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Linewidth narrowing in Brillouin lasers: Theoretical analysis

Alexis Debut, Stphane Randoux, and Jaouad Zemmouri
Laboratoire de Physique des Lasers, Atomes et Moés, UMR 8523, Centre dtiides et de Recherches Lasers et Applications,
Universitedes Sciences et Technologies de Lille, F-59655 Villeneuve d’Ascq Cedex, France
(Received 26 August 1999; revised manuscript received 10 March 2000; published 14 July 2000

The linewidth narrowing observed in Brillouin fiber ring lasers is studied within the framework of the usual
three-wave model of stimulated Brillouin scattering. We show that the phase noise of the pump laser is
transferred to the emitted Stokes wave after being strongly reduced and smoothed under the combined influ-
ence of the acoustic damping and the cavity feedback. We then derive a simple analytical relation connecting
the full width at half maximum of the Stokes linewidth to that of the pump laser.

PACS numbsd(s): 42.55~f, 42.65.Es, 42.25.Kb

The Brillouin fiber ring laser is a highly coherent light damping rate of the acoustic wav&({,7) is a Langevin
source. Experiments have shown that the linewidth of thenoise term describing the random thermal fluctuations of
Stokes radiation emitted by this laser can be several orders density(i.e., spontaneous scatterjngccurring inside the fi-
magnitude narrower than that of the incident beam used tber[6]. This noise is a zero-mean Gaussian process and it is
pump it[1]. Although this effect is commonly used in many § correlated both in space and time. In the chosen normal-
applications such as gyroscopd or temperature sensors ization,f is of the order of 10° whereas the amplitude of the
[3], itis not clearly understood. In fact, the questions relatedbptical fields is of the order of unity|£,|,|e¢/=1). Despite
to the noise properties or to the temporal coherence of Brilits weak relative importance, spontaneous scattering plays a
louin lasers have not yet been attentively examined from theletermining role in Brillouin generators by inducing a sto-
theoretical point of view. Brillouin lasers and conventional chastic dynamic$4]. In Brillouin lasers, spontaneous scat-
lasers have common noise sources. For instance, fluctuatiorsring is usually considered as the effect that is responsible
of the pumping mechanism or of the cavity length alter thefor the initiation of the SBS process.
spectral purity of the emitted wave in both systems. How- As in Refs.[5] and[7], we study a Brillouin fiber ring
ever, contrary to lasers with population inversion, it is notlaser in which pump recoupling is avoided by an intracavity
spontaneous emission but spontaneous scattering that fundselator. The boundary conditions characterizing this system
mentally limits the degree of monochromaticity of the Stokesread
radiation. The aim of this paper is to analyze the role of the

different noise sources existing in Brillouin fiber ring lasers ep({=0,r)=p €%, (2a)
and to characterize their influence on the temporal coherence _
of the laser. In particular, we will show that the phase noise e({=17)=R€% g{({=0,7). (2b)

of the pump laser is the predominant noise source and we

will study in detail the connection between the linewidth of R is the amplitude feedback parameter aids a detuning

the Brillouin laser and that of its pump laser. term expressing the fact that the cavity is not necessarily
Our theoretical study enters within the framework of theresonant. In an all-fiber laser, the fluctuations of the fiber

usual three-wave model of stimulated Brillouin scatteringlength can be reduced by stabilization techniques and the

(SBS. This model reproduces properly most of the dynami-fluctuations ofd, are then weak. Moreover, the use of cou-

cal behaviors experimentally observed in Brillouin generaplers offers a great stability of the power feedback parameter

tors[4] or laserd5]. It reads R2. This is not the case for Brillouin fiber lasers operating in
low-finesse resonators. In these systems including an aerial
9,85+ dep=—0Bes, (18 arm, the relative fluctuations d®? can be of the order of
20% and the fluctuations of the resonator length can exceed
d-es— dres=0gB* ey, (1b)  the optical wavelength. The variations &f are then greater
than 27 and mode hops are observied. All these fluctua-
(1/Bp)0,.B+ stpeg +f(Z,7), (10 tions in the cavity characteristics arise from mechanical and

thermal noise and their bandwidth is typically of the order of
wheree,, e,, andB represent, respectively, the complex 100 Hz. These technical noise sources are responsible for
amplitudes of the pump, Stokes, and acoustic waves. Thestow drifts of the frequency of the Brillouin laser but they do
equations in dimensionless form have been obtained by neiot contribute to the intrinsic linewidth of the emitted Stokes
glecting the weak attenuation of the fiber. The timeés  radiation.
normalized to the transit time of the light inside the fikeis In Eq. (2a), w is a dimensionless pump parameter akhd
the space coordinate that is normalized to the fiber lengthrepresents the phase of the pump laser. For well-stabilized
The fieldse, andeg are measured in units of the maximum single-mode lasers usually used to pump Brillouin fiber la-
pump field available at the entrance end of the figas the  sers, the amplitude noise can be neglected so that only the
SBS coupling constant an@, represents the normalized phase is a randomly fluctuating quantity. In the phase diffu-
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sion model commonly used to describe the field emitted by a  *fgy ™+ ° 00

single-mode laseny is time independent whereas the phase € 3
.8 o B 12 ©

¢o(7) performs a random walk governed by the stochastlc-g @
Langevin equation = | | .8
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in which () is a §-correlated Gaussian noise of zero mean M S T

[8]. The field spectrum of the pump laser is then a Lorentzian os
with a full width at half-maximum(FWHM) A v in units of
cavity free spectral rangé-SR) [9].

In most of the experiments, the linewidth of the pump
laser is of the order of a few tens of kHz. Apart from spon-
taneous scattering, the phase noise of the pump laser is tI"E oz
noise source presenting the wider spectrum. We are nov

plitudes

04

going to analyze its influence on the noise characteristics of 1 I 0

the emitted Stokes radiation. To that effect, we will ignore ° i3 te i3 !

the influence of the low-frequency noise sources previously

mentioned. As they only induce slow variationsRand &, FIG. 1. Spatial profiles and temporal evolutions of the various

we can consider that these two parameters do not drift on thehases and amplituddsee the tejt The parameters used in the
short time scale on which we analyze the influence of thesimulations are those describing the laser of REf2] (g
pump phase noise. In particular, we will assume that the=6-04, 8a=10.93, R=0.36, x=0.7).

cavity is resonant for the Stokes wavé;€0). Frequency ) ) .
pulling effects that are discussed in REf] do not play an (2) are integrated in the presence of phase noise generated by

important role and can thus be ignored. In our analysis, w&d- (3). The numerical procedure used is based on the
will also neglect the influence of the weak Langevin termMethod of characteristics described in Réfl]. As shown in

f(¢,7) describing spontaneous scattering. As with spontaneti9S: 1@ and 1b), the phase of the acoustic wave nearly
ous emission in a conventional laser, this term will be re-Sfollows the same temporal evolution as the phase of the
sponsible for the existence of a lower limit to the StokesPUMP laser. The phase fluctuations of the Stokes wave are
linewidth. We will show at the end of this paper that this strongly correlated to that of the pump laser but they are also
limit ranges in the sub-Hertz domain. Let us finally mentionMuch weaker. In these conditions, the variablg=0,7)
that we only consider situations in which the FSR of the ringoScillates slightly around QFig. 1(b)]. The trigonometric
laser is comparable to the width of the Brillouin gain curve. functions appearing in Eq¢4) can thus be expanded to the
The intensity of the backscattered Stokes wave is then tim{pwest order ind. The equations for the amplitudes then
independenf10] and the corresponding operating regime isbecome mdependent fro.m that governing the evolut!on qf the
called the “Brillouin mirror” [5]. pha;es. Since the amplitugde of the mmdept pump f|g|d is
The first step of our theoretical analysis consists in transtime independent, we can cancel all the time derivatives ap-

forming the complex amplitudes to modulus-phase form. weP€aring in Eqs(4a), (4b), and(4c) and the field amplitudes
then depend only ofi. This is confirmed by numerical simu-

then obtain
lations that show that the phase fluctuations of the pump
AT A= —gAAs COY, (4a source do not modify significantly the amplitudes of the
three waves involved in the interaction. They always remain
9 As— dAs=gAA, COSH, (4b)  very close to the stationary longitudinal profiles presented in
Fig. 1(c). With these approximations, the equations govern-
(UBA) A+ Aa=ApAs COSO, (400 ing the spatiotemporal evolution of the phases finally be-
come
3:¢pt b= —09(AAsIAp)sing, (4d) )
a7¢p+a{¢p:_gAs(§)6! (sa)
35— d;ps=—9(AaAp/Ag)sing, (4¢)
35— dchs=—9AL(L) 6, (5b)
(LBA)d-pa=—(ALAsIA,)SING, (4f)
(9T¢a: _ﬁAa' (SC)

where 0({,7) = ¢s({,7) + pa(L,7) = ¢p(£,7). A and (i

=p,s,a) represent, respectively, the amplitudes and phaseBhe terms appearing in the right-hand sides of Efa. and

of the pump, Stokes, and acoustic waves. The SBS intera¢5b) are weak and comparable. However they do not play the
tion is submitted to resonance and phase matching conditiorsame role in the two equations. Equatita must satisfy
imposing thatd is necessarily a weakly fluctuating variable. the boundary conditiokp,({=0,7) = ¢o(7). ¢o(7) acts as a
As the cavity is resonant, its average value is zero. This isource term inducing strong spatiotemporal variationg of
illustrated by numerical simulations in which Eqd) and [see Figs. (@and 1d)]. In these conditions, the terg1A§0
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is only perturbative and our last approximation consists irnphase to diffuse over one radian on the avefd@ is much
neglecting its influence. This means that the phase of thgreater for the Brillouin laser than for the pump laser.
pump wave remains undisturbed in the interaction so that the |f pump depletion is taken into accourBy(») and do(v)

solution of Eq.(58 simply reads are no longer connected by a term that can be factorized into
two parts. This term can be calculated by taking into account
bp(L,7)=o(7—0). ©  the expression oA2({) given in Ref.[12] but contrary to

. Eqg. (8), the averaging effect does not clearly appear in its
on ;h? Other.PagdB nohsogrci termh appeari in th_e bounda%mplicated analytical expression. However this term shows
c_on ltion verified by t 2e -to €s P aE%(g- .'T)_d’S(g that the amplitude of the pump fluctuations is reduced by the
=0,7)] and the termg A6 is the source inducing the spa- 5c10r K not only near the threshold but whatever the value
tiotemporal variations ot . , of . As we are now going to see, this is the most important
By taking into account the previous resliig. (6)] that  .ongjderation for the evaluation of the Stokes linewidth.
ha; beg”t V?r:'f'ed b3|/ ?ume?cEaléleulagt()gs), _outrhproblem IS The quantities of interest for the determination of the line-
reduced to the resolution of Eq and (5¢) in the pres- . ihe are the variances2(7)= — $(0)12) and
ence of the boundary condition characterizing the CaVityo'z(T)=<[¢ (0.7) = (0 O)]2p>(7[)9]<['|'(¢10e(2ha(sﬁg( nz)]is>e being
resonanc¢ ¢ ({=1,7)= ¢,({=0,7)]. It can be solved ana- s S\ s\ '
lytically for any value ofu and therefore for any shape of 28;rzgse}agg:}imgéogfstsﬁeﬂliemgra}akitjr dpehn:St: 3%5Sri1§gmble

the pump profileA,({). However, for the sake of simplicity > ; ) . ) 2
and in order to get some insight on the physical mechanism&del, o(7) is a linear function of time [o}(7)
responsible for the effects presented in Fig. 1, we are first 2mA vp7] that measures the evolution of the dispersion of

going to assume that the Brillouin laser does not operate ver}f‘e values taken by the pump phase. As the phase fluctua-

far from its threshold. In these conditions, the pump deplefions of the Stokes wave are much weaker than that of the
tion effect can be neglected and the functjféoi] can be ap- PuUmp wave, their dispersion is also much weaker. In f@ﬁt,

proximated to (- In R)/g [12]. Owing to the spatial periodic- ando? are simply connected through the relatiof= K?o? .
ity imposed by the boundary conditiof({=1,7)= ¢<({ Whatever the incident pump power, the FWHM of the

=0,7), the functiong¢(,7) can be decomposed as Stokes spectrum is therefore given by
+oo A
$d{m)= 3 Sy(m)ekd @ Avg=" 7. ©

with k,=27n and S;(7)=S_,(7). The problem is then
solved by Fourier analysis and by using the orthonormalit
condition

By returning to the physical variabld42], one can easily
Yshow thatK =1+ yall'c, wherey, andT'., respectively,
represent the damping rate of the acoustic wave and the cav-
1 ity loss rate.y, is equal torAvg, whereA vg represents the
f ekl Tkmédr=4, ., FWHM of the Brillouin gain curve.T'. is equal to
0 —c InR/NL wherec/n is the light velocity in the fiber of
, lengthL. Equation(9) represents the main result of this paper
it can be shown that and the previous expression of the coefficigtclearly
| iy shows that the narrowing effect observed in Brillouin lasers
Ty(v)= n R_ e~ sinmv Jo(v), (8 I8 duetothe combined influence of the acoustic damping and
Ba—INR+i27y Ty ’ of the cavity feedback.

The analytical result given by E¢Q) has been verified by
where ¢o(v) andSy(v), respectively, represent the Fourier the numerical integration of Eq$4) and (2) over an en-
transforms ofé(7) and Sy(7). Equation(8) shows that the semble of 50 000 realizations of the random procggsr) .
incident phase noise is filtered by the association of twdSuch a statistical treatment permits us to determine the vari-
linear systemg14]. The first one is a low-pass filter that anceso? and a§ at different times. The data thus obtained
reduces the amplitude of the pump fluctuations by a factoare then fitted to straight linesee Fig. 2 and the ratio
K=(Ba—INR)/(=InR) over a bandwidth equal toB  between the two slopes gives the numerical value of the co-
—InR)/27 in units of cavity FSR. The second one is a sys-efficientK2. For parameter values characterizing a Brillouin
tem that smoothes the fluctuations by averaging them over laser operating in a low-finesse resondii 1,13, the value
time interval A7=1. As shown in Fig. (d), the function of K2 given by the analytical relation is 137 and that deduced
¢s({=0,7) can be well approximated 18,(7) and although from numerical simulations presented in Fig. 2 is 144. The
it has been established by neglecting the pump depletion, Eglight relative difference between the two values arises from
(8) describes gqualitatively well the behavior reported in Fig.the fact that the functiombs(£,7) has been approximated to
1(a). The fluctuations of the Stokes phase are indeed mucBy(7) and that the influence of the tern8s(7) (n#0) has
weaker than the phase fluctuations of the pump laser and theeen neglected.
high frequencies found iq(7) do not appear inps(0,7). If the linewidth of the pump laser is of the order of several
The optical coherence time, defined as the time it takes to thiens of kHz, a Brillouin laser operating in a low-finesse cav-
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W 100 - , approximation that consists in neglecting spontaneous scat-
6o (@ ] (b) tering must be questioned. Before analyzing the importance
of this effect, let us first recall that spontaneous emission can
be seen as a process that randomly perturbs the amplitude
and the phase of the optical field emitted by a conventional
laser [15]. By analogy with that description, spontaneous
scattering can be considered as an effect perturbating the
amplitude and the phase of the acoustic wave. In particular,
|- | it will lead to a diffusion of the phase of the acoustic wave.
0 0w S0 o5 oo oo oS ooes 1 he influence of this diffusion process will become notice-
05— 1.00, , , able when it will be comparable to the diffusion process
(©) d) induced by the pump laser. As the phase of the acoustic
wave nearly follows the same evolution than the phase of the
pump lasefsee Figs. (a) and Xb)], spontaneous scattering
cannot be neglected () is of the same order of magni-
tude as the Langevin terrf({,7). The pump spectrum of
Fig. 2(b) has been obtained for a value @fr) of the order
of 107?({g?)=10"%) and its dimensionless FWHM is 0.002.
This corresponds to a pump linewidth of 40 kHz for a Bril-
e SR T louin laser characterized by a FSR of 20 MHz. A<, 7) is
R v o ) of the order of 10°, spontaneous scattering is then effec-

o ) tively negligible. This is no longer the case for pump line-

FIG. 2. Same parameters as in Fig. 1. Temporal evolution of they;ihs as narrow as 10 Hz and Stokes linewidths that fall in
variance of the phase noigdiffusion processand corresponding e ghHertz domain. Obviously, the previous analysis just
?é;r?;)algztﬁsel_so](ré?ézuan spectrum of t@,(b) incident pump field; allows us to give an idea of the order of magnitude of the

' ' effect. Additional studies must be undertaken to precisely
ity will emit a Stokes radiation with a linewidth of several characterize the influence of spontaneous scattering on the
hundreds of Hz. In an all-fiber ring resonator, a finessdinewidth of the Brillouin laser.
greater than 100 can be easily achieved and the fatid’;
is then typically of the order of 100. This means that the The Centre d’Etudes et de Recherches Lasers et Applica-
Stokes linewidth is at least $@imes narrower than the line- tions (CERLA) is supported by the Ministe Chargede la
width of the pump laser. This order of magnitude is effec-Recherche, the Rgon Nord/Pas de Calais, and the Fonds
tively the one that has been experimentally measured in tha&uropen de Deeloppement Economique desdiens. This
kind of laser[1]. In these conditions, the linewidth of the work was partially supported by the European contract “In-
Stokes radiation becomes of the order of a few Hz and théereg Il Nord-Pas de Calais/Kent.”
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