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Polarization dynamics of a Brillouin fiber ring laser
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The usual three-wave description of stimulated Brillouin scatte{8®8 in birefringent fibers is revised by
considering that the pump beam is not necessarily linearly polarized parallel to one of the main axes. The
equations obtained govern the dynamics of SBS in a polarization maintaining fiber whatever the state of
polarization of the light. A model describing the polarization dynamics of a Brillouin fiber ring laser is then
obtained by completing these equations by appropriate boundary conditions. For various orientations of the
fiber axes and various polarizations of the incident pump beam, the behaviors of a short-length Brillouin laser
are finally studied by numerical simulations that are systematically compared to experimental results.
[S1050-294{@9)08302-X

PACS numbdps): 42.65.Es, 42.65.5f

I. INTRODUCTION In this paper we extend the usual three-wave model of
stimulated Brillouin scatteringSBS by taking into account
The Brillouin fiber ring laser is a system whose dynamicalthe fact that the state of polarizati¢8OP of the light can
behavior is now well understood. As long as the input pumpehange inside the fiber. This is achieved in Sec. Il by con-
power is sufficiently low to avoid the second-order Stokessidering that any optical field can be decomposed with re-
emission[1] it can exhibit two kinds of operating regimes. SPect to the two orthogonally polarized modes supported by
The first one is a stationary regime in which a very coherenthe birefringent fiber. By performing a classical treatment,
cw Stokes wave is backscattered by the optical fiber. Thigve obtain equations governing the dynamics of SBS in a
steady “Brillouin mirror” can be easily obtained if the fiber Polarization maintaining fiber whatever the SOP of light. In
is short enough2]. The free spectral rand€SR) of the ring ~ Sec. lll they are completed by the boundary conditions char-
laser is then comparable to the width of the Brillouin gainacterizing a ring laser. This section is also devoted to the
curve and the Stokes emission involves only one cavitystudy of the static properties of the passive ring resonator.
mode. On the other hand, the laser behavior becomes conthe evolution of the intracavity intensity and the nature of
pletely different if the cavity FSR is small in comparison to the eigenstates of polarization are thus c_ons_idered for various
the width of the gain bandwidth. A large number of cavity orientations of the fiber axes. A_ no_rmallzatlon of the equa-
modes are then able to oscillate and pulsed regimes, assoéions governing the laser dynamics is then performed in Sec.
ated with a multimode Stokes emission, are observed nedY- Finally, the laser behavior is studied by numerical simu-
the threshold[3]. However, even if the fiber is long, the lations that are presented in Sec. V. The obtained results are

Brillouin laser generates a stable cw Stokes beam at highompared to that already experimentally observed. Further-
enough input pump powdHt]. more, configurations correspondln_g to other orientations of
The previously described behaviors are observed for Brilthe fiber axes and other polarizations of the incident pump
louin lasers made with polarization maintaining fibers. More-beam are also investigated both experimentally and numeri-
over, the laser ring structure is commonly designed so thagally. We conclude in Sec. VI.
the polarization of the optical fields always remains linear.
However, recent experiments have shown that the behavior
of a short Brillouin fiber laser becomes qualitatively different
if the ring structure is slightly modified to scramble the light  One way to deal with polarization effects occurring inside
polarization along the fibd]. This was simply achieved by the fiber consists in introducing a depolarization factor. This
rotating by 90° one of the fiber ends. The slow axis at thepoint of view is often adopted by authors studying the be-
input end being then nearly parallel to the fast axis at théhavior of Brillouin generators or SBS in the presence of
output end, the laser no longer operates in the Brillouin mirweak external feedback. It is based on the fact that the SOP
ror regime but exhibits polarization instabilities. Periodic andof the output Stokes light can differ from that of the pump
quasiperiodic regimes have thus been observed and a poldaser. The depolarization factor is obtained by measuring the
ization resolved analysis has revealed an antiphase dynamipgrcentage of Stokes power contained in the polarization di-
between two eigendirections characterizing the laser. Obvirection parallel to that of the incident laser. The effective
ously, the theoretical study of such a behavior cannot b&rillouin gain is then deduced by multiplying the maximum
undertaken within the framework of the model usually usedgain by the depolarization factor. Such an approach has been
One of its major assumption lies indeed in the fact that theessentially developed for studies of SBS in polarization-
polarization of the light beams remains linear all along thescrambled fibers. It leads to results in good agreement with
fiber. This leads to a well-established model involving twoexperimental data for the Brillouin generator in which gain
optical waves and an acoustic wave. narrowing of the Stokes spectrum is obser{@d Dynamical

II. ESTABLISHMENT OF THE MODEL
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aspects in fibers with feedback have also been studied byhereE,, andE, (Es andEs,) represent the orthogonally

including a depolarization factor, but SBS was not the onlypolarized pumpStokes fields. In the case of SBS, one can

nonlinear effect involved in the interactidi]. consider that each of these fields is composed of a high-
The previously described way to tackle the problem isfrequency carrier modulated by a narrow bandwidth enve-

rather simplified and is inadequate to describe SBS in théope:

highly birefringent fiber used in our laser. In that case, the

theoretical treatment of the nonlinear interaction first re- Ep(z)=Ay(zt)e @t i +cc. (I=xy), (58
guires a tensorial analysis of the medium optical properties. otk
Following Ref.[8], the dielectric tensor can be decomposed Es(zt)=Ag(z,)e' s P +ce.  (I=xy). (5b)
into the sum of a static pa#t), and of a fluctuating part .

_ PR gp The envelopesA,,(z,t)(m=p,s;|=x,y) of the fields are
Asik.

slowly varying on time scales comparable to the optical pe-
1) riod and on distances comparable to the wavelengthis

the pulsation of the pump laser. The pulsatieg of the
If an appropriate choice of dielectric axes is made, the stati§to.keS wave IS given b= wp—w,, whereg)a is the pul- .
part of the tensor takes a simple form and the knowledge 0§at|on (.)f t_he aCOU.St'C wave. The p_ropagatlon of the optical
the principal dielectric constants,, e,y &, is sufficientto '2/°> inside the fiber is characterized by the wave vectors

describe the static properties of the optical fiber. Light scatkmi=Mem/c (M=p,s andl=x,y), wherec is the velocity
f light in vacuum.

tering arises from fluctuations in the dielectric characteristic® lowi | h th .

of the fiber that are described ke, . The writing of this FO. owing an analogous approach, the acoustic wave cre-
last tensor is crucial because it links the SOP of the Stokegted in the interaction can be written as
field to that of the pump field. To determine the components
of Ag;, let us consider the experiments in which the evolu-

tion of the Brillouin gain is measured as a function of the k,=w,/c, is the wave vector of the material wave andis
SOP of the pump and Stokes fields. This kind of experimeni;g velocity in the fiber. In Eq(6) the acoustic wave is sup-

is commonly performed with a pump-probe arrangeniht 56 to be plane. This assumption can be discussed because
In the case of polarlzat|on_malntalnl_ng_flbers, the measurey fiber, even optically monomodal, can be acoustically mul-
ments show that the maximum gain is reached when thgn,qal. One of the most spectacular manifestations of this
direction of polarization of the pump and probe fields coin-g¢ect is the guided-acoustic-wave Brillouin scattering

cides with one of the birefringent axes of the filhpg@]. The (GAWBS) [12,13. Even if recent experiments tend to show
direction of polarization of the probe field remaining parallel 5 coupling between SBS and GAWBS in a la§ed], we
to the birefringent axis, the Brillouin gain decreases if thei nevertheless restrict ourselves to the usual approxima-

polarization of the pump field is rotated. It becomes negli-ion that consists in neglecting the influence of transverse
gible if the pump and probe fields are perpendicular to eackeacts for the acoustic wave.

other. The situation is very different if the angle between the = o expressions for the acoustic and optical waves now
birefringent axis and the probe field is equal to 45°. In thesg,eing established, the following step of our theoretical analy-
conditions, the Brillouin gain is nearly independent of thegjg consists in introducing them into the equations coupling
polarization a2|mqth of the pump beam and is approximately,q; spatiotemporal evolutiofEgs. (8.3.11 and (8.3.16 of
one-half the maximum gain. Those results have been exzqf [8]]. By using the slowly varying approximation for

_ .0
sik_sik+A8ik'

p(z,t)=p(z,t)e(@at~kd t ¢ c. (6)

plained by Stoleri11] and clearly allow us to write phases and amplitudéSVAPA), we obtain the following set
of equations
Asik:A85ik! (2)
. . . IApy . C IApy  7Ye :
whereAce is a scalar and is the Kronecker symbol. It is ot T T T2 AT iKpAsy, (73
then natural to write the electric field as a superposition of y
the two orthogonally polarized modes able to propagate in IA c A y _
the fiber: atpx n_ asz + ?eApx: iKpASXe*IAkZ, (7b)
X
E(x,y,z,t) =E.(x,y,z,t)i+ E,(X,y,z,t)j. (3
X y dAsy C Asy Ve o
. . . . . . ____+_Asy:|Kp Apyy (7C)
In the expressiofi3) the directionz is the propagation direc- gt ny oz 2
tion. x andy are two transverse directions that are chosen to
coincide with the principlg axes of the fiber_. Thosg axes are IAsx c 3Asx+ EA —iK p* A _glAkz (70
orthogonal and characterized by the refractive inditgand gt ng 9z 2 T sx P Ppx ’
ny. For guided propagation through a single mode optical
fiber, the usual treatment consists in ignoring the transverse ap ap o, . . iAks
variation of the electric fields so that we can write E+CSE+ Yap =K (ApyAsy T ApAse ™), (79

Ex(X,y,Z1) =Ex(z,1) =E,(Z,t) + Es(z,t), (4@  where v, represents the damping rate of the optical fields.
va= mAvg is the damping coefficient of the acoustic wave
Ey(X,y,Z,1)=Ey(z,1)=Ep(z,t) + Eg|(Z,1), (4b)  andAvg is the full width at half maximum of the Brillouin
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gain curve. Rigorously speakinggz(wm/Zn,z)(as”/ap)(l R
=x,y and m=p,s) is a coupling constant that slightly
changes from one equation to the other one. However, the
relative amplitude of this change is very low=00"%) and

henceforth we will consider th#t is a constant that is given z=0 z=L \M2

by K=(w/2n)(deldp). n=(n,+n,)/2 is the average value | optical fiber IG—\

of the fiber refractive indexw is equal to 2rc/n\, wherex y

is the pumping wavelength. The strength of the electrostric- X i ’,‘

tive effect is given by the coefficient de/dp Y]
=p1An?po). P12is the longitudinal elasto-optic coefficient ' x|/

in fused silica angy is the average fiber density. Finally, the b ap e /M3
coupling constantk’ of Eg. (7€) is given by (qpowa/ wave wave

4c3)(dslap). FIG. 1. Schematic representation of the Brillouin fiber ring la-

Equations(7) clearly evidence the mechanisms of the in-ser g, is the angle between the direction of polarization of the
teraction occurring inside the fiber. The optical waves polarincident field E, and they axis. The output end of the fiber is
ized along thex andy directions are not coupled to each rotated by an angle. All the resonator losses are localized on the
other as in a cascade procg43, but mutually interact via mirror M, characterized by the reflection coefficieRsandR’.
the same material wave. Let us now explain the origin of the
termse™'4k? that appear in the equation governing the dy- sy € Asx Ve
namics of the acoustic wa\&q. (7e)] and in the equations -
involving the optical fields that are polarized along the
direction [Egs. (7b) and (7d)]. As already mentioned, the P P
Brillouin interaction is submitted to a resonance condition ——+Cs—= + vapy= iK' ApyASy, (9¢)
(wp=wst+ wy). Usually, SBS involves only one of the prin- at 9z
ciple axes of the fiber. If this axis is denotgdthe Brillouin
gain is maximized when the phase-matching relatign IPx IPx ic.AK) 0o =iK'A. A* of
~K . . " i . . . 74_ sa_+(7a+|cs )px=1 px\sx - (9f)
=KkpytKsy is precisely verified. By ignoring the direction,
this directly leads to the three-wave SBS model. In our prob-
lem, SBS occurs along the two transverse directions and, i’ "™ ) s ,

direction. They-polarized pump wave interacts with the

that the phase-matchi dikiga k,,+k
e assume tat e phase-matching condien Koy tke Y-Polarized Stokes wave through mechanisms described by

is fulfilled for they direction, it cannot be the case for tk .
direction. Along this transverse axis, the phase-matching ret_he usual set of three equations and the same process occurs

lation characterizing the interaction reads,+ks=ka fOTthE?:deI'?CtI(I)?. Ht?]wetver,g\_s altr_eadybexplame(:r,]the g?m IS
YAk, where one can easily show thahk—[(n. ever identical for the two directions because there always

—ny)/nJk,. The functions e*13kz appear during the exists a frequency detuning equald@Ak between the two

SVAPA and are responsible for a modulation of the Sourcé)rthogonally polarized Stokes waves. The wr_|t|ng of E@S'
terms related to the direction. This modulation expresses could let suppose that th‘ppola'rlzed @—polqnzed opt|ca}l
the fact that the two transverse directions are not charactel/aves are coupled to ay*polarized &-polarized acoustic
ized by the same Brillouin gain. Let us emphasize that thdVave.” To discuss this point of view, let us consider the
gain is not necessarily maximum for thedirection and change of variables given by E). Unlike Eg. (3), the

lower for thex direction. This depends on the boundary con-décomposition performed in Eq8) is not vectorial but

ditions and an appropriate choice of the phase of the inciderﬁhOWS that the aqou;tlc wave conS|§ts of tWO. components,
fields can lead as well to an opposite situation. each of them oscillating around a given spatial frequency.

By introducing the variablep,(z,t) and p,(z,t) defined The_ phz_ise-matching_relation being_ precisely verified for the
by the relation y direction, this spatial frequency is equal to zero for this

direction. On the other hand, as the phase-matching condi-
p(Z,t)=py(Z,t)+pX(Z,t)eiAkZ (8) tion_ is not stric'_tly fulfilled_for thex direction, thex—polarize_d
optical waves interact with the compongnt whose spatial

and by neglecting the influence of cross terms appearing offéduency is shifted aroundk.
the right-hand sideXk=2000 ni'!), we obtain the follow-

ing set of equations for the description of the interaction: [Il. BOUNDARY CONDITIONS, INTRACAVITY
INTENSITY, AND EIGENSTATES OF POLARIZATION

ot n, 0z 2

Asi=iKp Apx (9d)

these equations, the direction is decoupled from the

dApy € Ay 'yeA CiKoA 9
ot + n_y 9z + 2 PpyT IRPyAsy, (93 From a theoretical point of view, the ring resonator de-
scribed in Ref[5] is equivalent to that presented in Fig. 1.
Aoy C Ay Ve . M,, I_VI3, andM, are polarization insensitive mirrors char-
— - Apx= K pAsy, (9b) acterized by a reflectivity equal to 1. All the resonator losses

. Ny 9z 2 are assumed to be localized on the mirkd;. The anisot-

ropy of these losses is described by a polarization-dependent
reflectivity. The reflection coefficient for the amplitude of the
fields polarized parallelperpendicularto the plane of inci-

dAsy € dAsy Ve
= TS TEA L =iKpEA
gt ny, gz 27T PyTey (®0
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dence is denote®’ (R). In our study, the incident pump pe written asé,,=2wj, wherej is an integer equal to
field Eq is assumed to be linearly polarized. Its polarizationn | /\ . The difference betweed... and §.... then reads
direction forms an anglé, with they axis at the input end of Y P by
the fiber. In the general case, the output end of the fiber is ne—n
rotated by an angl@ so that the boundary conditions char- Opx— Opy= 2]
acterizing the laser read

(13
y

For values of fiber length, pumping wavelength, and birefrin-

Epy(2=00) =Eo(1~R)cosy+ R costE,y(z=L,1) gence that are representative of the experimehts {2 m,

—RsINGE,(z=L,1), (109 A=800 nm, andn,—ny= 10" %), the termL(n,— ny)/\ is
approximately equal to 1500. In these conditions, we can
Epx(2=01t) =Eq¢(1—R’)sinfp+ R’ COSOE ,(z=L,1) choose to_writeSpX— dpy as the sum of a multiple of2 and

of a term ¢, comprised between 0 andn2
+R'siNOE, (z=L,t), (10b) o P

. — 8yy=27]"+ by
R'Eey(2=01) =Eqy(z=L,t)sin 0+ Eg,(z=L,t)cos®, Opx Gpy=2m] "+ ¢p (14

(100 In practice, the values df andn,—n, are not known with

N B _ B . an accuracy better than a few percent. However, even a slight
REy(z=01)=Esy(z=L,t)cosd ESX(Z_L’t)SméE'lOd) relative variation 10 %) of the value of one of these pa-
rameters leads to a change in the numerical valuk (of,

The lengthL of the optical fiber being much greater than that —Ny)/\ that is of the order of unity. Therefore, the param-
of the optical path separating, from M, the delay asso- etersj’ and¢, cannot be accurately defined. This is not very
ciated with the corresponding propagation has been ndmportant for the term Zj’ that can be ignored with regard
glected in the establishment of Eqg&l0). By settingE, to the boundary conditions. It is more problematic for the
=Ape'“r' and by using the expressions given by EG&  value of ¢, that can drastically change if the numerical val-
and (5b), the boundary conditions finally read ues ofL and n,—n, are slightly modified. Obviously, an
kL analogous argumentation can also be developed for the fre-
Apy(z=0t) =Ag(1—R)cosby+ R CoSOA, (z=L,t)e Ty quency detuning parameters characterizing the Stokes wave.
D _ —ikpyl In fact, if one detuning parameter is fixed, the others can be
RsinfAp(z=L,He e, (113 considered as arbitrary. However, if the value of one of them
increases by a given quantity, the value of the others in-

Ap2=01)=Ag(1=R7)sinbo creases by the same quantity. Therefore, we will henceforth

+R’ CosOA,(z=L,t)e Kot consider that
! i _ —ikpyL
+R’sin BApy(Z— L,t)ye "y, (11b 5px: 5py+ (bp’ (153
R'As(z=01)=Agy(z=L,t)sin ge'*ss- Ssy= Boyt ey, (15h)

+A(z=L,t)coshekst, (110
> Osx= 5py+ Dsx- (159

— — — ik L
RAZ=00=Asy(z=L t)cosfems bp. bsy, andes, are arbitrary parameters that are comprised
—Ag(z=L,t)singe'kst, (11d  between O and 2. Let us emphasize that, in the experi-
ments, the values ab,, ¢sy, and ¢, always drift because
A, is the amplitude of the incident pump field and the fre-of slight random changes in the values Iof A, and n,
guency detuning parameters,, =k,L (m=p,s and | —ny . Rigorously speakings,, ¢s,, and ¢s, must be con-
=X,Y) express the fact that the cavity is not necessarily resosidered as stochastic parameters. However, in the present pa-
nant for all the optical waves. It can be easily shown that theper, we are going to assume that they drift sufficiently slowly
frequency detuning parametéy,, (m=p,s) characterizing to be considered as constants during the acquisition time of
anx-polarized wave can be linked to the frequency detuninghe temporal signals=£0.01 9. Therefore, in the numerical
parameter characterizingyapolarized wave through the re- simulations, the parameteds,, ¢, andds, will be consid-
lation ered as time independent and their values will be chosen in
order to obtain the best agreement between theory and ex-
nx_ny) (m=p.s) (12) periments.
ny =P.S). Let us now restrict the problem to the study of the passive
ring resonato(i.e., no Brillouin gainK=K’'=0) operating
At first sight, this seems to show thé},, is perfectly deter- in time-independent regime. We are first going to establish
mined if 8, is known. However, we are going to see thatthe general expression giving the evolution of the intracavity
the length and the birefringence of the fiber are not knowrpump intensity as a function of the frequency detuning pa-
with an accuracy sufficient to link,, to 6, in a simple  rameterd,,. If we neglect the propagation lossé., v
way. Let us suppose that the cavity length is tuned so that0), the fieldsA,, andA,, are independent of and Egs.
dpy Is precisely a multiple of 2. Mathematically, this can (113 and(11b become

1+

Omx= 5my
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Apy=Ao(1—R)cosby+ R cosoA, e %y Na ' '

—Rsin A& "%, (163 o5 L 1

Apx=Ao(1—R’)sing o+ R’ cosgA,e ' %o

+R’singA, e %, (16b) e ' '

The resolution of Eq9(16) allows us to express the normal-
ized intracavity pump field&,,/Aq andAp, /Aq as functions

of R, R, 8y, ¢p, 6, andfy: =2
7))
(1-R’)Rsin@sinfpe "oyt ) %
(1-R)cosfy— 5 —
by 1—R’ cosge ™oy 4p) £
Ay . RR sir?ge 2%yt dp) =
1—Rcosfe %py+ . >
1—R’ cosfe Pyt ép) 8
(179 @
T
A : —_
A (1-R’)sinfy+ R’sinﬁA—we"ﬁpy
- 0 (17b
Ao 1—R’ cosfe %y " ¢p) :

Thex andy directions being orthogonal, the total intendity
of the intracavity pump field is simply obtained by adding

the intensitied ,, andl,, of the two orthogonal fields 0 L L '
27 - 0 n 27
, Apx|? | Apyl? Spy
[o(R,R", 0,600,685y, 0p) =l oyt 1py= A + A _ ' o _ _
0 0 FIG. 2. Evolution of the intracavity intensity as a function of the

( frequency detuning parameté, for various configurations of the
. . . . resonator R=0.36R’'=0.42). The full lines represent the total in-
The parameters, 09' and¢p being fixed, it is now p(_)ssmle tracavity irﬁensity and the 3ashed lines reprezent the intenbities
to plot,I pasa functlon_ofﬁpy for_values of the coefflqem_ﬁ and |, of the orthogonal fields(a) #=0°,d,=0°; (b) 6=0°,6,
andR that characterize the ring resonators studied IN OUL45° ¢ =15; (c) 6=0°6,=45°¢,=2.7; (d) 6=90°6,
previous works R=0.36 andR’' =0.42). As the Stokes in- =0°,¢,=1.5; () 6=95°,0,=0°,¢,=1.5.
tensity directly depends on the pump intensity, the evolution
thus obtained is comparable to experimental recordingghey are orthogonal, the intracavity intensity is the sum of the
showing the variation of the total Stokes power when theintensities carried by each ESOP. 4§=0°, only one of
frequency of the pump laser is slowly swept. them is excited and the light remains always linearly polar-
The first configuration that we are going to consider isized along they axis. The evolution of the intracavity inten-
that in which the fast axis at the input end of the fiber issity is then simply given by a Airy functionlg=1,,) and a
parallel to the fast axis at the output efiee., 6=0°). The resonance is obtained each time thgf is a multiple of 2r
characteristics of this kind of resonator have been extentsee Fig. 2a)]. The frequency detuning parameigy, does
sively studied for applications such as gyroscopes-19. not play any role and the function displayed in Figa)2is
In that case, the finesse is usually very high and in most oindependent ofp,. If 6,=45°, the two ESOP can be ex-
the papers dealing with the behavior of these systems, theited and the evolution of the intracavity intensity is com-
authors follow an approach that consists in using the formalpletely different from that previously described. As illus-
ism of Jones vectors. They first calculate the one-roundrated in Figs. %) and Zc), the parametewp, fixes the
transmission matrix of the light inside the resonator. Therelative positions of the functions,,(8,,) and I,(5py).
transmission of the cavity is then derived by considering theTherefore, its value completely determines the shape of the
loop by loop evolution of the input Jones vector. This functionI,(4,,). This behavior will be retrieved in the ex-
method presents an indisputable advantage: It gives accessgeriments presented in Sec. V.
the eigenstates of polarizatiggSOP of the ring resonator. The other possibility for an ideal polarization maintaining
An ESOP is a SOP that is defined at an arbitrary point of theing resonator is the configuration in whigh=90°. That
fiber and remains unchanged after one round-trip in the cawkind of resonator has recently been the object of several stud-
ity. Mathematically, the ESOP are expressed as the eigenes[20,21]. Its two ESOP are the elliptical states of polariza-
vectors of the one-round transmission matrix of the ringtion that have been calculated in REE1]. Furthermore, it is
resonator. If the polarization maintaining ring resonator isnow well established that the separation between the reso-
ideal, the fiber axes are perfectly alignetis then strictly  nance frequencies associated with these two ESOP is inde-
equal to 0° and the ESOP are simply the two linear polarpendent of changes in temperature and is equal to half the
ization states that are fixed by the main axes of the fiber. A&SR. This behavior strongly contrasts with that of the other
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(a) 0.1
ESOP 1 ESOP 1
ESOP 2 ESOP 2 >
“I_’ ‘—1" Frequency — 005 F A
FSR
(b)
ESOP 1 ESOP1 0
0 5 4n
ESOP 2 ESOP 2 Py
| | | Frequency FIG. 4. “Usual” configuration. Response of the Brillouin laser
FSR FSR. to a slow sweeping of the frequency detuning paraméjg( 0

2 =0°,00=0°,¢s,=3.0).

FIG. 3. Schematic representation of the resonance characteris-
tics of the Brillouin fiber ring laser(a) In the usual configuration ity intensity does not remain constant whatever the values of
(6=0°), theseparation between the resonance frequencies assoafpy- That effect has already been observed in the experi-
ated with the two orthogonal ESOP drifts if the temperature or thements in which the frequency of the pump laser was slowly
pump wavelength slightly changé) In the modified configuration swept[see Figs. @) and 4b) of Ref.[5]]. The alignment of
(6=90°), the separation between the resonance frequencies asshie axes was not perfect and the total Stokes pgwaich
ciated to the two orthogonal ESOP is immune from temperature odirectly depends on the intracavity pump poyemrs found
wavelength changes. to follow an evolution that was quite similar to that presented
or - . i in Fig. 2(e). If a slight misalignment of the fiber axes around
resonator ¢=0°) in which the resonance frequencies asso_qgqe |eads to an effect that is easily observable, it is not
ciated with the two linear ESOP can cross each other if the, . ~ase for values of around 0°. Indeed, numerical simu-
temperature(and consequently the birefringencslightly |a4ions show that slight imperfections in the alignment of the
drifts (see Fig. 3. This immunity f_rom tem_per_ature cha_nges axes (@=10°) do not alter significantly the functiar, pre-
can be very useful for technological applications and in pargenieq in Fig. @). This is confirmed by the experiments
ticular for Brillouin fiber-optic gyros in which a very stable erformed in the configuration of the “usual” Brillouin la-

lasing frequency is required. In the experiments presented i3y, | that case, the accuracy of the alignment of the axes

Ref. [5]. our ring resonator was.pumped with a peam po""?r'was not better than a few degrees, but the modulation depth
ized parallel to one of the main axes of the fiber. In this

) " - . . of the intracavity intensity was constdisee Fig. of Ref.
situation, #,=0° and the input SOP replicates itself after [5]]. y y A 9. )

two round-trips so that the maxima of the intracavity inten-

sity are now periodically spaced af [Fig. 2(d)]. The maxi-

mum intracavity intensity is lower than unity because of the

losses occurring on the mirrdvl; at the end of the first Equations(9) govern the dynamics of SBS in a birefrin-

round-trip. For this resonator, a change in the valuepgf gent fiber. They consist of two independent sets of three

does not lead to a change in the shape of the function preequations. The first one is the usual three-wave model de-

sented in Fig. @), but only induces a global shift in the scribing the interaction of g-polarized pump wave with a

position of the resonances. y-polarized Stokes wave. The second set involves
The previous discussion is related to ideal resonators but-polarized optical waves that experience a gain slightly dif-

in a real polarization maintaining ring resonator, there is alferent from that of they direction. In the two sets of equa-

ways a coupling between the ESOP. It comes from a slightions, the velocities of the optical waves slightly differ. This

misalignment of the fiber axes at the recoupling and it isallows us to introduce two time scales on which the variable

responsible for the fact that the two ESOP are generally nortis normalized with respect to the times taken by the light to

orthogonal. For these conditions, the intracavity intensitypropagate inside the fiber along the two axes:

cannot be written as the sum of the intensities carried by

each ESOP and a perturbative cross term expressing the cou- e C_t S = C_t (19

pling between the two ESOP must be taken into account nL’ n,L’

[18]. However, the nature of the ESOP previously described ) ) )

(for #=0° and #=90°) is not fundamentally perturbed as waousl_y, these time scales are not independent amdsf

long as the misalignment of the axes is slight. Let us recalfixed, 7' is given by

that the relationg17) and (18) have been established by

considering fields propagating along tkeandy axes. As T

these axes are always orthogonal, these equations are valid

whatever the angleg and 6,. This is particularly true when By writing the spatial coordinate in units of fiber length

the ESOP characterizing the ring resonator are not orthogo-

nal. The relation$17) and(18) can thus be used to study the

influence of a misalignment of the main axes on the shape of

the functionl ,(6,,,). Slight variations €&10°) of ¢ around

90° entails a significant change in this functipsee Fig. and by considering that thg- (x-) polarized waves now

2(e)]. Unlike Fig. 2d), the modulation depth of the intracav- become functions of (7') and ¢, the velocities of thex-

IV. NORMALIZATION

I —

ny,—nNn
1+ u) T. (20)

Ny

(21)

"~
Il
N
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andy-polarized waves are thus normalized to unity. The theHenceforth, Eqs(24) and (25) will be our working equa-
oretical and numerical analyses of the model are also facilitions. They govern the dynamics of a Brillouin ring laser
tated by the introduction of dimensionless amplitudes. Ifmade with a polarization maintaining fiber and they general-
Anhax is the maximum amplitude that can be reached by théze the usual three-wave model by including additional de-
incident pump field, we can first define a dimensionlesgyrees of freedom associated with the polarization of the
pump parameter by the relationAy= uA.x. The dimen-  fields. The following section is devoted to a comparison be-
sionless amplitudes,,, of the optical fields are then obtained tween the experimentally observed behaviors and the results

after a normalization with respect 88,.y: obtained by the numerical integration of these equations.
p— Aml p— . p—
emi=p (m=p,s;l=x.y). (22) V. GENERAL FEATURES OF THE LASER BEHAVIOR
max
The amplitudes of the acoustic waves can be rescaled in the 1€ Physical data used to compute the reduced parameters
form appearing in Eq924) and(25) are those commonly found in
SBS literaturd 22]: py,, C5, andpg are, respectively, equal
_ "7 = to 0.286,5.9&10° ms %, 2.21x10° kgm 3. The other
B'_Az XKIP' (I=x.y). (23 parameters characterize the ring laser used in our experi-
_ o ments. The fiber is 12 m long and its core diameter is equal
With these new variables, Eq&®) become: to 2.75 um. At the working wavelength of 800 nm, the
Je Je B average value of its refractive index is 1.45. Furthermore,
a:y [?Ey + 5 epy=—9Byesy, (243 the birefringencen,— n, of the fiber is equal to 10* and its

absorption coefficient is 1:210 °m~1. The widthAvg of

Je Je B f[he gain curve is estimated to_60 MHz and thg Brillouin shift
Y [T (24b) IS wa=2mX (20X 10°) s 1. Finally, the maximum power

ar’ af 2°° available to pump the Brillouin laser is 1 W. The corre-

sponding amplitude,,,4 Of the incident field is then 9.35

agsy_ ’9ssy+§8 —gB*s (240 MV/m. The values of the reduced parameters used in our
ar 9 2°% 9By ey study areg=45.92, 8,=10.93, 8=0.01, andA =0.04. Let
us note that, except fag, these values are identical to those
Jesx 38sx+ B B* o4 used in Ref[1]. The difference between the values of the
PINTY: 2 €sx= 9Bx Epxs (249 parametery arises from the choice made for the normaliza-
tion of the fields. In Ref[1] the fields were normalized to the
1 4B, . maximum electric field launched in the fiber (3.36 MV/m
E ?JFBy:Spyssy' (249 corresponding to a maximum injected power of 0.13 Vi
the present paper they are normalized to the maximum elec-
1 « tric field available to pump the laser.
B T (1+iA)By=gpye ey (24f) Sections VA and VB are respectively devoted to the

study of the behavior of the Brillouin laser operating in the

where B=y.nlL/c, Ba=vy.nlLic, A=c/Ak/y,, and g usual configuration=0°) and in the “modified” configu-
= KK’nLA%a)nyaCl The velocity of the sound being much ration in which#=90°. Intermediate situations correspond-
lower than that of the light, the term corresponding to theing to other values of the angtewill be investigated in Sec.
propagation of the acoustic wave has been neglected in théC. Let us recall that the experiments already presented in
establishment of Eq$246 and(24f). In the ring laser, the Ref. [5] have clearly evidenced the importance of the role

andy directions are coupled by boundary conditions that take?layed by the frequency detuning parameters. In particular,

the normalized form they have shown that an overview of the system dynamics
. can be obtained by slowly sweeping the frequency of the
epy({=0,7)= u(1—R)Ccoshy+ R cosbe , ({=1,r)e %y pump laser. Therefore, in our numerical simulations, we are

going to follow an analogous approach and we are going to
record the response of the laser to a slow sweeping, pf
o o , 4 We will consider the evolution of the following dynamical
ep {=0,7) = u(1=R1)sinGo TR’ cosfep,({=1.7') variables: the intensity, = |e4({=0,7)|? of the x-polarized
X e oyt P+ R’ sinfe (L =1,7)€ %, Stokes component, the intensity,= |e,({=0,7)|? of the
(25 y-polarized Stokes component and the total Stokes intensity

—Rsinfe((=1,7)e oy ) (253

l=lgt1 sy-
Res({=0,7")=eg({=1,7)sin ge' py* ¥sy
A. Behavior of the laser in the usual configuration(#=0°)

+eg({=1,7")cosge Poy* s,
5 If the incident pump beam is linearly polarized along the
(259 y axis (#p=0°), only they direction is relevant and the
R —07)= —1.7)cosfe %oyt Fsy) modpl then S|m'ply reduces to thg thre('a—wave. model. In nu-
e £=0m) = e5((=17) _ merical simulations, the Stokes intensity obviously follows
—eg({=1,7")singe' oy ¢ (250)  an evolution that is similar to that experimentally observed
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FIG. 5. Usual configuration. Response of the Brillouin fiber ring k1. 6. Usual configuration. Response of the Brillouin fiber ring
laser to a slow sweeping of the frequency of the pump ldakand  |aser to a slow sweeping of the frequency of the pump ldaeand
(b) experiments(c) and (d) numerical simulations =3°,60 () Experiments(c) and (d) numerical simulations {=10°,6,
=45°,11=0.197gh,=1.0b5,= 0.5,y = 0.0). 45 = 0.107 b= 3.0,p0y= 6.0boy=0.0).

[see Fig. 2a) of Ref.[5] and Fig. 4. Note that slight changes As long as the value of is sufficiently low (9<10°), the

in the orientation of the output end of the fiber=10°) or  coupling between the andy directions is weak. One can

in the polarization of the input fieldé=10°) only induce  consider that two Brillouin lasers operate nearly indepen-

the emergence of a weak Stokes component polarized alongnyy along the two transverse directions. As illustrated in

thex dllrectlon. Its appearance does not alter significantly thq;ig_ 6, one of them can be above the threshold, whereas the

evolution presenteq inFg. 4. . L other one is below the threshold. The Stokes intensity is then
Le't us now consm'jer'the situation in Wh'(?h the direction Ofalways stable. On the other hand, both of them can emit

p0|aI’IZ§1tI0n _of.the |nC|.dent pump b.eam IS rota_ted S0 thaEimultaneously and unstable behaviors arising from a beating

0p=45°. This is experimentally achieved by using the ex-paneen the two lasing frequencies are observed. The fre-

perimental setup described in R¢8]. Let us recall that it guency of this beating is of the order of a few megahertz in

'”C'“d‘?s a detection pf’:\rt allowmg a pola_lrlzatlo_n rEESOWE’C&he experiments and in the numerical simulations. This value
analysis of the Stokes light. For this experiment, it was onlyiq ¢omparaple to the width of the resonator resonances.
modified by inserting a half-wave plate between the pump

laser and the Brillouin laser. Unlike the situation previously
discussed ¢§,=0°), the twoESOP characterizing the ring
resonator can now be simultaneously excited. When the fre-
guency of the pump laser is slowly swept, the Brillouin laser In the modified configuration studied in R¢&], the fast
then emits simultaneously along the two polarization direc-axis at the input end becomes nearly parallel to the slow axis
tions and oscillations of weak amplitude are recorded abovat the output end §=90°) and the input field is linearly
the thresholdsee Figs. &) and b)]. For appropriate values polarized along one of these axe%0°). By adjusting the

of the detuning parameterg,, ¢s,, and ¢s,, numerical values of the parametegs, ¢, ¢sy, and¢s, it is possible
simulations reveal a behavior that is similar to that experito reproduce global evolutions that are qualitatively similar
mentally observefisee Figs. &) and 5d)]. Another kind of  to that reported in Ref5]. As in the experiments, the laser
situation can also be experimentally observed. If the waveean thus emit a Stokes beam whose intensity is stable for
length of the pump laser is slightly changed@.05 nm), the  almost all the values of,,, [see Fig. 7a)]. For higher values
two ESOP can now be alternately excited. When the freof the pump parameter, unstable behaviors can also be
qguency of the pump laser is slowly swept, the Brillouin laserobserved for appropriate values of the detuning parameters
first emits a Stokes wave that is linearly polarized along thdsee Fig. T)]. The instabilities revealed by the numerical

y direction. A further increase in the frequency of the pumpsimulations are of the same nature as that experimentally
laser leads to the emission of a Stokes wave presenting recorded. They consist of periodic oscillations whose period
strong component polarized along thdirection and a weak is approximately equal to 2 in the reduced units adopted for
component polarized along tlyadirection[see Figs. @) and  the normalizatior(see Fig. 8 This means that they are cor-
6(b)]. It is worth noticing that, except when mode hops oc-related to an effect involving a double round-trip of the light
curs, the Stokes intensity always remains stable. That kind dhside the cavity. Moreover, the antiphase motion between
behavior is also retrieved in numerical simulatigase Figs. the directionsx andy is also retrieved in the numerical re-
6(c) and &d)] performed for an angl® equal to 10°. If the sults. Its existence can be explained in a simple way if we
value of 8 is taken to 0°, the numerical simulations show first assume tha® and 6, are respectively strictly equal to
that the Brillouin laser operates on either thelirection or  90° and 0°. If the values of the pump and detuning param-
the x direction but never simultaneously on the two direc-eters are appropriate, a Stokes pulse can grow inside the fiber
tions (i.e., the weaky component disappears and propagate along one of the main axes. If that axis is the

B. Behavior of the laser
in the modified configuration (#=90°)
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0.035[ ®) 0.06 [2], a sweeping of the frequency of the pump laser entails
two main effects: a periodic modulation of the intracavity
pump power and a displacement of the center of the Bril-

& louin gain curve with respect to the resonance frequencies of
the cavity. As the former effect has already been discussed in
Sec. Ill, we will consider only the latter one. When the center

0 of the gain curve is displaced with respect to the resonance

30 frequencies, one can observe situations in which mode hops
appear with a periodicity of 2 (17 MHz in the experi-
mentg. This is characterized by the appearance of instabili-

s iie] ties in the total intensity of the Stokes wawee Fig. 7a)]. A
way to check that these instabilities are definitely linked to
mode hops consists in following the evolution of the instan-

-30 taneous frequency of the Stokes wave. By writing({

=0,7) asas,({=0,7)€'"s"¢=%7 and by following the evo-

lution of the variable Q=ds({=0,7)/d7 during the
sweeping ofd,,,, one observes discontinuities, allowing one
to confirm that the instabilities can be imputed to mode hops
instantaneous frequenc® of the y-polarized Stokes wave. The [see Fig. Tc)]. The fact that they a.lppe.ar with a periodicity of
numerical values of the parameters & and () u=0.197¢, 2 shows that the Stokes emission involves only one ESOP

=4.9,e,=0.3p5=0.80=100°6,=0° and (b and (d) u  @and thatthe other one does not play any fslee Fig. 8)].

=0.228h,=5.9,p¢,=0.3hs,=0.0,0=100° 6,=0°. When wide ranges of |nstab_|l|t|es are recordédy. 7_(b)],_

the ESOP1 and ESOP2 of Figlh3 have the same Brillouin

y axis, the pulse is first recorded by the detector associateghin. The observed instabilities then result from a mode hop

with they direction. It is then recoupled along theaxis and  from the ESOP1 to the ESOP2. Another mode hop from the

after one round-trip it is detected by the photodiode assoCiESOP2 to the ESOP1 immediately follows the first one. The

ated with thex direction. After a new round-trip along the y fact that it occupies a narrow range of frequencies indicates
axis, it is again detected by the other photodiode. Thereforghat the ESOP1 tends to supplant the ESOP2 in the studied
the pulse is alternately observed in $heirection and in the |aser. This is confirmed in Fig.(d, where one can check

x direction. It experiences losses at each recoupling, buhat, during the sweeping af,,, the Stokes emission pref-

these losses are compensated for by the gain acquired duriggentially involves one ESOP.

the propagation. The previous argumentation has been for-

mulated for waves that are linearly polarized. However, it C. Other configurations (0°<0<90°)

remains valid even if the values éfand 6, are not strictly o ) o )

equal to 90° and 0°. Indeed, in these conditions, the SOP of OUr @im in this section is not to provide a complete de-

the optical waves is not fundamentally perturbed and one Caﬁcrlptlon of the laser behaviors. The paramete.rs characteriz-

consider that they remain nearly linearly polarized. ing the system 4, 6, 6o, ¢p, Psx, andes,) are indeed too
Let us now provide a modal explanation of the behaviordlumerous. For an angl, close to 0°, we are only going to

presented in Figs.(@ and 7b). As already discussed in Ref. consider the results of experiments in which the angle
takes values in the range 690°. In all the situations that

0.04 (@) ' ' ' ' ] have been experimentally studied=¢30°—50°—-70°), the

' laser rather exhibits a stable behavior with mode hops sepa-
rated by a FSR+417 MHZz). This is illustrated in Figs. @)
and g9b) for a particular case corresponding to an angle
0.02- approximately equal to 30°. Let us finally note that for that
kind of configuration (0% #<90°), numerical simulations
reproduce also correctly the experimental behaviwese,
0 I L L L Figs. 9¢) and 9d)].
0.01F (b) E

Is

4T 0

4T

Bpy Bpy

FIG. 7. Modified configuration(a) and (b) Response of the
Brillouin fiber ring laser to a slow sweeping of the frequency de-
tuning parametes,,,, and(c) and(d) corresponding evolution of the

sy

VI. CONCLUSION

8X

The polarization dynamics of a Brillouin fiber ring laser
0.005 has been studied both experimentally and theoretically. The
usual description of SBS in birefringent fibers has first been
revised by considering that the pump beam is not necessarily
0 ! L i L polarized parallel to one of the main axes. The adopted ap-
o 4 8§ 12 16 20 proach consists in considering that the optical fields can be
T decomposed with respect to the two orthogonally polarized
FIG. 8. Modified configuration. Periodic instabilites and an- modes supported by the fiber. The equations then derived
tiphase response of the Brillouin fiber ring lasqr40.2285,,  generalize the three-wave model by including additional de-
=3.2,$5=5.9,¢sy=0.3¢5,=0.0,0=100°,0,=0°). grees of freedom associated with the polarization. By com-
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@ © 0.04 [6,7,23. The polemic was essentially related to SBS dynam-
ics in long fibers with or without external feedback. For re-
alistic values of the physical parametéasd in particular the

-*g = n, Kerr coefficien}, it has been shown that the ratio of the
] = Kerr to Brillouin nonlinearities is around 0.016]. Even in
¥e) long fibers, the Kerr effect remains always perturbative so
< 0 that models incorporating only a Brillouin nonlinearity are
’g ©) @ 0.007 vew_often sufficient to descri_be correctly the dynamics of_the_
o studied systems. In our particular case, the laser dynamics is
P properly described by a model involving only the Brillouin
2 = effect even when the input pump power is sufficiently high
% * to induce the emergence of a second order Stokes component
[1]. These considerations associated with the fact that our
o experimental and theoretical results are in good qualitative
Frequency(MHz) 350 8oy 4T agreement confidently allow us to neglect the Kerr effect in

the establishment of the model.

FIG. 9. Response of the Brillouin fiber ring laser to a slow From a theoretical point of view, an analytical study of
sweeping of the frequency of the pump las@. and (b) Experi-  the laser steady states could now be envisaged within the
ments (¢) and (d) numerical simulations #=0.1975=30°,6, framework of the model previously established. It could lead
=0°,¢,=6.0,05y=0.3,65,=0.8). to interesting results concerning the threshold conditions for
the growth of thex- andy-polarized Stokes waves. Further-

pleting them with appropriate boundary conditions, we hav ore, our numerical and experimental study is related to the

obtained a model describing the polarization dynamics of ehavior of short-length Brillouin fiber lasers. For longer la-

Brillouin fiber ring laser. The system behavior has then beertt's much more longitudinal mod_es can compete for gain
gnd one can reasonably expect a richer dynaxeesntually

studied by numerical simulations that have revealed result i haosH that kind of act ;
qualitatively similar to that experimentally observed in vari- presenting ¢ _a()s owever, that Kind ot conjecture requires
further experimental and numerical studies.

ous configurationgi.e., for various orientations of the fiber
axes and various orientations of the polarization of the inci-
dent pump beam

SBS is the only nonlinear effect that has been taken into The Centre d’Etudes et de Recherches Lasers et Applica-
account in the establishment of our model, but another nortions (CERLA) is supported by the Ministe Chargede la
linear effect prone to influencing the system dynamics is th&Recherche, the Rgon Nord/Pas de Calais, and the Fonds
optical Kerr effect. The relevance of the inclusion of thatEuropen de Deeloppement Economique desdRens. This
kind of nonlinearity in models describing SBS in fibers is awork is partly supported by the European contract “Intereg
subject that was extensively discussed a few years agib Nord-Pas de Calais/Kent.”
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