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Brillouin Gain Spectrum Characterization
In Single-Mode Optical Fibers

Marc Nikles, Luc Tlevenaz, and Philippe A. Robert

Abstract—A novel method for Brillouin gain spectrum mea- Beside setting a limitation for fiber optics communication,
surements in optical fibers is presented. It is based on the pump SBS has been advantageously utilized in the past few years
and probe technique with the specificity to use a single laser ¢, gitfarent purposes: a) optical fiber characterization [3],

source together with an external modulator to generate the . I L .
interacting lightwaves. The high accuracy and inherent stability [4], b) optical amplification [5], c) distributed attenuation

of the technique makes it suitable for calibration and reference Measurements along an optical link [6], d) distributed tensile
measurements. Different fibers with different refractive index strain and temperature measurements [7], [8].

profiles have been tested and characterized. The problem of the  The SBS amplifier makes use of the 40 MHz bandwidth
evolution of the polarization of the interacting waves is addressed ¢ tho Brillouin gain to cancel the fiber propagation loss for
in the article and a polarization insensitive determination of the . . .
actual Brillouin gain coefficient is made possible through two the carrier in coherent optical transmission and for channel
successive measurements with different polarizations. The effectsSelection in FDM systems. Brillouin spectroscopy brings an
of strain and temperature on the Brillouin gain spectrum are elegant and nondestructive tool for fiber characterization. A
also fully characterized. precise measurement of the Brillouin gain spectrum (BGS)
Index Terms—Brillouin scattering, optical fiber measurements, allows an identification of the core content and its density and
optical fiber scattering, strain measurements, temperature mea- a determination of geometrical parameter such as the fiber
surements. diameter. SBS also provides a way to obtain stronger optical
powers than the traditional optical time domain reflectometer

I. INTRODUCTION (OTDR). Finally the dependence of the Brillouin frequency

, . . __..shift on environmental quantities makes SBS very attractive

HE spectacular success of fiber optics communication . L o N

. . or sensing applications, such as monitoring strains in installed
originates from the development of low-loss single-mo |

er cables and distributed temperature measurements. For all

optical fibers together with high power light sources. Slr]Ct?lese applications the Brillouin gain spectrum (BGS) contains

the breakthrough of silica optical fibers, there has beenimaportant information, such as the Brillouin frequency shift

continuing interest in the development of long-distance optical o . . :
O g, the Brillouin spontaneous linewidthrg, and the linear
communication systems. In order to fully take advantage of th&: - . -
ain coefficienyyg, that all depend on environmental quantities.

available bandwidth of the optical fibers, several channels Pu . . .
. . ) . . e BGS parameters also provide key information for the
be multiplexed on the same fiber, by using narrow linewidt

. . determination of the SBS threshold in actual fiber links.
lasers. Furthermore, the power of optical transmitters are ! . I, . -
'{he first observation of the Brillouin lines in bulk silica

continuously increased to extend the repeater spacing. In tha d | 1950 [91. M 1 N
scheme, it has rapidly been observed that the nonlinearit @s made as early as [9]. More recently, measurements

of the silica medium would place an ultimate limit in the”. the BGS were performed on optical glasses by using a

capabilities of the optical fibers [1]. Among the nonlineaf"Ingle mode Argon laser [10]. These experiments provide a

effects, stimulated Brillouin scattering (SBS) introduces iet of |nfqrrtr122t|odn on.the spontane?us BGdS width a_||_1d (;mt
strong additional loss as soon as the launched power reach Cqassocialed damping process of sound waves. 10 date

a !
definite level. For a 10-km fiber optics link, the SBS threshol ffferent experimental setups have been proposed to measure
is in the order of 10 mW for a CW laser light, this threshol

ihe BGS in optical fibers. In 1979 Rowell et al. reported the
being even lower for smaller core fibers such as dispersiBIfasurement of the spontaneous BGS in short pieces of single
shifted fibers. However this figure would be different whefl!

ode fiber at a wavelength of 514.5 nm, using a Fabry—Perot
the light is modulated at frequencies higher than the BrillouffPectrum analyzer [11]. More recent measurements performed

gain spectrum bandwidth. There have been a few attemBf{h @n heterodyne-detection technique by mixing the spon-
to reduce the importance of SBS, by either increasing t eou'sly §cattered light Wlth the laser light indicates t.hat
signal spectral width by phase modulating the signal, or Bj¢ Brillouin frequency shift depends on the core doping
introducing nonuniformities by stressing the optical fiber [2]concentration [12]. The most widely used technique to date

is the so-called pump and probe technique [13]. It is based on
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important drawbacks are the need of two distinct sources to Optical Isolator
generate the pump and probe signals and the microwave signal [y

processing to determine their frequency difference. This results
in several experimental constraints that are difficult to achieve,
such as simultaneous power and frequency stability of the two

i ) o 1.32 3dB .
lasers together with low drift, narrow linewidth, and accurate Nd:YiZ Coupler / Fibre under
tunability within the Brillouin gain bandwidth. Laser test (B) [Microwave
The purpose of this paper is twofold. On one hand, it Generator

presents a highly accurate technique for BGS measurements, g, oqrimental setup for Brillouin gain spectrum measurements us-
in optical fibers, and on the other hand, it investigates thig an electrooptic modulator (EOM) to generate the interaction waves.
characteristics of SBS in optical fibers. After a short generdlC = polarization controller.)

presentation of SBS in Section Il, the procedure of the mea-

suring technique is described in Section IIl. The originality of 1
the method relies on the use of only one single frequency ) ) i
laser and of an external guided-wave modulator. Then thel € key element of the setup is a LiNp@uided-wave
problem of the relative polarization of the pump and prob8t€nsity modulator. When a single frequency lightwave is
waves is addressed in Section IV and an elegant solution to fRadulated at a fIX_ed fr_equepqgn using an externgl mgd-
problem is presented. Results of the measurements perforrHi&for, the modulation gives rise to new frequency lines in the
on different optical fibers are presented in Section V. Final%t'cal spectrum, the so-called modulation sidebands. For pure
the BGS parameters dependence on temperature and strairg8sity modulation, the obtained spectrum is symmetrical

also been investigated and is reported in Sections VI and V@ound the incident lightwave frequency and the new lines
are equally spaced in frequency By,. When the modulation

frequencyf,, is equal to the Brillouin frequency shiftg, the

Il. BRILLOUIN FREQUENCY SHIFT AND BRILLOUIN GAIN first-order sidebands can interact with the incident lightwave

Brillouin scattering results from the scattering of light byihrough SBS process, provided that they propagate in opposite
sound waves. Thermally excited acoustic waves (acoustitections. Thus three waves are involved in the interaction,
phonons) produce a periodic modulation of the refractivee., the incident lightwave atp and the first sidebands at
index. Brillouin scattering occurs when light is diffractedo = f.. This technique offers determining advantages such
backward on this moving grating, giving rise to frequencgs no dependence on the laser frequency drift and no need
shifted Stokes and anti-Stokes components. This process o&ra tunable laser source. The BGS can be scanned with
be stimulated when the interferences of the laser light and tideal accuracy and stability by sweeping the frequency of a
Stokes wave reinforce the acoustic wave through electrostrigicrowave generator.
tion. Since the scattered light undergoes a Doppler frequencylhe proper experimental conditions can be achieved using
shift, the Brillouin shiftvg depends on the acoustic velocitythe experimental setup shown in Fig. 1. The optical loop

. EXPERIMENTAL SETUP

and is given by configuration is chosen to make possible opposite directions
for the propagation of the laser lightwave =&t and of the
vg = 2nVa 1) lines atiy &+ f,,. The light of a 1.32um diode-pumped
A single frequency Nd:YAG laser is first split by a coupler.

where V, is the acoustic velocity within the fiben, is the One ou_tput_ of the coupler is directed _|nto the flbe_r under
est while light from the other output is launched into an

refractive index and\ the vacuum wavelength of the incidenjEleO intensity elect e dulator (EOM). An in-li
lightwave. The strong attenuation of sound waves in sili 3 intensity electrooptic modulator ( ). An in-line

determines the shape of the BGS. Actually, the exponent\ﬁ?lator is inserted inside the loop to avoid interferences and

decay of the acoustic waves results in a gaii’) presenting a polarization controller is used to control the polarization

a Lorenzian spectral profile [10]. states of the intergcting waves. . .
In normal operating conditions, the intensity spectrum at the

(AI/B/2)2 modulator output is similar to that shown in Fig. 2(a), obtained
v —vB) + (Avpa)? (2) using a Fabry—Perot analyzer. Better experimental conditions
/ can be achieved when the modulator dc bias voltage is set, so

whereAvy is the full-width at half maximum (FWHM). The that no light is transmitted in absence of a modulation signal

BGS peaks at the Brillouin frequency Shﬂb, and the peak (b|OCkIng State). In this case it turns out that in the small
value is given by the Brillouin gain coefficient, modulation regime only the odd-order sidebands are present in

the intensity spectrum, as shown in Fig. 2(b). This operation
20 p?, mode has the advantage that only the linesatpropagates
98(vB) = g0 = cA2poV, Avp (3) from A to B through the fiber, while only the sidebands of the
F modulated signal propagate froBto A and can be detected.
where p;» is the longitudinal elasto-optic coefficient, is The odd higher-order sidebands are also transmitted, but they
the density,\;, is the pump wavelength andis the vacuum are separated by a frequengy,,, from the closest lines, so
velocity of light [14]. that only the first-order sidebandsiat+ f,,, can experience

ge(v) = go(



1844

Vo= Vot

Intensity (a.u.)

Intensity (a.u.)

1 1

-30 20 -0 0 10
Frequency (GHz)
(b)

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 15, NO. 10, OCTOBER 1997

wherel4 is the intensity at frequenay, g5(v) the frequency-
dependent Brillouin gainL.g = [1 — exp(—aL)]/« is the
usual effective interaction length for nonlinear effectss the
fiber loss coefficient and. the total fiber length. Assuming
that the two sidebands initially have the same magnitude,
I8, = IB = IB, the total detected intensity turns out to
be proportional to

Low = I + Iy = 2exp{—aL}1fcosh{gp(V)I& Les }-
(6)

The condition of a large intensity at, with respect to
the sideband intensities makes possible the decorrelation of
the SBS processes experienced by the two sidebands and
eventually yields this simple hyperbolic cosine relation.
The BGS has a Lorenzian spectral profile, as mentioned in
Section Il. Therefore, the dependence of the measured output
intensity on the modulation frequency must fit a hyperbolic
cosine of a Lorenzian curve. Since the linewidth of all the lines
is very narrow &500 kHz), the resolution of the measurement
is excellent. Moreover, the use of only one laser cancels the
effects of any frequency drift and consequently improves the
resolution on the BGS width determination. Fig. 4 shows the
measured BGS of a 700-m standard telecommunication fiber
(matched cladding, 3 wt.% Ge&zore-doped concentration,
core diameter 9um). Measurements were performed at room
temperature (25C) and the optical fiber was wound with no
tension to avoid any strain. The agreement between experi-

Fig. 2. Optical intensity spectra scanned with a Fabry—Perot analyzer Fnemal points and the numerical fit of the function given in

0 ) ) -
single frequency laser modulated by an electrooptic modulator. (a) Carriera(r% for a Lorenzian BGS is excellent, as can be seen in Fig. 4.
first order sidebands and (b) suppression of the carrier by properly setting Fflae measured\rz is 35.8 MHz and the Brillouin frequency

dc bias on the modulator electrodes. shift v is 12.8138 GHz at a wavelength of 1.32n.
The intensity of the sidebands can be easily controlled by
a stimulated Brillouin scattering through interaction with th&arying the modulation amplitude and is of prime impor-
counterpropagating laser lightwave rat tance in the precise determination of the BGS. Actually, if
The BGS is measured by sweeping the modulation fré1e sidebands intensity is too large, the effect on the laser
qguency frn in the V|C|n|ty of the Brillouin frequency shift Iightwave atry can no Iongel’ be neglected and the measured
vp and by detecting the total intensity using a low-frequendyGS is distorted. The depletion of the pump is larger around
detection scheme. When the modulation frequency falls withil@ maximum of the BGS, decreasing the gain for these
the BGS, an interaction takes p|ace between waves propagaﬁmuendes. The shape of the BGS is flattened and this results
in opposite directions and the evolution of their intensity i an overestimated BGS width. For instance, for a 700-m fiber
governed by the standard intensity rate equations [14]. TRBd @ pump powef¢ of 20 mW, the sidebands power should
lightwave at frequencyy — f,., the first lower sideband, is ot exceed 10 microwatt, as can be seen in Fig. 5.
amplified by the line aty, and is found to grow exponentially,
provided that the intensity at, is much larger and pump
depletion can thus be neglgcted. On th.e contrary, the. Ijghtwav%ince SBS originates from the coherent mixing of pump and
at frequencyry + f, the first upper sideband, amplifies the, e \yayes, the efficiency of the effect is polarization depen-
line aty. The sideband intensity being very low, the actugjont This particular aspect of SBS in fibers has been observed
gain is very small and the intensity increase:gtcan be ., seyeral authors and a polarization averaging technique has
fully neglec_ted. ETUt .the large intensity makes even the peen proposed in order to reduce contrast fluctuations due to
smallest gain to significantly deplete the low intensity sidebanglarization change in distributed Brillouin gain based sensors
atro+ fm. This process is schematically represented in Fig. g 1ere we demonstrate that polarization effects in Brillouin
Solving the rate equation for this situation is also easy alydiy getermination can be exactly canceled out in any situation
the intensity atry + f,, turns out to decay exponentlally.by performing two successive measurements.
Consequently the two sidebands intensities at patand  “gq; nolarization maintaining fibers the Brillouin gain is
B along the fiber are given by maximum for parallel linear polarization aligned to one of
N B N the birefringence axis of the fiber, zero for orthogonal linear
17y = IZ exp{gp()I& Leg — aL} (4) polarization aligned to the birefringence axis, and 1/2 for
I = 1P exp{—gp(¥)[¢Leg — L} (5) linear polarization launched at 4%f the birefringence axis.

IV. POLARIZATION ISSUES
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Fig. 3. Schematic diagram of the energy transfer between the pump wave and the two modulation sidebands.
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Fig. 4. Brillouin gain spectrum of a 700-m single mode fiber. The ex- Sidebands power (W)

?erir{_lentil data_(ggogs&sl_)l perfec_tlylf)itStrgeShé/pHerboIic cosine of a Lorenzig[b. 5. Measured Brillouin linewidttAr; of 700 m single mode fiber as
unction. Avg = J5o. z,vp = 128k = function of the sidebands power for a carrier power of 20 mW, showing the
overestimated width due to pump depletion.

Deventer et al. showed that the situation is entirely different for

low-birefringence fibers [15]. The interaction between pumgontrast is minimum is given by—~(z). This property results
and probe is maximum when the orientation, the ellipticitiffom the orthogonality of the polarization states in the two
and sense of rotation are the same when seen from the samgations. The intensity rate equations can therefore be solved
direction. However for counterpropagating waves, if the sengg these two particular cases after introducing). Under

of rotation is the same the handedness of the polarizationtti@ assumption that the wavelength separation between the
the inverse. Therefore the Brillouin gain cannot be zero eveRo relevant sidebands is very small and the birefringence is
if the polarization of the launched probe is orthogonal to thgnall, the sidebands are in the same state of polarization at
pump in B (Fig. 1), provided that the fiber length exceed @ny location along the fiber. The detected intensities turn out

few birefringence beat length and when the polarization is n@f be after integrating over the entire fiber length
preserved. Deventet al. demonstrated that the overall gain in

low-birefringence fibers ranges from 1/3 to 2/3 of the Brillouin 99 = 2 explal} 12 COSh{FgB(V)IfCALeH}

gain coefficient for a complete polarization scrambling and is "

not equal to 1/2 as often mentioned in the literature. Starting T Tocosh{Tgp () IE Len } )
from this statement we propose a method to measure in any I = 2exp{aL}Ig cosh{(1 - I)gp(v)I& Lex }
situation the actual Brillouin gain coefficient of a piece of fiber = Ipcosh{(1 - I‘)gB(V)]éLeﬂ} (8)
even when the polarization is neither preserved nor completely

scrambled. It is based on two successive measurementh re

the Brillouin gain with two different particular states of

polarization. The polarization controller is adjusted so that the L
contrast is maximum for the first measurement and minimum = / ~v(z) dz 9)
for the second. The local gain variations due to polarization 0
: : and
mismatch between pump and probe can be described by a B
function of the positiorz, v(z). Actually v(z) corresponds to Iy = 2exp(alL)ls . (10)

the square of the scalar product between the pump and probe

polarization vectors an® < ~(z) < 1. If v(z) represents Finally from (7) and (8), the actual Brillouin gain coefficient
the local polarization mismatch when the gain contrast &f the fiber can be determined by summing theosh of the
maximum, then the local polarization mismatch when thHBGS measured in the conditions of maximum and minimum
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Fig. 6. Maximum and minimum gain achievable in the measurement of the BGS of (a) a standard telecommunication fiber and (b) a highly birefringent
dispersion shifted fiber.

contrast, respectively of the fiber, they remain unchanged. Therefore the contrast is
zero if the polarizations are orthogonal and maximum if the

polarizations are parallel.

Acosh Lout’ + Acosh | —2u :gB(l/)IéLeﬂ. (11)
Iy Iy

V. EXPERIMENTAL RESULTS

Equation (11) leaves a polarization independent expressiorrirst a set of different single-mode optical fibers with
for the Brillouin gain coefficieny,. Fig. 6(a) shows the mea- GeG,-core concentration ranging from 0 to 17.65 wt.% was
surements of the BGS of a 140 m standard telecommunicatig@asured. The length of the different fibers was in the 100 to
fiber with minimum and maximum achievable contrast. Th200 m range and a special care was taken in the conditioning
measured maximum and minimum value of the gain atg the different fiber samples in order to insure a perfect
respectively 67% and 33% of the Brillouin gain coefficientiniformity in the scattering characteristics. As a matter of fact,
go = 2.6 x 10712 m/W, in full agreement with the measuredf the parameters determining the BGS can be assumed to be
value in polarization maintaining fibers. Fig. 6(b) shows theonstant over the whole fiber length, the intrinsic BGS of the
same measurements performed on 140 m of highly birefringdititer can be determined. Furthermore the samples were placed
dispersion shifted fiber. If the polarizations of the launched a temperature controlled environment and were wound
waves are linear and parallel to one of the birefringence axig hand to avoid any strain. Regular mechanical winding
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TABLE |
SUMMARY OF THE MEASUREMENTS PERFORMED ONDIFFERENT SINGLE MODE OPTICAL FIBERS, TOGETHER WITH SOME FIBERS
CHARACTERISTICS AND CALCULATED GAIN. VALUES FOR BULK SiLiIcA ARE EXTRAPOLATED FROM REPORTED MEASUREMENTS

GeO:-core Brillouin shift | Linewidth | Spot size Max. gain Min. gain go/Aeff Peak gain go
content (wt.%) {GHz) (MHz) (um) (% Total gain) | (% Total gain) (1/(m*W)) (m/W)
Bulk Silica 131 23 5.00E-11
0O (F-doped cladding) 12.9896 50.74 4.4 65 35 0.28 1.73E-11
2.65 12.8527 35.5 5.04 67 33 0.33 2.62E-11
2.94 12.7974 37.5 4.64 66 34 0.34 2.27E-11
2.94 12.8434 31.29 4.64 72 28 0.45 3.04E-11
2.94 12.8082 355 482 67 33 0.36 2.60E-11
471 12.7191 345 4.16 76 24 0.48 2.62E-11
6.18 12.3882 40.4 3.44 77 23 0.60 2.24E-11
6.50 12.4178 45.94 3.2 100 0 0.67 2.15E-11
8.24 12.3343 421 2.96 87 13 0.59 1.63E-11
9.41 12.134 442 3 67 33 1.08 3.05E-11
10.00 12.054 45 3.1 100 0 0.83 2.51E-11
17.65 11.504 55 1.84 94 6 1.82 1.93E-11
135
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Fig. 7. Measured dependence of the Stokes frequency hifon the Ge@-core concentration.

induces stresses that were observed to bias the measurememischange of 1.4 MHz/wt.% was found between Brillouin
by causing an nonhomogeneous broadening of the gain cutugewidth Arg and GeQ@-core concentration, as shown in
Table | summarizes the measurements performed on theBags 8. The bulk silica andi’-doped values were not taken
fibers. The Brillouin frequency shifts range from 11.5 GHinto account for the determination of this relationship. The
to 13 GHz at 1.32um and a change of94 MHz/wt.% is extrapolated value foAn = 0 is close to the bulk silica value,
found between Brillouin shift and Gegzore concentration, as but the agreement is not perfect. This may be due to excess
shown in Fig. 7, confirming and specifying previously reportephonon damping occurring in the fiber, though the confidence
results [12], [16]. The points on the vertical axis corresporidvel of the measurements made in bulk silica is not known. As
to the reported value for bulk silica and to a pure silica com® matter of fact, the main difference between SBS in optical
fiber with an F-doped cladding respectively. For both casefibers and in bulk silica deals with the concept of acoustic
the agreement is excellent with the extrapolated value for puredes. Rowellet al. were the first to describe guided fiber
silica. acoustic modes involved in SBS [11]. A theory for longitudinal
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acoustic modes in Gefloped fibers was presented by Shibata s

et al. [16]. It is the nature and concentration of doping in_ 1 T=90°C
the fiber that determines the guiding properties of the fiber% “ T=30°C o
core for acoustic waves. Therefore, while being a single mode, N

12 T=-25°C

optical waveguide, an optical fiber can be a multimode acoustico
= 10

waveguide, since the acoustic propagation constant is twicez
larger than the optical propagation constant. Evaluating theg &
acoustic-optical modal overlap factor shows that Iongitudinal§ 6
acoustic modes are dominant toward shear acoustic modes arfgl 4
the major gain of SBS comes from the lowest order acousticg 5

mode LR;. In the case of Ge©core-doped fibers, the addition 0 @ VoA
of germanium in the core decreases both optical and acoustic 1.3 113 114 1145 115 115 116 1185 117
phase velocities, resulting in a waveguide for both acoustic Frequency (GHz)

a”?' OptIF:al waves. Out of the 15 teSteq fibers two dls.perS|9 . 9. Brillouin gain spectrum of a single-mode fiber measured at different
shifted fibers showed a second peak in the BGS lying 6@&nhperatures showing the effects of temperature on the central frequency and
MHz apart of the main peak, giving evidence of a highéhe linewidth and the peak gain.
order guided longitudinal acoustic mode. The magnitude of
this second peak was in both cases inferior to one third of thkace within the core, so that the effective cross sectign
magnitude of the main peak. The pure silica core fibBr ( must be weighted by the overlap integral between mode field
doped cladding fiber) presents a larger linewidth compardistribution and core index profile [12]. Actually the highest
to GeQ-core-doped fibers, as can be seen in Fig. 8. Thimin is obtained for a fiber with no dip and a very uniform core
broadening is attributed to antiguiding properties of the coiedex distribution, and lowest gain for a triangular profile.
for acoustic waves, due to the addition of fluoride in the The difficulty to exactly determine the effective cross sec-
cladding, resulting in an enhanced acoustic loss accordinglffon A.g makes the power gain coefficieg /Acg, Shown
These measurements provide with a high confidence levdnaTable I, more suitable for fiber characterization. Overall
35 MHz value for the Brillouin FWHM linewidth of standard @amplification can be calculated directly from pump power and
telecommunication fibers (3 wt.% Ge®@ore-doped) at 1.32 comparative measurements are possible without further calcu-
pm. Finally the Brillouin gain coefficieny, was calculated lations using additional parameters (spot size, index profile).
from the maximum of the BGS after measurements of pump
power and spot sizey. The effective cross sectiad.g was VI. TEMPERATURE EFFECTS
determined using the classical formulag = 7w?. A quite  The effect of temperature on the BGS can be seen on the
important fluctuation in the gain evaluatioh.4 — 2 x 107!  measurements shown in Fig. 9. The linearity of the central
m/W) is observed but there is no clear correlation betweémquency dependence on temperature claimed by all authors
gain value and core doping concentration. This confirnis here confirmed to a high confidence level over a wide tem-
the assumption that Brillouin interaction predominantly takgserature range, as shown in Fig. 10(a). The slope coefficient
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Fig. 10. Central frequency (a) and linewidth (b) of the Brillouin gain spectrum as a function of temperature. Linewidth measurements are shown for
fibers with different Ge@-core content.

of 1.36 MHzfC at 1.32;m slightly decreases for a higher s

GeQ, core content. All fiber samples are only coated with
250:m acrylate microjacket, so that the coating influence E AL =0% AL =03 %
expected to be kept below 0.1 MH@ [17]. = ;.. A ’

A new interesting feature is the decrease of the Brlllouui 2 i3 1% AL =05%
linewidth with temperature, as shown in Fig. 10(b). The deperE i3 H "AX
dence is not linear and converges to a constant value at hlghbr , 3 : H £
temperature for all fiber types. According to works achlevecﬁ 1 f H i '|\ ft 1\
using fused quartz [18], the phonon absorption peaks at a tefd- / %, i ) ‘;‘ Fy
perature close to 100 K where the Brillouin linewidth must b?'% 05 & / \\ o ’\A
maximum, accordingly. The observed linewidth decrease wit .

temperature possibly represents the upper tail of the absorption °
peak. The broader BGS observed at room temperature for fiber
with higher GeQ@-core content is thus due to either a higher
absorption peak or a higher temperature for the maximufiy. 11. Brillouin gain spectrum of a single mode fiber measured for differ-
absorptlon Measurements of Brillouin linewidth in the 10q]nt fiber elongation, showing the effects of strain on the central frequency,
linewidth and the peak gain.
K temperature range are necessary to discriminate betwesh
these two possibilities.
The maximum gain increases with temperature and should
be proportional taAr—1, so that the Brillouin gain spectrumWwhen the fiber is under tension. Calibrated elongation was
integrated over all frequencies remains constant. The prodagplied to 60 m fiber samples and the BGS were measured up
go X Av was checked to be temperature-independent, &the fiber breaking point{1% elongation) using our set-up.
that it demonstrates the invariance on temperature of theThe global effect of strain on BGS is shown in Fig. 11.
electrostrictive strength responsible for the stimulation &s previously reported [19], the central frequengy shows
Brillouin scattering. It turns out that the gain increase with strong dependence on strain of several tens of MHz for a
temperature is only due to its spectral narrowing and thags elongation. The high accuracy of the experimental set-up
phonon smaller absorption. clearly demonstrates that the linewidth remains unchanged
with strain, while the gairyy decreases for elongation close
to the breaking point. The excellent linearity of the central
The acoustic velocity/, is strain-dependent in silica fibersfrequencyrz on strain and the invariance of the linewidty
[18], so that the BGS central frequeney is expected to vary is confirmed in the detailed measurement shown in Fig. 12.
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VIl. STRAIN EFFECTS
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Fig. 12. Central frequency (a) and linewidth (b) of the Brillouin gain spectrum as a function of elongation.

The measured normalized slope coefficienfys)/(vp de)  conditions. Thanks to these measurements one can conclude
ranges from 4.64 to 4.73 for standard fibers at 1320 nmmat the Brillouin central frequencys depends very linearly
This value is slightly higher than the previously reported 4.dn either temperature or strain over an extended rar@e fC
coefficient [19], resulting in a central frequency shift very close 7" < 100 °C, 0 < ¢ < 1%). The effects of temperature and
to 600 MHz per percent elongation at 1.3&. This coefficient strain cannot be discriminated by just measuring the central
was checked to be negligibly dependent on the fiber jacketquencyrg. The BGS linewidth is temperature-dependent
type, confirming the great potentiality of BGS analysis foowing to the presence of an absorption peak at low tempera-
monitoring strains actually experienced by fibers. ture (~100 K), while an applied strain leaves the linewidth

The gain coefficieny, depends on many structural quantiunchanged. The linewidth measurement in addition to the
ties such as material densjgyand refractive index, that may central frequency determination could therefore decorrelate
change in a nonnegligible fraction for high strain. This magemperature from strain effects, provided that no significant
explain the gain decrease for strain in the percent rangechtange on these quantities occurs within the measurement
is remarkable that the central frequency dependence on stigdatial resolution.
keeps linear under such extreme conditions. The generation of the probe signal using a modulator may

bring many more advantages in addition to those presented
here, such as frequency-domain coding for a more sophis-
VIIl. CONCLUSION ticated and sensitive detection and time-domain coding to

In conclusion a novel method for BGS measurement @gdress distinct positions along the fiber. Distributed Brillouin
optical fibers has been presented. The use of only one lagain spectrum measurements can then be performed, yielding
source together with an EOM makes possible the generatidryery efficient tool for installed fiber optic cables monitor-
of an inherent high stability jitters-free probe signal, as well 489. These more advanced modulation schemes are currently
accurate setting of the relative pump and probe levels. Mdvestigated in our laboratory [20]-[22].
surements performed with different sidebands levels clearly
shows that a very low pump depletion is necessary for accurate ACKNOWLEDGMENT
gain linewidth determination.

In addition, repetitive measurements of BGS of the sang
fiber in controlled environment show a standard deviation
100 kHz on the Brillouin frequency shift and 200 kHz on
the FWHM of the BGS. This represents the most accurate
measurement of BGS in optical fibers to our knowledge
and this technique is currently used to perform calibratioril] A. R. Chraplyvy, “Limitations on lightwave communications imposed
measurement on the dependence of the BGS on environmental %g%ptlcal-flber nonlinearities,J. Lightwave Technalvol. 8, p. 1548,
quantities. In addition polarization-independent gain measurgz] N. Yoshizawa, T. Horigushi, and T. Kurashima, “Proposal for stimulated
ments have been performed using a new original method. The Brillouin scattering suppression by fiber cablingfectron. Lett, vol.
three parameters fully characterizing the BGS are measur?ﬁ 'IZ'YCpRllclr?gnégglA Pinnow, “Evaluation of fiber optical waveguides
with a high accuracy under different temperature and strain using Brillouin spectroscopy,Appl. Opt, vol. 13, p. 1376, 1974.

The authors would like to thank F. Cochet from Cabloptic
r kindly providing fiber samples and technical data and C.
abioud for scientific support.
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