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Abstract.  Optical fibres having a radially nonuniform acoustically 
antiguiding structure produced by codoping their core with alumina 
and germania have been fabricated and investigated. The influence 
of the shape of the antiguiding acoustic refractive index profile and 
fibre core diameter on the stimulated Brillouin scattering (SBS) 
threshold and spectrum in the fibres has been assessed. An increase 
in SBS threshold by 4.4 dB with respect to a germanosilicate fibre 
having the same mode field diameter has been demonstrated.

Keywords: SBS, optical fibre, acoustically antiguiding structure.

1. Introduction

Stimulated Brillouin scattering (SBS) is a major factor limit-
ing the peak (or average) power of narrow-band (less than 
100 MHz in linewidth) fibre lasers and amplifiers. To date, a 
number of methods for raising the SBS threshold have been 
proposed. In most of these methods, the acoustic properties 
of an optical fibre are varied along its length using longitudi-
nal concentration [1 – 4], temperature [5], or tensile strain [6] 
gradients. It is worth noting that these methods are often dif-
ficult to implement or cannot be used at all (e.g. in the case of 
relatively short fibres). In this context, considerable attention 
has been paid to the possibility of producing longitudinally 
uniform fibres with an increased SBS threshold.

It was shown as early as 1979 that the presence of a wave-
guide structure not only for light but also for acoustic waves 
in optical fibres leads to an increase in the time of interaction 
between an optical and an acoustic mode and, as a conse-
quence, to narrowing of the SBS spectrum [7]. At the same 

time, according to later theoretical studies, adjusting the 
acoustic properties of the waveguide allows the SBS band-
width to be increased, thereby raising the SBS threshold 
[8 – 10]. This conclusion is inferred from the fact that an 
acoustically antiguiding structure leads to acoustic mode 
leakage to the fibre cladding and a decrease in the time of 
interaction between the optical and acoustic modes. Practical 
implementation of such structures became possible owing to 
the use of alumina, the only dopant that raises the optical 
refractive index of silica and reduces its acoustic refractive 
index (doping with alumina increases the speed of sound) [11]. 
As shown in a number of experimental studies, SBS in alu-
mina-doped fibres can be suppressed by 3 – 11 dB [12 – 17].

The presence of an antiguiding acoustic refractive index 
profile is however insufficient for SBS suppression. In partic-
ular, Zou et al. [18] investigated fibres with a reflective fluoro-
silicate cladding and a slightly fluorinated or pure silica core. 
Since fluorine reduces the optical refractive index of silica and 
raises its acoustic refractive index, such fibres are acoustically 
antiguiding. At the same time, the SBS bandwidth and thresh-
old in them are identical to those in a germanosilicate fibre 
with similar optical parameters. Moreover, as shown earlier 
[19] the use of aluminosilicate fibres with a uniform doping 
profile across the fibre core is incapable of increasing the SBS 
bandwidth at realistic waveguide parameters (according to 
estimates, a substantial increase in SBS bandwidth is possible 
when the working wavelength is twice the cutoff wavelength, 
but bend sensitivity is then too high). It is worth noting that, 
in the above-mentioned studies, rather complex, three-layer 
fibre profiles were often used for SBS suppression, but data 
necessary for reproducing experiments with such structures 
(exact dopant profile across the fibre and guiding parameters) 
were not presented, and in a number of reports [13, 17] even 
the fibre design was not described.

The purpose of this work was to identify factors respon-
sible for the increased SBS threshold in fibres with an anti-
guiding acoustic refractive index profile. Optimising the dop-
ing profile across the fibre core, we were able to considerably 
raise the SBS threshold (by more than 3 dB). This effect was 
shown to occur only at certain guiding parameters of the 
fibres.

2. Design optimisation for a fibre with 
an antiguiding acoustic refractive index profile

A detailed analysis of previous work [12 – 17] indicates that 
SBS suppression was achieved by using a complex acoustic 
structure: an additional reflective cladding with a high 
acoustic refractive index between the fibre core and undoped 
silica cladding [12, 14 – 16]. Moreover, according to a num-
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ber of reports, a so-called triangular antiguiding acoustic 
refractive index profile (with the acoustic refractive index 
decreasing linearly with decreasing distance to the fibre axis, 
at a constant optical refractive index) should be used for 
more effective SBS suppression [16, 17, 20, 21]. It is worth 
noting that, even when the core of a fibre was reported to be 
uniformly doped [13, 18], the actual doping profile might 
have a gradient because of the large alumina diffusion coef-
ficient (see, e.g., the refractive index profile of an alumino-
silicate fibre in Ref. [15]). Thus, it is reasonable to assume 
that the failure to suppress SBS gain in previous studies 
[18,  19] was the result of a uniform doping profile across the 
fibre core.

To check this assumption in this study, two fibre preforms 
were produced by MCVD. Both were codoped with alumina 

and germania so as to produce a nonuniform antiguiding 
acoustic refractive index profile across the preforms. The pre-
forms differed in the shape of the acoustic refractive index 
profile. In one preform (I), the acoustic refractive index 
decreased slowly in the peripheral part and rapidly near the 
axis (‘concave’ triangular index profile). By contrast, in the 
other preform (II) the acoustic refractive index decreased rap-
idly in the peripheral part of the core and slowly near the pre-
form axis (‘convex’ triangular index profile). The germania 
and alumina concentrations at the core – cladding interface 
were chosen so that the acoustic refractive index was equal to 
that of undoped silica glass. Figure 1 shows the alumina and 
germania doping profiles and the optical and acoustic refrac-
tive index profiles (calculated as described by Dragic et al. 
[12]) across the preforms.

Table  1.  Characteristics of the fibres, measured SBS threshold and Brillouin gain coefficient evaluated by a direct method (gB
1) and from the 

measured threshold (gB
2).

Fibre designation 
and outer diameter Dn/10–3*

Mode field 
diameter/mm

SBS threshold Ith/mW mm–2

gB
1/10–12 m W–1 gB

2 /10–12 m W–1

min max (min + max)/3

SMF-28 5.5 10.4 40.1 38.5 26.2 13.6 16.0

P 11 7.20 64.3 69.6 44.63 9.6 9.4

Al 8.5 7.83 59.8 74.2 44.67 7.8 9.4

Ge 8.2 8.82 38.3 40.9 26.4 13.8 15.9

Al + Ge (I), 100 mm
10

8.76 82.2 85.3 55.83 5.6 7.5

Al + Ge (I), 125 mm 7.93 64.9 78.4 47.77 7.3 8.8

Al + Ge (II), 100 mm 9.5 10.09 99.7 117.1 72.27 4.4 5.8

*  At a wavelength of 1550 nm.
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Figure 1.  (a) Doping profiles obtained by electron microscopy (Al2O3, heavy lines; GeO2, thin lines) and (b) optical and (c) acoustic refractive index 
profiles across preforms I (left) and II (right).
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The preforms were drawn into three fibres: from preform 
I, we obtained two fibres, with outer diameters of 100 and 
125 mm; from preform II, we obtained one fibre, with an outer 
diameter of 100 mm. For comparison, we also used alumino-
silicate (Al), phosphosilicate (P) and germanosilicate (Ge) 
fibres with uniform doping profiles across their cores and a 
pure silica cladding. The reference fibre used was the standard 
fibre SMF-28. The characteristics of all the fibres are sum-
marised in Table 1.

3. SBS gain spectra

SBS spectra were measured by a direct method [10] using the 
setup schematised in Fig. 2. The signal from a single-fre-
quency laser diode (D1) was amplified by an erbium-doped 
fibre amplifier (EA) and coupled into the test fibre (TF) 
through a circulator (C). In the opposite direction, a probe 
beam from a low-power frequency-dithered single-frequency 
laser diode (D2) was launched through an optical isolator 
(ISO) and polarisation controller (PC). The output frequency 
of D2 was varied using a sawtooth pump current. The cur-
rent-dependent frequency shift was precalibrated. The ampli-
fied signal was sent to a photodetector (PD). One advantage 
of this method is that the Brillouin gain coefficient can be 
measured directly.

Note, however, that the gain coefficient depends on the 
pump polarisation with respect to the frequency-swept probe 
beam polarisation (the output of the laser diodes was linearly 
polarised). Thus, varying the probe beam polarisation, we can 
obtain a minimum or maximum gain. If only polarisation-
maintaining fibres were used in this setup, the minimum gain 
would be zero (at orthogonal planes of polarisation of the 
probe and pump beams) and the maximum gain (the planes of 
polarisation coincide) would be gB (gB is the Brillouin gain 
coefficient when the pump and probe beams are linearly 
polarised in the same plane). However, if polarisation is not 
maintained, various external factors (fibre bends, mechanical 
stress and others) lead to variations in the polarisation state 
along the length of the fibre. For this reason, the difference 
between the minimum and maximum gain coefficients mea-
sured (using a polarisation controller) at different polarisa-

tion states of the pump light and probe signal is smaller: the 
minimum gain is 1/3 gB and the maximum gain is 2/3 gB [22]. 
Thus, the gain coefficient for a linear polarisation can be 
found by adding up the measured spectra corresponding to 
the minimum and maximum gains.

The spectra obtained in this study are presented in Fig. 3. 
It is seen that the spectra of the fibres having no acoustically 
antiguiding structure (P, Al, Ge, SMF-28) have one, well-
defined peak, whereas the spectra of the fibres under investi-
gation (Al + Ge, I and II) have two, comparable peaks, which 
are due to the interaction of the optical mode with the acous-
tic modes of the core and cladding [23, 24]. It can be seen that 
the broadening of the SBS spectrum is accompanied by a 
decrease in maximum gain. In particular, the maximum coef-
ficients in the Al + Ge (II, 100 mm), Al + Ge (I, 100 mm) and 
Al + Ge (II, 125 mm) fibres, with a nonuniform acoustically 
antiguiding structure, were 4.4, 5.6 and 7.3 pm W–1, respec-
tively. At the same time, the maximum gain coefficients of the 
fibres with a uniform doping profile across their core were 
13.8, 13.6, 9.6 and 7.8  pm W–1 in Ge, SMF-28, P and Al, 
respectively. Thus, the SBS gain coefficient in the best fibre, 
Al + Ge (II, 100 mm), is a factor of 3.1 lower than that in the 
standard fibre SMF-28.

4. SBS threshold measurement

Figure 4 shows a schematic of the setup for SBS threshold 
measurements. The signal source used was a laser diode emit-
ting at a wavelength of 1555 nm. We used two erbium-doped 
fibre amplifiers with a pump wavelength of 1460 nm (EA1 
and EA2) and one with a pump wavelength of 980 nm (EA3). 
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Figure 2.  Schematic of the setup used to measure SBS spectra.
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Figure 3.  SBS spectra.
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Figure 4.  Schematic of the setup used to measure the SBS threshold.
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Pulses of 500 ns duration, with a repetition rate of 2 kHz, were 
cut from the diode signal after the EA1 amplifier using an 
acousto-optic modulator (AOM) connected to a signal genera-
tor (SG). Next, luminescence and the unabsorbed pump light 
were completely eliminated by a narrow-band filter with a 
passband of ~1 nm at 1555 nm. After amplification in EA3 to 
a peak power of 30 W, the resultant signal was launched into 
the test fibre (TF) through an optical isolator (ISO), air gap 
(AG) with a variable separation between the facets, polarisa-
tion controller (PC), fibre coupler and circulator (C).

The shape of the signal that controlled the acousto-optic 
modulator was adjusted so that the AOM had a nearly 
square-wave output signal (Fig. 5). This was, however, only 
possible at fixed pump powers of the first and second ampli-
fiers. In view of this, an air gap with a variable separation 
between the fibre facets was used to control the power at the 
input of the test fibre. To prevent back reflection from the 
output fibre end, a segment of a multimode (MM) fibre 
(60/125 mm) was fusion-spliced to it. The SBS signal was 
detected using a circulator. The signal power coupled into the 
fibre was determined at the 1 % port of the coupler. The SBS 
threshold was measured for 50-m lengths of the fibres. It is 
worth noting that the spatial length of 500-ns pulses is about 
100 m. Thus, the measured threshold corresponds to a thresh-
old that would be determined in continuous mode at an aver-
age power equal to the peak pulse power. The threshold was 
thought to be reached when the backscattered signal exceeded 
1 % of the power launched into the fibre.

As mentioned above, the SBS threshold depends on pump 
and probe polarisations. In the case under consideration, the 
minimum threshold Ith is reached at a linear light polarisa-
tion, and the maximum threshold (2Ith), at a circular polarisa-
tion. Like in the above case, as a result of uncontrolled bire-
fringence in the test fibre, polarisation varies along the length 
of the fibre. This fact can be taken into account by introduc-
ing a factor x (0 < x < 0.5) that corresponds to light ‘depo-
larisation’ in the test fibre. Thus, the maximum threshold 
(nearly circular polarisation) corresponds to Imax = (2 – x)Ith, 
and the minimum threshold (nearly linear polarisation), to 
Imin = (1 + x)Ith, where Ith is the threshold for a linear polari-
sation. The measured thresholds were used to evaluate the 
gain coefficient as [25]

( ) /
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lI l I I
21
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21

min max
B

th
= =

+
,

where l = 50 m is the length of the fibres.

As an example, Fig. 6a shows typical plots of the backscat-
tered signal against pump power density for the Ge fibre. The 
data were obtained at two positions of the polarisation control-
ler, which ensured the maximum and minimum SBS thresh-
olds. Also presented in Fig. 6a are estimation results for lin-
early (heavy line) and circularly (dashed line) polarised light. 
Figure 6b shows estimation results for linearly polarised light 
in all the fibres. It should be emphasised that, plotting the 
launched light intensity on the horizontal axis, we exclude the 
influence of the mode field diameter in the fibre on the com-
parison results. This is easy to check by comparing the thresh-
olds for the Ge and SMF-28 fibres, which have germania-
doped cores and differ in core – cladding refractive index con-
trast and mode field area by almost a factor of 1.5. Nevertheless, 
these fibres have essentially identical SBS thresholds.

The estimated maximum SBS gain coefficient is identical to 
the gain coefficient determined by more accurate, direct mea-
surements (see Section 3) and demonstrates that the uncer-
tainty in SBS threshold calculation from the gain coefficient 
and that in the inverse calculation may reach 10% to 20 %.

The fibres with a uniformly doped core, namely, the phos-
phosilicate and aluminosilicate fibres (which formally have an 
antiguiding acoustic refractive index profile), have essentially 
identical SBS thresholds, near 53.6 mW mm–2, which is a fac-
tor of 1.7 greater than the threshold in the germanosilicate 
fibres: ~31.5 mW mm–2. The SBS threshold in the fibres with 
a nonuniform acoustic refractive index profile is considerably 
higher: 57.3 [Al + Ge (I, 125 mm)], 67.0 [Al + Ge (I, 100 mm)] 
and 86.7 mW mm–2 [Al + Ge (II, 100 mm)]. Thus, the maxi-
mum increase in the SBS threshold with respect to that in the 
standard fibre SMF-28 is 4.4 dB. Note that the mode field 
diameter in the Al + Ge (II, 100 mm) fibre at l = 1550 nm is 
equal to that in SMF-28, so this fibre can be successfully used 
to replace SMF-28 in SBS-sensitive applications.

5. Discussion and conclusions

The SBS spectra obtained in this study for a variety of optical 
fibres, with a waveguide structure and an acoustically anti-
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Figure 5.  Drive signal shape (dashed line) and light pulse shape (solid 
curve).
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guiding structure, demonstrate that a uniform doping profile 
across the fibre core is incapable of substantially raising the 
SBS threshold even in a fibre with an antiguiding acoustic 
refractive index profile (aluminosilicate fibre). To ensure 
effective SBS suppression in aluminosilicate fibres, the cutoff 
wavelength should be a factor of 3 shorter than the working 
wavelength, which leads to high bend sensitivity of such fibres 
[19]. At the same time, the radially nonuniform antiguiding 
acoustic refractive index profile produced by codoping with 
alumina and germania has made it possible to markedly raise 
the SBS threshold: by about three times. It is important to 
note that the ‘concave’ triangular acoustic refractive index 
profile (preform I) has turned out to be less effective in SBS 
suppression in comparison with the ‘convex’, nearly parabolic 
profile. This finding correlates with theoretical calculations 
aimed at optimising the acoustic refractive index profile [20]. 
Even though it has already been pointed out that SBS sup-
pression is possible in fibres with a triangular antiguiding pro-
file [16, 17, 20, 21], this study has been the first to demonstrate 
that a nonuniform acoustic refractive index profile is a neces-
sary condition for raising the SBS threshold. Moreover, even 
in this case effective SBS suppression can only be achieved at 
certain guiding parameters of fibres because the SBS spec-
trum is strongly dependent on the fibre core diameter. We 
have demonstrated an increase in SBS threshold by 4.4 dB 
with respect to that of the germanosilicate fibre SMF-28, 
which has the same mode field diameter.
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