CSDS provides balanced SBS gain and loss (i.e., 
no amplification). The successive generation of the CSSS to CSDS is periodically switched 
by a 10 kHz electronic square wave biasing the DMZM. The amplified or unamplified probe 
wave passes through a variable optical attenuator (VOA) and a photo-detector (PD), which is 
demodulated by a lock-in amplifier (LIA) referred at the above 10-kHz square wave. 

Four silica optical fiber taper samples we studied here are all drawn from the commercial 
Fujikura FutureGuide SMF by hydrogen flame [21]. The SBS property in the same untapered 
SMF has been essentially studied, where 4 acoustic resonance peaks were observed and the 
4th-order peak is attributed to the 4th-order acoustic mode mostly existing in the pure-silica 
cladding [22]. Figure 2 illustrates a schematic diagram of the fiber taper with three 
microscopic images of the waist, intermediate and untapered zones, respectively. Table 1 
summarizes the parameters of the fiber tapers. The waist diameters (dw) are in the range of 5 
μm to 42 μm with different taper lengths (l0) because of the mass conservation rule [23]. Each 
taper sample is concatenated with two fiber pigtails. The total length and transmission loss of 
each concatenated taper sample (including the two fiber pigtails and the tapered section) is 
estimated to be 1 m and ~1 dB, respectively. 
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Fig. 1. Experimental setup of characterizing SBS in silica optical fiber tapers. Distributed 
measurement is implemented by use of a function generator to introduce sinusoidal frequency 
modulation into the 1550-nm distributed feedback laser diode (DFB-LD). DMZM: dual-
parallel Mach–Zehnder modulator; EDFA: erbium-doped fiber amplifier; PC: polarization 
controller; PS: polarization scrambler; VOA: variable optical attenuator; PD: photo detector; 
LIA: lock-in amplifier; DAQ: data acquisition card. 
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Table 1. Parameters of Silica Optical Fiber Tapers 

Sample 1 Sample 2 Sample 3 Sample 4 

Taper length l0 (mm) 28 15 7 5 

Waist diameter dw (μm) 5 13 31 42 

untapered untapered

waist (dw)

cladding

core

taper length (l0)

(a)

125 μm

125 μm(c)(b)

125 μm

 

Fig. 2. Schematic diagram of optical fiber taper. (a), (b) and (c) denote the microscopic images 
of the waist, intermediate and untapered zones, respectively. 

3. Results and discussion 

We perform two individual experimental studies. First, we study the entire SBS property in 
the fiber taper with 5 μm waist diameter (Sample 1). Second, we implement the distributed 
SBS measurement in the Sample 1 as well as the other samples. As will be demonstrated 
below, the second study is critical to discover the unique characteristics in the fiber tapers, 
which is attributed to the high spatial resolution of the BOCDA. 
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Fig. 3. Measured BGS of FUT with or without fiber taper with 5 μm waist diameter. The total 
length of each FUT is equal to 1m. (a) pump power = 13 dBm; (b) pump power = 23 dBm. 

For the entire SBS property study, the probe power is set at −3 dBm; the pump power is 
set at 13 or 23 dBm, respectively. For clear comparison, a 1-m-long untapered normal SMF 
was also measured by the same experimental setup. The measured Brillouin gain spectrum 
(BGS) is depicted in Fig. 3. It is shown that the BGS of the SMF suffers influence from the 
fiber taper, typically in the frequency range above ~10.9 GHz. In other words, the Brillouin 
gain at the higher peaks of the SMF (from ~10.9 GHz to ~11.17 GHz) becomes stronger. 
Note that the results measured by higher pump power (Fig. 3(a)) is much clearer than those by 
lower pump power (Fig. 3(b)). 

#183374 - $15.00 USD Received 14 Jan 2013; revised 8 Feb 2013; accepted 28 Feb 2013; published 7 Mar 2013
(C) 2013 OSA 11 March 2013 / Vol. 21,  No. 5 / OPTICS EXPRESS  6500



For distributed SBS measurement, a sinusoidal frequency modulation with the modulation 
depth of Δf = 12 GHz and the modulation frequency around fm = 20 MHz is introduced into 
the laser source for distributed SBS measurement based on the BOCDA technique [20]. The 
spatial resolution and measurement range of the distributed measurement are estimated to be 
Δz = 4 mm and dR = 5.2 m, respectively [20]. The scanning step is set to be 0.7 mm by 
precisely changing the modulation frequency fm. The optical power of the probe and pump 
beam is 7 dBm and 23 dBm, respectively. 

Figure 4(a) depicts the characterized three-dimensional (3D) BGS distribution in the fiber 
taper with 5 μm waist diameter. The BFS distribution is evaluated by peak searching of the 
3D BGS (see red curve in Fig. 4(b)). It is experimentally demonstrated that the waist of the 
fiber taper has the greatest BFS of 11.17 GHz, which is exactly the same as the fourth-order 
resonance frequency of the SMF. The qualitative explanation is described as follows. Since 
the fiber taper is downscaled from 125 μm to 5 μm, there are a number of optical modes 
(possibly acoustic modes as well) existing in the taper waveguide although it is called a core-
less waveguide structure [1, 23]. This is due to the great contrast of the refractive index and 
acoustic velocity between the pure silica (i.e., original cladding of the SMF) and surrounding 
air. It is worth noting that the acoustic modes in fiber tapers will be quite different or more 
complicated rather than the optical modes because the acoustic velocity of air is far lower 
than the silica and it could be regarded as an anti-waveguide acoustic structure [24]. Taken 
into account the fundamental optical mode, the effective refractive index (neff) is very close to 
the pure silica for fiber tapers with waist diameter from 5 μm to 50 μm [25, 26]. Similar 
estimation of the fundamental acoustic mode might provide that its acoustic velocity (Va) is 
similar with the pure silica. Therefore, the BFS (i.e., the first acoustic resonance frequency) in 
the fiber taper’s waist is equal to the pure silica. It is the same situation as the fourth-order 
resonance peak of the SMF [22]. Strict theoretical analysis is required to discover the physical 
reason. 
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Fig. 4. (a) Example of three dimensional plot of distributed BGS around the fiber taper with ~5 
μm waist diameter (Sample 1). (b) Measured BFS distribution around the four fiber tapers; (c) 
the local BGS in the SMF and the waist of four fiber tapers. 

There is a gradual BFS change aside from the taper waist. In the intermediate zone of the 
fiber taper, the diameter is continuously increased from that of the waist, and the waveguide 
structure becomes more likely to the Germanium-doped-silica core of the SMF [1, 23]. 
Consequently, the BFS suffers a gradual change along the fiber taper from 11.17 GHz (the 
BFS of the taper’s waist) to 10.88 GHz (the BFS of the undrawn SMF). This distributed 
observation can explain the fact that a wide range of the BGS appears in the entire BGS 
measurement (see Fig. 3). Besides, one can qualitatively see that the Brillouin gain is highest 
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in the waist but decreases in the intermediate zones. One possible reason is the increase in the 
geometrical diameter from the waist to the untapered zone [1, 23]. However, more persuasive 
investigations should be implemented by consideration of the change of optical and acoustic 
waveguide structure as well as the acousto-optic effective area [11] in the taper sample. 
Further theoretical and numerical research is needed on this point. 

Finally, we studied the BFS distribution in the four taper samples with the waist diameters 
downscaled from 5 μm to 42 μm. The experimental results are summarized in Fig. 4(b). It 
shows that all fiber tapers have the greatest BFS of ~11.17 GHz in the waist. However, the 
BFS distribution in the intermediate zones is sample dependent. For example, the sample with 
smaller waist has longer-length distribution of the gradually-changed BFS, which matches 
longer taper length (l0) (see Table 1). It is interesting that the BFS distribution in the range 
between the intermediate and untapered zones in Samples 2, 3 and 4 has a dip or an abrupt 
change. The possible reason is due to the residual stress stored in this range during the 
stretching process by hydrogen flame although only Sample 4 has a tapering length of l0 = 5 
mm comparable to the spatial resolution (Δz = 4 mm). It is under plan to investigate the 
effects of annealing to this phenomenon by further improving the spatial resolution Δz (for 
example, by use of a special LD with much broader modulation depth [27]). 

Figure 4(c) compares the local BGS in the waists of all taper samples measured by the 
BOCDA technique. It can qualitatively indicate that there is quite difference in their Brillouin 
gain. In other words, smaller waist diameter contributes to greater Brillouin gain. Next study 
should be performed on exploration of both optical and acoustic waveguide structure in all 
taper samples so as to know the influence on the acousto-optic effective area as well as the 
Brillouin gain [11]. 

4. Conclusion 

The SBS property in the silica optical fiber tapers has been experimentally characterized. The 
tapers were all drawn from the same commercial SMF by hydrogen flame with different waist 
diameters downscaled from 5 μm to 42 μm. Either entire or distributed SBS measurement 
was investigated. Thanks to distributed SBS measurement with millimeter spatial resolution 
based on the BOCDA technique, the SBS property in the fiber tapers has been able to be 
essentially explored. The entire SBS measurement shows that the BGS in the untapered 
normal SMF is enhanced in magnitude from ~10.9 GHz to ~11.17 GHz. The distributed 
measurement indicates that it is attributed to the gradual change of the BFS along the taper 
samples, that is, the waist in different fiber tapers possessing the approximately unique BFS 
of ~11.17 GHz but the intermediate zones suffering the gradual decrease of the BFS. It was 
observed that different Brillouin gain exists not only in different zones of the same taper but 
also in different tapers’ waists. The physical reason may be due to the change of optical and 
acoustic waveguide structure in the fiber tapers. Its further theoretical analysis is to be 
pursued. Considering the unique SBS property in fiber tapers and the commercial availability 
of precise tapering machines, it is expectable to utilize the fiber tapers for extensive 
applications in Brillouin-based devices and systems, such as Brillouin fiber lasers, Brillouin 
amplifiers or the Brillouin distributed sensing etc. 
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