CHAPTER 3:

Generation of Brillouin Fiber Lasers

In order to explain how we can generate an adwhBeg#louin fiber laser
(BFL) which is one of the objectives of this thesig firstly have to know how
BFLs can be generated. Therefore, at the first,rex@ew some experimental
results about Brillouin scattering, stimulated Buwin scattering (SBS) and its

threshold, as well as the effects of some factach @s the Brillouin pump (BP)
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linewidth and the length of single-mode opticalefib used in this work on the
SBS. Then, we pay attention to the generation dfsBR the ring and Fabry-Perot
cavity configurations. Finally, our work will be ogared to the earlier work in
extracting high efficiency BFLs and multiwavelend@kLs, as an application of

BFLs, will be presented at the end of this chapter.

3.1 Observation of Stimulated Brillouin Scattering (SBS

As mentioned in the last chapter, the frequencscattered light, known as
(BS), is shifted downward due to the Brillouin $eahg phenomenon. This can be
described classically as an inelastic process iiciwthe incident light is scattered
by the acoustical vibrations generated due therelgdction phenomenon which
is the tendency of materials to become compresséelei presence of an electric
field. The acoustical vibration can also be intetpd as the moving grating co-
propagating with the BP in the forward directiontBat the reflected wave has a
downshifted frequency due to the Doppler Effecthe backward direction. By
using the configuration shown in Fig. 3.1, a BS &v@an be obtained readily as

demonstrated in Fig. 3.2 by using an Optical SpectAnalyzer (OSA).

SMF 25km
OoC
Port2 BP
BP Port 1 @
Port 3 BS

A 4

OSA

Fig. 3.1: Configuration set-up for Brillouin scattering (B&tection
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Here, we use a Tunable Laser Source (TLS) as tiun pump (BP) with
power approximately 5 dBm at the wavelength 1550 amd the BP wide
linewidth 124 MHz. The BP is launched to the 25 &imgle-mode fiber (SMF)
through ports 1 and 2 of the optical circulator {Q@hich not only protects the
TLS from any reflected light but also provides théput in port 3 for BS power
detection using the optical spectrum analyzer (O8#) a resolution of 0.01 nm.
Fig. 3.2 shows the reflection spectrum power froma EMF as it is detected by
OSA in the output. The anti-Stokes, the BP Rayle®gftection and the Brillouin
Stokes have powers of about -48.3 dBm, -28.1, 4d4db-dBm, respectively. The
BS light wavelength is shifted upward by 0.087 nronf the BP wavelength
whereas the anti-Stokes wavelength is downshifieithé same amount but shifted
upwards instead due to four-wave mixing. Although wge an optical fiber as the
Brillouin cell to observe Brillouin scattering, ¢éan be a gas, a liquid, or any solid
with applications in high-power solid-state mastescillator power amplifier
(MOPA) systems which provide average output powsgxs$o kilowatt range with

diffraction-limited beam quality [1].

BP Reflection
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Fig. 3.2: The output spectrum detected by OSA. BP refleciordue to BP
Rayleigh scattering whereas the Brillouin StokesSS)(Bvave is generated by
Brillouin scattering phenomenon. The anti-Stokesvevas due to four-wave
mixing between the BP reflection wave and the Stakave.

The beat frequency between the scattered BS wadehenincident BP
light is equal to the frequency of the acoustic &aWhen the interference of the
laser pump light and the Brillouin Stokes wave f@ices the acoustic wave, it, in
turn, causes the amplification of the scatteredldsin Stokes wave so that
stimulated Brillouin scattering (SBS) happens.dntf the interaction between the
incident wave and the scattered wave in the Biilla@ell can become nonlinear if
the interference between the two optical fields caherently drive an acoustic
wave either through electrostriction or throughalodensity fluctuations resulting
from the absorption of light and consequent tentpeeachanges. The pump
power at which SBS is suddenly increased is caledBrillouin threshold power.
Even though the nonlinear Brillouin process is acfion of the incident light
intensity, in using any gas, liquid or solids, styer focusing does not decrease the

SBS thresholds. The reason for this behavior isréldeiced active volume when
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stronger focusing is applied. One way to reduceBtikouin threshold power is
the use of waveguide structures which have beed inseptical fibers [2],[3],[4]
and in capillaries [5] where a high intensity istasbed along the full length of
fiber in contrast to the bulk geometry. Neverthgle$ very narrow waveguide
diameters are used, damage of the incident sunfiaaddition to volume damage
inside the capillary are the limiting factors fbetmaximum power.

In order to further study the SBS effect, we haveapply a higher BP
power to reach the SBS saturation power. Therefiorghis work, an Erbium
doped fiber (EDF) amplifier (EDFA) is used to botis¢ TLS output power. In
this case, the combination of the TLS and EDFA alled the Brillouin pump
(BP). The EDF used in the experiment hasEaif ion concentration of 440 ppm,
a numerical aperture of 0.21, and a cutoff wavele®g@0 nm. The EDF is pumped
by a laser diode at the pump wavelength of 980 rith the maximum output
power of 60 mW. As a result, we prepare the BP withmaximum output power
about 14 dBm. By changing the BP power, we cantlseesvolution of the anti-
Stokes, the BP reflection, and the Brillouin StokEse results are shown in Figure
3.3 in which the increase in the peak power ofahg-Stokes, the BP Rayleigh
reflection, and the Brillouin Stokes are demonsuldbr various BP powers from 1
dBm to the maximum pump power of 14 dBm. With th& dB increase in BP
power as shown in Fig. 3.3, , the Brillouin Stokesver is boosted by 45 dB due
to the SBS effect whereas the peak power of theSaokes and the BP Rayleigh

reflection are increased by only about 7 dB andB2espectively.
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Fig. 3.3: The evolution of anti-Stokes, Rayliegh back scatteBP, and Brillouin
Stokes is demonstrated by changing the BP powénoAgh the peak power of the
anti-Stokes and the BP reflection is not changednoigh, the Brillouin Stokes
peak power is increased a lot due to the SBS effaacreasing BP power from 1
dBm to 14 dBm with the same BP linewidth of 124 MHz

3.1.1 Effect of BP Linewidth on the SBS
In Eq. (2.103) of the pervious chapter, it is nemed that the SBS

threshold power increases by the factbt (Av,/Avg)] where Ay, is the BP

bandwidth andAu; is the Brillouin gain bandwidth or FWHM of the Bouin

gain curve which is typically of the order of tesfsMHz, for example 35 MHz in
fused silica with a BP wavelength of 1550 nm [6hu$, the Brillouin threshold
power is reduced when a narrower BP linewidth isdusJsing the narrow BP
linewidth 15 MHz, we repeat the procedure leadmdrig. 3.3 and the results are

shown in Fig 3.4.
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Fig. 3.4: The evolution of anti-Stokes, Brillouin Pump (BRayleigh back
scattered BP, and Brillouin Stokes at various BRvgyoobtained by using the
narrow linewidth 15MHz.

As shown in Fig. 3.4, the Stokes peak power forpBer 10 dBm and above is
much higher compared with the pervious BP powdfign 3.3. This is due to the
usage of BP narrow linewidth which reduces the $B®shold power and the
Brillouin peak power. With BP linewidth of 15 MHihe peak power of the anti-
Stokes and the BP Rayleigh reflection are increasdy about 8 dB and 7 dB
respectively, whereas the Brillouin Stokes powdydested by 57 dB when the BP
power is increased from 1 dBm to 14 dBm.

Fig. 3.5 shows the Brillouin Stokes (BS) peak pomerasured against the
BP power at the wide and narrow BP linewidths afwlil5 MHz and 124 MHz,
respectively. As shown in Fig. 3.5, the narrow \Wdth contributes to a higher
output power of the BS and a lower BS operatioaghold. In the BP power range

lower than -2 dBm, the BS peak power for the bokhliBewidths of 15 MHz and

64



124 MHz increase linearly as the BP power increadesvever, as the BP power
exceeds the critical power value, the BS powerdigpncreases. The slope of the
graph is approximately measured to be about to aril 1.24 both before and
after the critical power levels for the BP linewidtof 15 MHz and 124 MHz,
respectively. Defining the SBS threshold power tss BP power at the critical
power level, we can obtain the SBS threshold Pawech is at approximately 5
dBm and 12.5 dBm at the BP linewidths of about 1%zMand 124 MHz

respectively, as shown in Fig. 3.5.
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Fig. 3.5: Brillouin Stokes peak power versus BP power in gighe different BP
linewidths 15 MHz and 124 MHz; see section.Ahen BP power is above 0
dBm, the BFL peak power increases more in usin@@®dinewidth 15 MHZ than
124 MHz due to the reduction of the Brillouin thnekl power.

3.1.2 Effect of the Fiber Length and Effective area on SB

The nonlinear interaction depends on the trarsonidength and the cross-

sectional area of the fiber. By using a longer li@kgth, more interactions and a
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stronger effect of the SBS will be obtained as rdkof nonlinear phenomena.
However, as the signal propagates along the liskpower decreases due to fiber
attenuation. Thus, most of the nonlinear effectsupat the input part of the fiber
span and diminishes as the signal propagates. B& tBreshold power also
decreases by a fact@/L ., , )n which L_.is proportional to the length of the
fiber according to Eq. (2.99). In factnodeling this effect can be quite
complicated, but in practice, a simple model assuthat the power is constant
over a certain effective length, ; this modelhas proved to be quite sufficient in
understanding the effect of nonlinearities suctSBS. Suppos®o denotes the
power transmitted into the fiber anB(z) = P,exp(~az denotes the power at
some distance z along the link, wherés the fiber attenuation. If L denotes the

actual link length, the effective length (see Bd), L, defined by:
z=L
PL, = j P(2)dz (3.1)
z=0

which yields exactly Eqg. (2.99). This length,,is chosen in a manner that the

area under the cun®z) = Pyexp(az plotted in Fig. 3.6 (a) is equal to the area

of the rectangle in 3.6 (b).
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Fig. 3.6: Effective transmission length calculation is degitt (a) A typical
distribution of the power along the length L of &kl according to
P(z) = P,exp(-az). The peak power isPo. (b) A hypothetical uniform

distribution of the power along a link up to defitne effective length_ , . This
length L is chosen in a manner that the area under thesgarfa) is equal to the
area of the rectangle in (b).

On the other hand, the SBS threshold saturates thlecfiber length is longer than

a certain valugll/ a) wherea, the attenuation constant, is a measure of tittef f
loss from all sources. In our case =0.192 (dB/km)=0.0437 (km)* so
thatL, =2287 km.

In addition to the fiber lengthhe effect of nonlinearities also increases with th
intensity in the fiber. For a given power, the gy is inversely proportional to
the area of the core as demonstrated by Eq. (2f@0$BS threshold power. Since
the power is not uniformly distributed within theoss section of the fiber. It is

convenient in fiber optics literature that one uaeseffective cross-sectionatea
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A, (see Fig.3.7). The effective area is related toattteal area A and the cross-

sectional distribution of the fundamental mdélg,6) by:

_[[[Fc.o)f rdrde)
[f|F(.9)"rdrde]

(3.2)

where (,8) denotes polar coordinates. The effective arealedined above, is a

very important parameter which most nonlinear é¢ffesuch as SBS can be
expressed in terms of the effective area for tmeldunental mode propagating in
the given optical fiber. As shown in Fig. 3.7 (the intensity distribution in a fiber

is nonzero only for an ared, around the center of the fiber.

For example, the effective intensity of a propaggtilaser beam is given

byl 4 :A\%’ where P is the power of the laser beam, in orderatoulate the

impact of the nonlinear effect as we will see belde effective area of SMFs
and DSFs is typically about 8Bn°and 5Qum?, respectively, whereas for DCFs it

is even smaller in order to exhibit higher nonliniges.
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Fig. 3.7: Effective cross-sectional area is depicted agaivestadius of the fiber.

(&) A typical distribution of the signal intensigfong the radius of the fiber is
demonstrated. (b) A hypothetical intensity disttibn of, equivalent to that in (a)
for many purposes, shows an intensity distributiwat is nonzero only for an area

A around the center of the fiber.

In this work, by observing the spectra in the sanamner that obtained in
the Figs. 3.3 and 3.4 and by using different lesgththe optical fiber, the effect
of the fiber length on the peak power of the antk8s, BP Rayleigh scattering,
and Brillouin Stokes can be investigated. Theltesue shown in Fig. 3.8 (a) and

(b). In this experiment, the BP power is fixed atdBm.
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Fig 3.8: Effect of the fiber length on the peak power ofi-&tbkes, Brillouin
pump (BP) Rayliegh scattering (BPRS), and Brillodtokes. The applied BP
peak power is approximately 14 dBm with (a) theaMidewidth 124 MHz and (b)
the narrow linewidth 15 MHz. The anti-Stokes peakver is also changed since
anti-Stokes is generated by four-wave mixing betwdzillouin pump (BP)
Rayliegh scattering and Brillouin Stokes waves astioned before in Fig. 3.2.
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As shown in these figures, the Brillouin Stokes powicreases as the length of
SMF reaches the effective lengtly due to the increased interaction along the
fiber. The used fiber lengths 1 km, 2 km, 3 km, M, km, and 25 km are
according to the available fiber lengths in ouroiaory. In addition, with the
same fiber length, Brillouin Stokes power is higivren narrower BP linewidth is
applied due to the dependence of Brillouin thregtpmwer on the BP linewidth
which was mentioned before in Eq. (2.103). The cddn of the BP Rayleigh
scattering power in the usage of the 25 km fibegtle is due to BP depletion

occurring during SBS process.

3.1.3 Evaluation Methods of the SBS threshold

In using Eg. (2.103) for determining SBS threshplwver, we have to

know the Brillouin gain peakg which is an intrinsic parameter related to the
material. The typicag® value of fused silica glass is abagf’ =5x10™"'m/ W

[7]. However, it was reported that the effectigf’ value in a single-mode fiber is
closely related to the refractive index profile.[Blence, exact measurement of the
Brillouin gain is needed to evaluate the SBS tho&sipower in an optical fiber
using Eq. (2.103) [9].

In practice, different definitions for estimatinget SBS threshold power

have been proposed in literatures as the following:

1) The input BP power at which the emerging backseadt@ower equals

the input power [6], [10].
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2) The input BP power at which the Stokes power eqtiastransmitted
power [11], [12].
3) The input BP power required to produce the Stgi®sger at the level of
Rayleigh back scattering power [13].
4) The input BP power at which the Stokes power betpriacrease rapidly
or equivalently, the transmitted BP power beginbdaturated [14], [15].
5) The input power at which the Stokes power at therfinput is equal to 1%
of the input BP power at this point [16], [17].
6) The input power level at which the reflected BP powecomes 4% of the
input power [18].
The first definition of SBS threshold power impliB® power at which Stokes
power reflected out of the fiber begins to exceleel power launched into the
optical fiber. However, it seems impractical sinte backscattered power is
always less than the input power due to pump depleThis assumption is based
on the idea that the Stokes wave builds up dukd@mplification of spontaneous
noise in an optical fiber. However, it was showatttiefinition (1) corresponds to
the input BP power at which the Stokes power egapjgoximately 10% of the
input power at the near end of the optical fibérwhs also reported that by
choosing the definition (5) for the SBS thresholawvpr, the factor 21 in Eq.
(2.102) should be replaced with the number 18 [lt7$. important to note that the
definitions (1), (3), (5) and (6) have an advantager (2) and (4) in which BP
saturation or BP depletion is the indicator signfdct in the definitions (1), (3),
(5) and (6), only two absolute power measuremeritshe input and the
backscattered power are needed rather than thieer ppeasurements in methods

(2) and (4) where it is also a requirement to iatBdhe transmitted power.
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Fig. 3.9 (a) and (b) show the peak power of the-Stukes, BP Rayleigh
scattering and Brillouin Stokes against the BP peakver at different BP
linewidth of 124 MHz and 15 MHz, respectively. Inder to find the SBS
threshold in this work, the definition (3) will hesed since the three peak power of
the anti-Stokes, BP Rayliegh scattering (BPRS) thiedBrillouin Stokes can be
detected simultaneously. SBS threshold power isluated by using the

intersection of the BP reflection and the Brillodtokes.
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Fig. 3.9: Evaluation of SBS threshold power by using thesrsgction of BP

Rayliegh scattering (BPRS) and Brillouin Stokes B# linewidth (a) 124 MHz

and (b) 15 MHz. The threshold power is the corradspty BP peak power of the
intersection point.

Fig. 3.9 (a) and (b), the intersection for wide aadrow BP linewidths are
measured to be approximately 12.6 dBm and 6 dBspedively. Thus, the
Brillouin threshold power for a free end SMF witHemgth of about 25 km are
12.6 dBm and 6 dBm in using a BP linewidth of 124HMand 15 MHz,
respectively.

For applications involving SBS, such as Brillodiber lasers, Brillouin
amplifiers, microwave signal processors, opticakses, and gyroscopes [19],[20],
it is desirable to have a medium that has a lamj®&n gain coefficieng, given
by Eq. (2.81) in order to reduce the SBS threspolder and also the fiber length

for the usages in compact devices. Although magstals and organic materials
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are reported to have a large Brillouin gain coéfit [21], many are difficult to

draw in the form of optical fibers. So far a numbémon-silica based fibers are
successfully drawn into optical fibers, which irgédu tellurite, bismuth, and
chalcogenide glass fibers. These optical fibersehi@rge nonlinear Kerr and
Raman gain coefficients, and thus have potentiglieations in high-speed optical
signal processing [22],[23]. A tellurite fiber withrelatively large refractive index
of about 2.028 which is about 40% higher than tfagilica [24], is expected to

exhibit a large Brillouin scattering coefficientnse it is proportional to the

material refractive index raised to the power obwtb7 (n’) [25]. Chalcogenide
fiber is also reported to have a Brillouin gain ffieeent about two orders of
magnitude larger than of silica-based fibers [26].

In addition, it is also known that the SBS threshodn be decreased using
feedback. Different loop schemes providing the liee#t for bulk SBS materials
were investigated [27]. In these methods, pathefBrillouin Stokes’ light is fed
back into the SBS material. Using this feedbackel&seeding of the SBS process
takes place; thus the SBS Stokes’ signal increasethe same time, a part of
undepleted residual Brillouin pump light is alsal fieack into the SBS cell. The
injection of the undepleted Brillouin pump also dmses the SBS threshold
further due to the intensifying of the injected BFhis is an important issue
because fibers, due to the existence of high iitteasn their small core have
already reduced the SBS threshold by many ordensagiitude compared to the
bulk material. Nevertheless, a further SBS threginetiuction which is possible by
using a feedback scheme would be of interest eslhedor continuous wave
(CW) and quasi-CW lasers with medium average pawehe range of several

tens of Watts. It was also shown that even Fressftdction at the fiber end
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surface can decrease the SBS threshold; howevehaatic behavior of the
reflected Brillouin Stokes’ light results by usingry long fibers in the feedback
mechanism [28]. In the following section, the vasokinds of feedback

mechanism will be discussed.

3.2Generation of Brillouin Fiber Lasers

In this section, the feedback schemes in the fdrnng cavities and linear
cavities will be demonstrated to generate Brillo8itokes’ oscillation which,
in turn, causes Brillouin fiber lasers (BFLs) geatem. Typical linear and ring
cavities which are used for generating linear ang BFLs are shown in Fig.
3.10 (a) and (b) respectively. In the linear cavibe linear laser is assumed to
have two counter-propagating BFL beams at the laseelength whereas in
ring cavities, only one unidirectional BFL beam gaopagate in the opposite
direction with respect to the BP direction duelte Brillouin scattering feature

in optical fibers.

Input Output
mirror _ mirror
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Py ——— PR )
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76



in
Input / Pp
Coupler y

Loss=1—¢&,

4

Output
Coupler
Loss =1 —¢, &
| K 1 —'K\P
SMF : Las

(b)

Fig. 3.10:Brillouin Fiber laser configurations for (a) limdaser and (b) ring laser.

For the linear laser shown in Fig. 3.10 (a), thi#-Hand side mirror has
reflectivityR,, and the right-hand side mirror has reflecti®ty, at the lasing
wavelength. Both mirrors are transparent at thepumvelength so that the pump

has only one pass through the fibE,l“. is the pump light that inputs to the optical

fiber. Single-pass transmissions &f ands, account for intracavity components
such as tuning elements and the fiber-to-mirroptiag loss for each discrete loss
elementsAt any point in the fiber, there is pump light pegating to the right and
a laser light standing wave that is a superpositibnight- and left-propagating

laser lights.
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The output laser powe?_ is given by
P.s = A-R,)&,P”" (3.3)
where P> is the power at the fiber-laser wavelength aufthe right hand side

end of the optical fiber.

The nonlinear dynamics of Brillouin fiber lasersayg an important role in
fiber optics. Under the one-dimensional approxiorativhich is customary in
single-mode fibers (SMFs), SBS is fairly well ungtend in the frame of the
coherent 3-wave model of SBS [29], [30], as memtbhefore in Egs. (2.104) and
(2.105). This model accounts for perturbative @dti€err effect and spontaneous
noise [31]. Brillouin fiber laser (BFL) devices ekt periodic, quasi-periodic [32-
35], chaotic [36], and even solitonic super- and-Euminous pulse propagation
[37], [38], as well as self-stabilization of thegde which yields ultra-coherent
regimes leading to BFL linewidths as narrow asva fiertz [39],[40]. Due to the
very high Brillouin gain in a long enough single-tedfiber which allows very low
finesse and reinjection rates, BFLs are fairly demip operate with only tens of
mW of Brillouin pump. According to the modal anaty/$41], the linear laser and
the ring laser globally exhibit the same dynamiaspending on the fiber length,
three distinct dynamical behaviors can be distisiged:

() For fiber lengths lower than a critical valuewhich is 48 m in ring cavities

and 11m in ring cavitieshe SBS emission remains stable for any input pump
power. This can be interpreted within the framewofka modal analysis. In
this case, the cavity free spectral range (FSRdimsparable with the width of
the Brillouin gain curve, and only a few modes eaperience gain. Near the
threshold, only the mode that coincides with theteeof the gain curve has

sufficient gain to overcome the resonator losseb @an oscillate. Since the
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Brillouin curve is homogeneously broadened, theerlaalways remains

monomode as the input power increases [42].

(i) For long enough fibers, the SBS emission istahle just beyond the

threshold. In this case, the resonator FSR is sl ¢hat many of the modes

close to the center of the gain curve nearly eeper the same gain and can

oscillate simultaneously near the threshold. Theads to the unstable

behaviors observed in previous works [43-48].

(i) The transition between the dynamical behasiabserved in the two

previous cases (short and long fibers) occurs ensidange of intermediate

lengths. The SBS emission, stable and thereforeomode near the threshold,

becomes unstable for sufficiently high pumping lsve

Note that, for any fiber length, the "Brillouin mor" regime may be
reached by sufficiently increasing the pumping levEhe modal analysis,
previously introduced in order to describe the faskeehavior near the threshold,
also allows us to explain the difference betweenwvailues of the critical lengths
obtained for the ring laser (48 m) and for the laPerot laser (11 m). For a given
fiber length, the Fabry-Perot FSR is half thatla# ting cavity. Thus, if the two
resonators had the same quality factor, the crigayth characterizing the Fabry-
Perot would be half that of the ring laser (i.et,r8). However, in the numerical
simulations used in the modal analysis [41], thieri~#erot quality factor is much
lower than that of the ring cavity so that the styaverlapping between modes
then favors their competition and the critical l#n reduced (< 24 m).
The next section discusses generation of BFL im@ gavity in which we

propose a new ring-cavity configuration which casult in higher BFL power in
comparison to the traditional one [49]. Then in fbhkowing section, the linear

cavity BFL will be discussed in which the generataf the enhanced BFL will be
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explained by proposing a new linear cavity confagian in fiber optics [50].
Finally we pay attention to our work in the linezvity BFL generation in which

two Bragg gratings are used instead of the mirf%ith

3.2.1 Brillouin Fiber Lasers with Ring Cavities

Stimulated Brillouin scattering in a continuous wgwmped low-finesse
fiber ring resonator is called Brillouin fiber ringser (BFRL) when the closed-
loop gain exceeds unity so that Brillouin amplifioa overcompensates the ring
cavity loss. Thus, a cavity length of several ngetsrrequired to obtain threshold
power in the milliwatt range by preparing the SBfhilmear gain. The bandwidth
of the Brillouin gain is very narrow, typically fr@ 20 to 50 MHz for the
wavelength in the near infrared region, but its niagle is fairly small [52]. But
long cavities result in narrow resonance in thegdency domain and sub-
Megahertz linewidth of cavity modes as soon ascthaty length exceeds a few
meters and sub-Megahertz linewidth of cavity modesbserved as soon as the
cavity length exceed a few meter. Therefore, BHlesgenerally constructed in an
all-fiber, high-finesse ring-resonator arrangementachieve low laser threshold
and efficient operation [53]. BRFLs have attraatedsiderable interest because of
their varied type of dynamic behavior [54-59].Oriéle most important features
of BFRLs is the existence of periodic intensity mladion in the created Brillouin
Stokes signal. This effect, called self-pulsing haen studied in detail [54].

When studies of BRFLS were first formulated, ntoimation about the
instability of SBS was given since the transierfe@f of the acoustic wave and
optical Kerr effect inducing self- and cross-phasedulations were neglected in
this model [60]. A more realistic formulation ofetfiber ring laser was then given

by the coherent three-wave model, considered iraimipg Egs. (2.104) and
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(2.105), [46], [61] where the acoustic damping wasen into account, and then a
Hopf bifurcation between steady and pulsed regimas evident [55]. It is also
known that SBS instabilities including periodic, aguperiodic and chaotic
oscillations may arise only when the length offther cavity is large enough [54],
[56]. The experimental results also show that thédgin emission is stable for a
short fiber at any input power [56]. Therefore, tbhysical origin of the
instabilities in a BFRL is attributed to the exmste of a large number of
longitudinal modes beneath the Brillouin gain curather than to the optical Kerr
effect [54], [58]. Moreover, it is generally coneréd that the SBS instability,
especially the self-pulsing phenomenon may be sg3ed by the use of a short
and high-finesse cavity [58]. In such a cavity, theeshold of SBS would be
greatly reduced [62], [63] and the transient Stokesnsity in the ring could
significantly exceed the steady-state value [60].

In most of the previous papers about the SBS efilech fiber ring
resonator, both the pump and Stokes waves have dm®med to be resonant
within the cavity. The linear phase detuning of theity for either the circulating
pump wave or Stoke wave has not been consideredettw, it should be noted
that this assumption is very rough and even incorvéhen the finesse of the

cavity is high enough. In fact, the difference bedw the total linear phasg,

(accumulated by the pump wave) amdaccumulated by the Stokes wave) per

round trip of the cavity is much larger than thegmgude 272 even if the length of
the fiber resonator is several centimeters. Irghfinesse ring resonator, since the
circulating pump power depends strongly on thedinphase detuning of the

cavity, the difference betweep, and ¢ must be considered in the theoretical

calculation.
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Fig 3.11 shows two configurations of the ring Bfh.optical fibers, since
the frequency shift of the Brillouin Stokes vanishie the forward direction which
is the direction of the Brillouin pump (BP) prop#éga, according to Eq. (2.58),
Brillouin Stokes propagates only in the backwangdton in respect to BP. In
this study, a new BFL ring cavity configuration psoposed using components
similar to the conventional BFL, but the new BFLsta higher output power as
compared to the conventional BFL. The experimeséalip for the conventional
BFL configuration is shown in Fig. 3.11 (a) in whia 3-dB coupler and a 25 km
single-mode fiber (SMF) act as a ring resonatore &hti-clockwise propagating
BFL is routed to the Optical Spectrum Analyzer (QSAa the 3 port optical
circulator. Fig. 3.11 (b) shows the new configwsafi which uses components
similar to the conventional configuration. In the®nfiguration the resonator
consists of an optical circulator, the coupler dhd SMF. However, here, the
coupler is placed between the SMF and port 3 obfitecal coupler extracts only
the counterclockwise output BFRL power detectetheyOSA. The SMF which is
spliced between ports 2 and 3 of the optical catul through the coupler to
generate the BFL ring resonator. The SMF is 25 kniength and has a cut-off
wavelength of 1161 nm with a zero dispersion wavgtle of 1315 nm and a mode
field diameter of 9.36 um. Both BFRLs are pumpedhyexternal cavity tunable
laser source (TLS) as the Brillouin pump (BP) wdhmaximum power of
approximately 5.5 dBm in the narrow linewidth s&iti Due to the maximum BP
power limitation and the Brillouin threshold redoct, the trend of BFRLs can be
studied better by using the narrow BP linewidthMBz. In the Fig. 3.11(b), the
Brillouin pump (BP) with the 15 MHz linewidth isjected into the SMF from port
1 through port 2 of the optical circulator in aaktwise direction. The backward-

propagating SBS generated oscillates inside thensetsr in anti-clockwise
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direction to generate the Brillouin laser, whicltaipled out using a 3 dB coupler.
The optical circulator which protects the TLS framy BP reflection is also used
to force the unidirectional operation of the lasethe cavity although SBS in the
SMF propagates only in the backward direction duthé SBS feature. The laser
output is characterized using an Optical Spectrumalyzer (OSA) with a

resolution of 0.015 nm.

Optical
Circulator
Port 1,—~. Port 2 Coupler
BP or m or
Port 3
OSA
(@)
SMF 25km
SMF 25km
Optical
Circulator
BP Port 1/\ Port 2
P B
Port 3
Coupler
(b)
OSA

Fig. 3.11:Experimental set up for the generation of (a) mveational BFRL and
(b) the proposed new configuration BFRL.
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The results are shown in Fig. 3.12 which compdresoutput spectrum for the
conventional BFRL and the proposed new BFRL comégan. The 3-dB coupler
(50-50) allows half of the light to oscillate inetltavity and another half to couple
out as the output of the BFRL. Both BFRL configioas generate a Brillouin
laser at around 1550.1 nm, which is 0.08 nm lornigan the BP wavelength. The
anti-Stokes signal is also observed at a shortereleagth due to four-wave
mixing between the BP wave and the Brillouin Stok@se. The proposed BFRL
configuration of Fig. 3.11(b) shows an output ppakver of -0.5 dBm, which is
5.7 dB higher compared to the conventional conéigan in Fig. 3.11(a). The
anti-Stokes signal also shows a 1.8 dB incremesignal power. Even though the
cavity loss is smaller in the conventional confafion due to using only the SMF
and the coupler in the ring resonator, the propasmdiguration is configured
such that the SMF receives more BP power. In otleeds, the higher BP power
generates higher back-propagating Brillouin Stgkeser and the Brillouin gain
in the cavity. Therefore the BFL and the SBS atk8s powers are higher in the
proposed BFL configuration as compared to the cothwmeal BFL configuration.
The Brillouin crosstalk effect also causes the -&tkes and BP Rayleigh

reflection power to be transferred to the BFRL powe
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Fig. 3.12: The Comparison of the BFRL output spectrum betwdba
conventional configuration (a) and the proposedfigaration (b) shown in Fig
3.11.

Fig. 3.13 shows the BFL output spectrum of the psag new configuration of
Fig. 3.12(b) at the different output coupler ratidtie BP power is fixed at 5.5
dBm and the length of SMF is 25 km in all the meaments. The line spacing is
approximately 0.08 nm in the wavelength domain at&Hz in the frequency
domain, as measured by an optical spectrum analyitera resolution of 0.015
nm. The 3-dB bandwidth of each BFRL line is lesantl®.02nm, limited by the
OSA resolution. However, the bandwidth measuremsihtoe done by using the
heterodyne method which will be explained in th&trehapter. As shown in Fig.

3.13, the laser peak power is increased by decgdbke output leg power ratio
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due to the increasing BP power which reaches thé&.SNbwever, the output
BFRL peak power decreases as the output leg patierdecreases by 20%. This
is attributed to the saturation of the Brillouirols¢s power and the small amount
of light being extracted out of the cavity by remhgc the coupler ratio. The
maximum output power was observed at 0.5 dBm witlowtput coupler of 20-80
ratio, where 80% of the light is allowed to osd¢#lan the cavity and 20% of the

light is coupled out as output, as shown in Fi@3349].

01 —50-50 Coupler
0 (a) | (R 20-80 Coupler
\ | ——10-90 Coupler

-20 | ] = = 1505 Coupler

1549.5 1549.7 1549.9 1550.1 1550.3 1550.5
Wavelenght(nm)
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Fig. 3.13: (a) TheBFRL output comb atlifferent output coupler ratios. (b) The
enlarged figure of the output peak region is shdevrthe comparisonThe slight
shift in the BFL wavelength is due to the small BRvelength shift which is in
turn the result of the environment condition vaoiateffect on TLS.

3.2.2 Generation of Brillouin Fiber Lasers in Linear Cavities

Previous BFLs have been set up using ring cawiesa few BFLs, so far,
have been presented using a linear configuratidnis & due to the fact that
conventional-linear-cavity BFLs suffer from somelglems such as the generation
of higher-order Stokes and anti-Stokes waves. drfadhlowing, we will discuss the
linear cavities and propose some linear configanatiin order to solve the
problems.

In a linear cavity, additional feedback from thaibdaries is known to give
rise to periodic temporal structures in the expentr{64], [65]. In this paper, we
demonstrate a new BFL design with a linear cavAtgtable BFL was obtained at
a wavelength of 0.08 nm from the pump wavelengthOldm through the careful

optimization of the output coupling ratio and themptoyment of a suitable
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reflector. The performance of the BFL is done byagslifferent reflectors such as
optical circulators and FBGs.

The experimental setup is shown in Fig. 3.14 whetbk linear cavity is
formed by two optical circulators in configuratiqa), a circulator and a fiber
Bragg grating (FBG) in configuration (b) and onlyF8G in configuration (c).
Here, the SMF characteristics are as the one uskedebin BFRL generation. The
SMF is pumped by the Brillouin pump (BP) which is external cavity tunable
laser source (TLS) amplified by an Erbium-DopedeFiBmplifier (EDFA). The
maximum power of the amplified BP is approximat&4.5 dBm and the BP is
injected into the SMF via a 3-dB coupler in thewfard direction. The generated
backward-propagating SBS oscillates inside thena®o to generate the BFL,
which is coupled out via the coupler and the outpsier is characterized using an
OSA with a resolution of 0.015 nm. The experimentcarried out using three
different couplers ratios; 50/50, 95/5 and 99/1r €ach coupler, the port of the

lower ratio is connected to the TLS and the OSA.

(@)
SMF
; 25 km
_Optlcal Optical
Pori 3 mrculatg:)rt ; Coupler 99 circulator
S 1/10\ , S Pori 3
99 1 Port 2

Port 1 BP OSA Port 1
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(b) SMF

Optical il
circulator Coupler
Pori 3 Port 2 1 % i
? g L
D TTTTTd
o1 )
Port 1 BP OSA
SMF
(c) 25 km
Coupler
1 p 99
C )
e 1)
BP OSA
FBG

Lt
Tt

Fig. 3.14:Experimental set up for generating linear cavityl&uin fiber lasers by
using (a) two optical circulators, (b) a circulatord a fiber Bragg grating (FBG),
and (c) a FBG.

Fig. 3.15 shows the output spectra of the lineartg®8FL for each of the
mentioned configurations. In this experiment, toemer ratio was 1/99 and the
BP power fixed at 14.5 dBm. The coupler ratio w&91s the best ratio for BFL
generation which is discussed in Fig. 3.16. As ghow Fig. 3.15, two
simultaneous lines are obtained with the BP lin@@iroximately 1550.011 nm

and the BFL line at approximately 1550.094 nm. Tde®r is generated by the
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Brillouin gain which was provided by the 25 km SM&S the BP is coupled into
the SMF, the Brillouin Stokes signal is generatédaafrequency shifted by
approximately 0.083 nm due to the Brillouin scatigr effect. The Stokes
propagates in the opposite direction of the BP taankls to the circulator, acting
here as a reflector, before it is rerouted back the SMF by the circulator. The
amplified Stokes then travels back to the othee sidreflector and this oscillation
continues to generate the BFL. The use of an FBt&ad of an optical circulator
in configurations B and C increases the output paf¢he laser as shown in Fig.
3.15. The highest output power is obtained withuke of only one FBG as in the
configuration C. The BFL peak power is about 0.B3hiigher than that obtained
in the configuration B. This is attributed to tlegluced loss in the cavity due to the
FBG. The FBG used in the experiment has a refliégtof more than 99.5% at a
wavelength region from 1525 to 1560nm. This conteld to a loss of less than
0.1 dB as compared to the circulator loss whictapproximately 1 dB. The

maximum laser peak power is obtained at -4.5 dBm.
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Fig. 3.15: The BFL output spectrum for the different lineawity configurations
at an input BP power of 14.5 dBrifthe BFL peak power in using one FBG is
about 0.73 dB higher than that obtained by using &BG and an optical
circulator.

In Fig. 3.16, the BFL output spectrum is demonstiadty using different
coupler ratios in the configuration (a) in Fig. 8\ith the BP power of 14.5 dBm.
If the total Brillouin gain is equal to or highenan the cavity loss, BFL laser
oscillation can be formed between the two opticadutators. As shown in Fig.
3.16, the BFL is generated with both 95/5 and @@flplers, which contributes to
a lower cavity loss. However, the laser cannot &eegated with a 50/50 coupler
due to the high loss in the cavity. The higheskpsabtained with a 99/1 coupler

which has the lowest cavity loss.
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Fig. 3.16: The BFL output spectrum for different coupler ratiesed in a linear
cavity configuration (a) shown in Fig. 3.14 wittetBP power of 14.5 dBm.

The proposed linear configurations demonstrate lisar-cavity designs
for the BFL generation. Stable BFL operation wagsamied at an up-shifted
wavelength of about 0.08 nm from the pump wavelentrough the careful
optimization of the output coupling ratio and enypieent of a suitable reflector.
An efficient and low cost linear cavity Brillouinber laser (BFL) is demonstrated
using only a single fiber Bragg grating (FBG) aseflector. The laser peak is
obtained at -4.5 dBm with a Brillouin pump of 14lBm. The use of a 99/1 optical
coupler shows the highest output due to the low Inghe cavity [51]. However,
the BFL peak power is much less than the transthiBfé power as shown in Figs.
3.15 and 3.16. Some research has been done to thidveroblem in order to

improve the efficiency in the BFL generation. Insthesearch, a new design for
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linear cavities is demonstrated in which the BFlalp@ower can be higher than
the transmitted output BP peak power. Stable operatf the BFL is obtained at
an up-shifted wavelength of about 0.086 nm frompiep wavelength.

The proposed configuration is shown in Fig. 3.1feweby the
linear cavity is formed by two optical circulatqf@C1 and OC2), a 3-dB coupler
and a 95/5 coupler located between ports 3 andQGi# and OC2, respectively.
As before, a 25 km long SMF is used as a gain medaith an attenuation
coefficient of 0.19 dB/km at 1550 nm. The BP istied into the SMF via the 3-

dB coupler and OC1 in a forward (clockwise) direatiat z=0 as indicated in

Fig. 3.17.
—> | Bp
*=———= | Bs
SMF
25 km
3-dB ocC1 0C2
Coupler (\ t ) \—> Coupler
\ 5/ - J
<« 2=0 z-=L : 95
TLS OSA

Fig. 3.17:Experimental setup for the proposed linear cavity.
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The BP is injected into the SMF via the 3-dB coupled OCL1 in a forward
(clockwise) direction atz=0 as indicated in Fig. 3.17. The first backward-
propagating Stokes, initiated at=L from spontaneous Brillouin scattering or
seed signal, oscillates inside the resonator tsequently generate the BFL and
the second-order forward-propagating Brillouin s®kwvhich is starts az =0
through cascaded SBS coupled out via the 95/5 eauflhis coupler also
suppresses higher-order anti-Stokes and Stokegageme The first anti-Stokes
arises due to four-wave mixing (FWM) between thepompagating BP and BFL
photons. The output laser is characterized usinQ®A with a resolution of 0.015
nm.

Fig. 3.18 compares the output BFL spectrum of tlop@sed configuration
and the conventional configurations. The spectruin tlee conventional
configuration is that one shown in Fig. 3.16 fag toupler ratio 95/5. As shown in
Fig. 3.18, for the proposed configuration, two @®Kines at approximately
1550.101 nm and 1550.187 nm, and one anti-Stokep@bximately 1549.929
nm are obtained around the oscillated BP at apprataly 1550.015 nm whereas
we have only the first Stokes in the conventioraality. However, the first Stokes
peak power in the proposed configuration is ab&uB 1B higher than that one
resulting in the use the conventional scheme. Alke, Brillouin Stokes peak
power is higher than the BP transmitted BP peakegpavhich is a new occcurence

encountered in this field [50].
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Fig. 3.18: The output spectra for the proposed and conveaitioonfigurations at
a BP power of 14.4 dBm. The BFL peak power is gateer higher than the BP
peak power by using the proposed cavity.

As a summary, a new BFRL with higher output powed dome linear
cavity BFLs are proposed. The last linear cavityLBfonfiguration has been
demonstrated by incorporating a 3-dB coupler, a5 9dupler, two optical
circulators, and a 25 km SMF that allows very higbnversation efficiency
compared with the last work [66]. Stable BFL operatwas obtained at an up-
shifted wavelength of 0.086 nm from the pump wavegle with the BFL peak
power at -1 dBm, which is 12.3 dB higher than tle@ventional BFL with the
same BP power 13 dBm, due to the reduced cavitg losthe proposed

configuration.
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