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Abstract

The high and rapidly increasing demand for more telecommunication capacity and inter-
net services drives the evolution of fiber optic communication. The third telecom window,
which utilizes wavelengths around 1.5 pym and is widely utilized nowadays, can not meet
this demand in future. Researchers are trying to develop technologies in new wavelength
regions. Longer wavelength region has attracted intense interests for its prospective ap-
plication. On the other hand, the fact that the wavelength region from 1.7 pym to 2 pum
covers the absorption bands of water and greenhouse gas facilitates the applications in such
area as sensing, spectroscopy and coherent LIDAR. In this thesis, we demonstrate a multi-
wavelength thulium doped fiber laser around 1.9 pm and a bismuth doped fiber laser around

1.7 pm.

The 1.9 pm multi-wavelength laser uses a combination of a 25 cm Tm3*-doped silica fiber
along with stimulated Brillouin scattering and four wave mixing. More than 100 lines can
be observed in the optical spectrum. It is, to the best of our knowledge, the largest number
of lasing wavelengths emitting from a Brillouin thulium fiber laser. The peak wavelengths

drift less than 0.02 nm and peak powers fluctuate less than 3.4 dB in 20 minutes.

The 1.7 um CW laser uses a 15 m bismuth doped germanosilicate fiber as active fiber.
Both linear cavity and ring cavity are tried to build laser. With linear cavity, a laser at 1726
nm has been achieved. The laser has maximum output power of 55 W with slope efficiency
of 5.76*¥1075 W/W. With ring cavity, the laser has maximum output power of 300 uW with
slope efficiency of 3.55%10~* W/W. The laser has single-wavelength operation at 1735 nm or

dual-wavelength operation at 1726 nm and 1735 nm.



Résumé

La forte et croissance rapide de la demande pour plus de capacité de télécommunications
et de services internet stimule ’évolution des communications par fibres optiques. La
troisieme fenétre de télécommunications, qui utilise des longueurs d’ondes autour de 1,5
pm et est largement utilisée de nos jours, ne pourra pas répondre a cette demande a 1’avenir.
Les chercheurs tentent de développer des technologies dans de nouvelles régions de longueur
d’onde. Une région de plus grandes longueurs d’onde a suscité un vif intérét pour ses appli-
cations potentielles. D’autre part, le fait que la zone de longueurs d’onde de 1,7 ym a 2 pum
couvre les bandes d’absorption de I'eau et des gaz a effet de serre facilite les applications dans
des domaines tels que la détection, la spectroscopie et le LIDAR cohérent. Dans cette these,
nous démontrons un laser a fibre dopée au thulium a longueurs d’onde multiples autour de

1,9 pm et un laser a fibre dopée au bismuth autour de 1,7 pm.

Le laser a longueurs d’onde multiples autour de 1,9 pum utilise une fibre de silice dopée
au Tm3* de 25 cm en combinaison avec la diffusion de Brillouin stimulée et le mélange &
quatre ondes. Plus de 100 lignes peuvent étre observées dans le spectre optique. Il s’agit, a
notre connaissance, du plus grand nombre de longueurs d’onde laser émises par un laser a
fibre dopée au thulium de type Brillouin. Les longueurs d’onde crétes dérivent de moins de

0,02 nm et les puissances crétes fluctuent de moins de 3,4 dB en 20 minutes.

Le laser CW autour de 1,7 pym utilise une fibre de silicate de germanium dopée au bismuth
de 15 m comme fibre active. Une cavité linéaire et une cavité annulaire sont testées pour
construire le laser. Avec une cavité linéaire, un laser émettant a 1726 nm a été réalisé. Le
laser a une puissance de sortie maximale de 55 yW avec une efficacité de pente de 5,76*1075
W/W. Avec la cavité annulaire, le laser a une puissance de sortie maximale de 300 W avec
une efficacité de pente de 3,55%10~* W/W. Le laser opere a une longueur d’onde unique de

1735 nm ou aux deux longueurs d’onde de 1726 nm et 1735 nm.
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Chapter 1

Introduction

1.1 Introduction

The term “laser” is an acronym for “light amplification by stimulated emission of radia-
tion”. In 1960, Theodore H. Mainman at Hughes Research Laboratories built the first laser
with ruby [1]. The monochromaticity, coherence, high power density and tunability of laser
make it an ideal light source for many important applications, such as optical communica-
tion, sensing, laser surgery, laser cutting and laser printer, etc. Researchers have made many

different lasers for different applications.

These lasers share some common features, such as a pumping source to generate pop-
ulation inversion, an active medium to provide gain, an optical cavity to provide feedback
[2]. However, the details of these features play an important role in differentiating the laser
performance. Unlike the other traditional lasers using crystal rod or gas-filled tube as gain
medium, fiber lasers, as their name suggest, usually utilize ion doped fibers as gain medium.
This feature gives fiber lasers many advantages. Due to the large surface to volume ratio of
fiber, fiber lasers have better performance in thermal management. Fiber lasers can have a
very long active region, which supports a very high output power. Since fiber can be bent
and coiled, fiber laser can be compact compared to rod or gas lasers of comparable power,
and the fact that the light is already in a fiber make it convenient for fiber optic commu-

nication. These advantages make fiber lasers attract intense interests. They have achieved

11
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great development last three decades since David Payne demonstarted erbium doped fiber

amplifiers in 1987 for the first time [3].

1.2 Motivation and Objectives

From 1990, the optical communication in the 1550 nm transmission window has been
developed greatly. It was determined by the attenuation characteristics of the silica glass
used in fibers. At around 1550 nm, both Reyleigh scattering, OH™ absorption and infrared
absorption are at a minimum, which make 1550 nm window suitable for fiber communication.
For silica fiber, the lowest attenuation of about 0.18 dB/km can be achieved in 1550 nm, see
Fig. 1.1. However, requests for higher transmission speed and larger transmission capacity
make the only 1550 nm window cannot satisfy people’s need in future. Researchers are
looking for the next optical window and extending present laser sources to a wide variety of

lasing wavelengths [4].

25

)]
T

Attenuation(dB/km)

0.5

0 . . . . . . .
1250 1300 1350 1400 1450 1500 1550 1600
Wavelength(nm)

Figure 1.1: Spectral attenuation of a silica optical fiber (SMF-28)

Recently, the laser around 2 pum has attracted much attention and made rapid develop-
ment. The wavelength is within the absorption bands of liquid water and greenhouse gases
and the atmospheric transparency window, which facilitates the applications in the area of
high-resolution spectroscopy, coherent LIDAR and free-space optical communications. More-

over, hollow core photonic bandgap fibers are recognized to be novel transmission medium
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due to the ultra-low nonlinearity and faster transmission speed compared to traditional solid
fibers [5], and they are predicted to have minimum attenuation at around 2 pm by both the-
oretical models and experimental results. That means optical communication at around 2
um has the potential to overcome the capacity limit at 1550nm. Therefore, the laser sources

at around 2 pm are important and need to be investigated further.

Thulium (Tm?®*") doped fiber amplifier (TDFA) offers a broad emission band from 1750
nm to 2050 nm, which coincides with the 2 ym operation window. Besides, the Tm?** doped
fiber laser (TDFL) has the advantage of high output power, high slope efficiency and eye
safety. Therefore, the TDFL has attracted intensive interests. A widely-tunable and switch-
able dual-wavelength TDFL from 1857 nm to 1927 nm has been demonstrated [0]. A high
power up to 115W all fiber wavelength-tunable from 1940 nm to 2070 nm TDFL based on
a monolithic master oscillator power amplifier (MOPA) system with the slope efficiency of
51.7% has been presented [7]. A thulium doped passive mode-locked fiber laser at 1870 nm
has been realized by using nonlinear amplifying loop mirror (NALM) and carbon nanotube

(CNT) as saturable absorber (SA) [3].

Additionally, multi-wavelength laser sources possessing the advantages of cost-effectiveness,
compactness and multi-channel have attracted considerable interests for their wide-spread
applications in communication, sensing and spectroscopy. Multi-wavelength lasers at 2 um
have been developed rapidly in recent years. The main difficulty to realize stable multi-
wavelength fiber laser is the homogeneous gain broadening of rare earth ions at room tem-
perature. Different approaches have been reported to overcome it. Peng et al. demonstrated
a multi-wavelength TDFL based on nonlinear amplifier loop mirror [9]. Wang et al. re-
ported a tunable multi-wavelength TDFL based on polarization rotation and four wave
mixing (FWM) effect [10]. Huang et al. reported an all-fiber multi-wavelength TDFL by
FWM in highly germania-doped fiber [11]. Liu et al. demonstrated a multi-wavelength
TDFL with a highly nonlinear fiber (HNLF) by using nonlinear polarization rotation [12].
All of these laser sources are useful for many applications. However, their relatively large

wavelength spacing (from 0.33 nm to 2.5 nm) limits their applications in some specific area,
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such as dense wavelength division multiplexing (DWDM). Stimulated Brillouin scattering
(SBS) is another way to achieve multi-wavelength operation. It has the advantage of low
pump power threshold, narrow linewidth, and small wavelength spacing. For all the above
reasons, developing a multi-wavelength Brillouin TDFL at around 2 um is of great signifi-

cance.

Another notable optical band is the 1600-1800 nm wavelength region, which has drawn
wide attention for its potential scientific and practical applications in telecommunication,
medicine, sensing, military etc [13]. However, this region contains no wavelengths of efficient
rare-earth doped fiber lasers. It was found that bismuth doped germanosilicate glasses can
form a luminescence band around 1700 nm [I1]. Hence, they cover the wavelength gap
between erbium fiber lasers and thulium fiber lasers. Since then, the fibers with this type of
glass have been investigated intensively, and such fibers have been successfully used to build
and develop broadband optical amplifiers [15], continuous wave (CW) [16] and mode-locked

fiber lasers [17] etc.

1.3 Thesis Contribution

In this thesis, we demonstrate a multi-wavelenth Brillouin TDFL at 1874 nm. More than
100-wavelength output with uniform wavelength spacing of 0.1 nm has been achieved. A 20
minutes stability test shows the peak powers fluctuate less than 3.4 dB and peak wavelength
drift less than 0.02 nm. Such a laser will be important in the fields of telecommunication,
spectroscopy, sensing, etc. We also demonstrate a bismuth doped fiber laser (BDFL) at
1726 nm with both linear cavity and ring cavity. The optical spectra and the power relation
between input and output powers are shown in this thesis. The bismuth lasers demonstrated
in the thesis are of significance for providing new configurations, which could be useful for

future researches.

The following is a list of conference papers that have been published or submitted for

publication.
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C. Jia, J. Qiao, N. Abdukerim, M. Rochette, L. R. Chen. ”Multi-wavelength Brillouin
Tm 3+ -doped fiber laser at 1873 nm using a linear cavity.” IFEE Photonics Conference,
2017:281-282.

The idea of this paper was proposed by Prof. Lawrence R. Chen and Dr. Chenglai Jia.
The experiments were conducted by Chenglai Jia and me, and all authors contributed to

manuscript writing.

G. Nemova, J. Qiao, L. R. Chen, S. V. Firstov, E. M. Dianova. ”Dual-wavelength, cas-
caded cavities bismuth-doped fiber laser in 1.7 ym wavelength range.” Submitted to SPIE
Photonics West, 2018.

The idea of this paper was proposed by Prof. Lawrence R. Chen. Dr. Galina Nemova
conducted numerical simulations and I conducted experiments. All authors contributed to

manuscript writing.

1.4 Thesis Outline

The thesis is organized as follows. In Chapter 2, some backgound knowledge of ion
doped fibers and fiber optic nonlinearities are introduced first, then this chapter reviews the
development of Brillouin fiber lasers and bismuth doped fiber lasers. Chapter 3 demonstrates
our multi-wavelength Brillouin Tm?3*-doped fiber laser with a linear cavity. The configuration
of this laser and the optical spectra with different kinds of pumping configurations. At the
end of this chapter, the stability of the laser is given by a 5 repeated optical spectra scan in
20 minutes. Chapter 4 demonstrates our CW bismuth doped fiber laser in both linear cavity
and ring cavity. The input-output powers relation of the lasers are given and the differences
of the results are compared in this chapter. The last Chapter summarizes the work have

been done in this thesis, and briefly discusses the future works.



Chapter 2

Background

In this chapter, we first introduce some basic knowledge about ion-doped fibers and
fiber lasers. Then some concepts of fiber optic nonlinearities including stimulated Brillouin
scattering and four wave mixing are discussed. At the end of this chapter, we review the

development of Brillouin fiber lasers and Bismuth doped fiber lasers.

2.1 Ion-doped Fibers

Fiber lasers and fiber amplifiers are based on optical fibers doped with ions. Except in
upconversion pumping scheme, these ions absorb pump light at shorter wavelength, and
transit into an excited state. This provides conditions for light amplification at longer
wavelength by stimulated emission. Such specialty fibers are often called active fibers. Fibers

doped with different ions can be used to amplify light at different wavelength.

2.1.1 Tm?>" doped fiber

The energy levels of thulium ion (Tm?®") is shown in Fig. 2.1. Tm?*" is typically hosted
by silicate and germanate glasses or fluoride glasses. In the silicate glass host, transitions
through 3F, —3Hg are mainly used to generate light around 1.9 pm. Direct pumping at
1560 nm (*Hg —3F,) or indirect pumping at 790 nm (*Hg —3H,) can be used to populate

3Fy4 level [18]. For the indirect pumping scheme, the rate of the cross relaxation process

16
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SH4+2Hg —3F4+3F, is favored by high doping concentration.

455 nm

LG4

284 nm

2300 nm | 1480 nm

810 nm

480 nm

1900 nm

v

h 4

h 4

Figure 2.1: Energy-level diagram of the Tm3" ion [19)]

In fluoride glass, the lifetime of 3H, is longer than that of silicate host, which makes it

possible to induce lasing through *H, —*Hj; (2300 nm), 3Hy —3F, (1480 nm), and *H; —*Hg

(810 nm). Low Tm?3* concentration is preferred in fluoride glass to avoid the cross relaxation

process H,+2Hg —3F4+3F, which depopulates 3Hy level.

2.1.2 Bismuth doped fiber

Unlike the rare earth doped ions, the transition wavelength and energy levels of bismuth

ion depends on the host glass [20], because transitions in bismuth active centers (BACs)

associate with unshielded outer electron shell. Therefore, varying the composition of host

glass can change the wavelength range of luminescence and optical amplification of bismuth
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doped fiber. Fig. 2.2 shows the energy levels of Si-BAC and Ge-BAC, respectively. We can
see that the energy levels of Si-BAC and Ge-BAC are similar.

424 SE (241 nm) 42
---------------- GE (250 nm)
35 - 35
_ 28- E - I— GE, (370 nm)
g SE (375 nm) k.
oz | SE,(420nm) 2
214 i 21— GE, (463 nm)
> 2
5 2
& |
14 14 4
SE, (830 nm)
al 4—— GE, (925 nm)
74— SE, (1430 nm) 7
GE, (1650 nm)
0l—SE, (a) 0 —GE, (b)

Figure 2.2: Energy-level diagram of (a) Si-BAC and (b) Ge-BAC [20]. (©2014, IEEE

The experimental results show that small doping concentration of GeOy does not affect
the structure of the Si-BACs. Therefore, it does not change the luminescence peaks and the
lifetimes [20]. However, there are two gain bands for Bi-doped high-germania-core fibers in
the near infrared range [13]. The first one peaks at around 1400 nm and is produced by the
optical transition (E; —E;) of the Si-BAC. The second one peaks at around 1700 nm and
is due to the transition of Ge-BAC. The lifetimes of luminescence are 600 us and 500 us,

respectively.

Relatively low concentration (typically less than 0.1 wt.%) of bismuth ion is preferred in
bismuth doped fibers [21]. When the bismuth ion concentration increases, the concentration
of BACs grows in the beginning. However, with a further increase of the bismuth ion con-
centration, the growth of BAC concentration becomes slower than the growth of background

losses, which makes it more and more difficult to achieve optical gain and lasing.
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2.2 Fiber Optic Nonlinearities

Similar to the other dielectric materials, when an intense electromagnetic field is applied,
the response of optical fiber to the field is nonlinear [22]. The total polarization P induced

from dielectric dipoles satisfies the relation
P=¢(xW-E+x? . EE+x® .EEE+---) (2.1)

where ¢ is the permittivity of vacuum, y) is the jth order susceptibility and E is the
electric field. Generally speaking, x) is a (j + 1)th order tensor. The linear susceptibility
x) affects the refractive index n and the attenuation coefficient . The relation between

the linear susceptibility and refractive index is

n?=5 =1+ W (2.2)
€o

The second order susceptibility Y is responsible for the nonlinear effects like second-
harmonic generation and sum-frequency generation which are usually generated by nonlinear
crystal. However, the second order susceptibility vanishes for silica fiber due to the inversion
symmetry of the SiOy molecule. Therefore, except some weak second order nonlinear effects

exist under certain conditions, there is no second order nonlinear effect in silica fiber.

The third order susceptibility x® is mainly responsible for nonlinear effects such as third
harmonic generation, FWM and nonlinear refraction, which is referring to the intensity de-
pendence of the refractive index and contributes to most of the nonlinear effects in optical
fibers, such as self-phase modulation and cross phase modulation. Self phase modulation
refers to the phase shift induced by optical field itself during the propagation in fibers and
responsible for spectral broadening of ultrashot pulses and generation of optical solitons.
Cross phase modulation refers to phase shift induced by another field having different wave-
length, polarization state or direction and responsible for asymmetric spectral broadening of

copropagating pulses.
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The nonlinear effects related to the third order susceptibility y(®) are elastic which means
there is no energy exchange between electromagnetic field and the dielectric material. A
second category of nonlinear effects is inelastic in which electromagnetic field transfers part
of its energy to the dielectric material. Two main effects, stimulated Raman scattering and
stimulated Brillouin scattering are included in this category. The first one involves optical

phonons, while the second one involves acoustic phonons.

2.2.1 Stimulated Brillouin Scattering

SBS effect was first observed in 1964 [23] and has been investigated extensively. The
phenomenon of SBS effect is when injecting a signal into the fiber whose power is over
Brillouin threshold, a Stokes wave with frequency downshifted will be generated and propa-
gates backward. The process of SBS can be described as a nonlinear interaction among the
Brillouin pump and Stokes field and acoustic wave through the process of electrostriction.
Electrostriction is a mechanism that the optic fiber materials tend to become compressed
with an electric field applied. The temporal spatial density change generates an acoustic
wave, and the acoustic wave modulates the refractive index of the optical fiber[24]. This
index grating reflects the pump light like a fiber Bragg grating (FBG). Due to the Doppler
shift, the backward reflectted signal is downshifted in frequency. Because this process must

obey energy and momentum conservation rules, we can get the relation

Op =w, —ws, ka =k, — ks (2.3)

where w, and wy are the frequencies, k, and k; are the wave vectors of the pump and Stokes
wave, respectively. 2p is the frequency of Brillouin shift, k4 is the wave vector of the acoustic

wave and they satisfy the standard frequency relation

QBIUA“{ZA| %21}A|kp|sin(9/2) (24)

where v4 is the velocity of acoustic wave in the fiber, and 6 is the angle between the pump

and Stokes field. We can see from the Equation 2.4 that the frequency shift depends on
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the scattering angle. When the angle is 7 (backward direction), the frequency shift is maxi-
mum, and when the angle is 0 (forward direction), the frequency shift vanishes. In a single
mode fiber, there are only two directions, forward and backward, so SBS only occurs in the

backward direction with Brillouin shift

vp = Qp/2m = 2n,v4/ A, (2.5)

where n, is the effective mode index at the pump wavelength \,, and we use the relation

\k,| = 2mn,/), in the Equation 2.5.

The Brillouin gain spectrum peaks at 2 = Qp, and the spectral width of the gain

spectrum is very small. The Brillouin gain has a Lorentzian spectrum [2/]

9p<FB/2)2

0) = 2.6
95(8Y) (Q — Q)2 + ([p/2)2 (2.6)
and the peak value of Brillouin gain is given by
AT*2 fa
= 95(02) = el 2.7

where pg is material density, 7. is the electrostrictive constant of fiber, and acoustic waves

decay as exp(—I'gt). The FWMH of the gain spectrum is related to I'p as Aup = I'p/(27).

Under steady-state conditions, SBS is governed by the following equations when applying
a CW or quasi-CW pump [22]

dlr,

L =—gpl,l. —al, (28)
—dlI

Faie gl 1s — al; (2.9)

where I, and I are intensities of the Brillouin pump and the Stokes signals, respectively. Two

assumptions are used here. First, w, = w, since the Brillouin shift is relatively very small.
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Second, a, =~ as = «, pump signal and Brillouin signal have almost same attenuations.
Equations 2.8 and 2.9 show two facts. Energy is transferred between Brillouin pump signal
and Stokes signal, and the signals lose energy during their propagation, which refers to the
dl . .
term —a. The negative sign in front of e is due to the counter-propagating of Stokes wave.
z
To estimate the Brillouin threshold, replace I, with I,(z) = I,(0)e~** in Equation 2.9

and do the integration over length L, we can get
I,(0) = I,(L)exp(9gPoLess/Acssr — L) (2.10)

where Py = I,(0)A.ss is the input pump power, A.sr is the effective mode area and L.s¢

1— —al
exp(—a ) The Brillouin threshold
Q

power is defined as the input pump power at which the Stokes power equals to the pump

is the effective length which is defined by L.ss =

power at the fiber input. Therefore, we can find the estimated Brillouin threshold power Py,
by the relation
gB(QB)PthLeff/Aeff ~ 21 (211)

The length of the fiber plays an important role in Brillouin signal generation.

2.2.2 Four Wave Mixing

The FWM effect is a nonlinear effect refers to the third order susceptibility x®. FWM
in optical fiber was investigated as soon as low loss fibers was demonstrated for the first
time [25]. There are two types of FWM, see Fig. 2.3. The first one is called non-degenerate
FWM. It can happen if more than two signals with different frequencies propagate together
in an optical fiber. When launch two pump signals with carrier frequencies vy and 1s, a
refractive index modulation occurs and two new signals with frequencies of v3 and v, are

generated. Their frequencies relation can be described by

Vs + vy =1+ 1y (2.12)
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Figure 2.3: Generation of new signals with v3 and v, via FWM

The other type of FWM is called degenerate FWM. It is a special case when vy = vs.

We have the relation

2V1 = U3 + 1y (213)

A strong pump signal at vy creates two new signals located symmetrically at 53 and v4 which

are referred to Stokes and anti-Stokes signal, respectively.

FWM is a phase sensitive process. Only if a phase-matching condition is satisfied, the

effect can accumulate over long distance. The phase matching condition is

Ak = (T_lgw:g + Nywy — MWy — ﬁzbdg)/c =0 (214)

where 7, is the effective mode index at the frequency w;. Otherwise, the FWM is strongly

suppressed if there is a large phase mismatch.
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2.3 Review of Previous work

2.3.1 Review of Brillouin Fiber Lasers

The Brillouin fiber laser was initially realized with erbium doped fiber laser (EDFL) at
around 1.55 pm. In 1996, Gregory J. Cowle and Dmitrii Yu. Stepanov demonstrated the first
Brillouin EDFL [26] shown in Fig. 2.4 (a). The idea of the laser was to inject a high power
Brillouin pump (BP) signal into a ring cavity generating a 10.35GHz (equivalent to 0.08 nm)
shifted Stokes signal. As we introduced in Chapter 2, this is due to the Doppler shift, and
the Brillouin shift can be estimated by the Equation 2.5. The generated Brillouin signal was
then amplified by an EDFA pumped with a 980 nm source. After this work, they developed
the ring cavity to allow multi-wavelength operation [27], which is shown in Fig. 2.4 (b).
They added an extra SMF into the ring cavity, which allowed the generated Stokes signals
re-inject into the cavity, generating cascade Stokes signals and realizing multi-wavelength

operation. This laser generated 5 lasing peaks with 10 GHz line spacing.

980 nm 920 nm
pump
pump

Single mode
coupler 2

Single mode

coupler 3

Qutput
—

Tunable

Narrow- 3 Single mode

linewidth . . coupler 1

Source Brillouin Pump

(a) (b)

Figure 2.4: Experimental laser configurations for (a) the first Brillouin EDFL and (b) the
first multiple wavelength Brillouin EDFL.

Following this work, there have been several improvements in Brillouin EDFL. Nam Seong
Kim added an EDFA in the feedback path to enchance the Brillouin signals. a four-line
output of 1532.00, 1532.08, 1532.17 and 1532.27 nm was obtained with 1531.91 nm Brillouin
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pump. They also investigated the threshold behaviors and confirmed that Brillouin pump

can control the number of lasing lines. The laser setup is shown in Fig. 2.5.

980 nm
pump

Single mode
coupler 2

Single mode

coupler 3
Output

—

> Single mode

Brillouin Pump coupler 1

Figure 2.5: Schematic diagram of the EDFA-enhanced Brillouin EDFL

In 2000, Park et al. demonstrated a Brillouin EDFL generating multi-wavelength oper-
ation shown as Fig. 2.6 [28]. They used a circulator to give feedback into the cavity. Two
EDFAs were used to amplify the signals in the cavity and feedback path. This laser could

generate a H3-line output.

e Single mode

Brillouin Pump coupler 1

Figure 2.6: Schematic diagram of BEFL with internal feedback

In 2005, a new design of multi-wavelength Brillouin EDFL with a linear cavity was
demonstrated for the first time by Al-Mansoori et al. [29]. The laser configuration was

shown in Fig. 2.7. Two circulators (Cir 2 and Cir 3) were used to form two loop mirrors.
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The linear cavity was defined by these two loop mirrors. The Brillouin gain medium was
a 1.9 km long SMF-28 pumped by BP via a 3dB coupler and another circular (Cir 1) with
the output extracted by the same coupler and circulator from the laser cavity. A 22-lines
output operation with spacing of 10.88 GHz was achieved at 1557.5 nm. To get a stable
multi-wavelength operation, they optimized the BP power and EDF pump power to suppress
the free running modes of EDFL.

980 nim

pump EDF
Cir3 1.9 km SME-28 Gir 2

Output

Brillouin
Pump

Figure 2.7: Configuration of the first Brillouin EDFL with a linear cavity

In 2014, Wang et al. reported the first multi-wavelength Brillouin thulium doped fiber
laser [30]. The laser setup is shown in Fig. 2.8. A typical inverse S-shaped configuration
is used in the ring cavity to generate multi-wavelength. A 450 m long SMF28 was used as
the nonlinear medium. The BP power was a single frequency fiber laser with linewidth of
less than 100 kHz and wavelength of 1.97 um. This BP laser was then pumped by a TDFA
composed by a 7 m long double cladding Tm-doped fiber and two 793 nm laser diodes. Five
Stokes lines with 0.105 nm spacing were observed in the output optical spectrum. In a 20
minutes test, the 5 peak powers fluctuated less than 0.5 dB, and peak wavelengths shifted

less than 0.01 nm.
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Figure 2.8: Setup of the multiwavelength Brillouin TDFL

Besides the multi-wavelength fiber laser, the SBS effect was also used to generate narrow
linewidth fiber laser. In 2014, Luo et al. demonstrated the first high optical signal to noise
ratio (OSNR) single frequency 2 pm Brillouin TDFL with watt-level output and high transfer
efficiency [31], which is shown in Fig. 2.9. A fiber-coupled 2 pum DFB laser with linewidth
less than 1 MHz and output power of 2 mW worked as pump signal. Before coupled into the
first ring cavity, the pump signal was amplified by two TDFAs. After the second TDFA, the
pump signal could be up to 4.02 W. The first ring cavity had an optimum length of 14 m to
generate the Brillouin signal. To measure the linewidth of the generated Brillouin signal, they
coupled the signal into a second ring cavity to generate second Brillouin signal. The beating
between the first and second Brillouin signals reveals the linewidth of the first Brillouin fiber
laser. Since the linewidth of the Brillouin signal is much narrower than Brillouin pump [32],
the output signal could be narrowed to 8 kHz from 1 MHz. The transfer efficiency of the
laser is 51% with 1.08 W output power and 62 dB OSNR for 3.22 W pump power.
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Figure 2.9: Experimental configuration of the high signal to noise ratio, signal-frequency 2
pm Brillouin fiber laser

In 2017, Fu et al. demonstrated a linewidth-narrowed, linear-polarized, single-frequency
TDFL based on SBS effect [33]. The setup is shown in Fig. 2.10. A TDFL with an output
power of 25 mW and a linewidth of 36 kHz was pre-amplified through a TDFA to serve as
a BP signal. The amplified BP signal was then injected into a ring cavity. A 10 m TDF
pumped by a 793 nm laser diode was used to amplify both BP and the generated Stokes
signal. A 10 m long polarization maintaining fiber (PM-1550) was added into the ring cavity
to decrease the Brillouin threshold. The output signal had a frequency down-shift of 8.34
GHz from BP and a linewidth of only 4.6 kHz, which is 8 times narrowed compared to the
BP.

Laser output

30/70

Thulium-doped
fiber laser

Circulator Combiner

Thulium
doped fiber

783 nm
Pump

Figure 2.10: Experimental setup of the Hybrid Brillouin-thulium single-frequency fiber laser
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2.3.2 Review of Bismuth Doped fiber laser

Rare earth doped fiber lasers in the wavelength region of near-IR have been widely used.
However, there is no efficient rare earth doped fiber laser within the region of 1150-1500
nm and 1600-1800 nm. Due to the applications like advanced communication, medicine
can be used in these wavelength regions, there is a great demand for new fiber lasers and
amplifications in these spectral regions. In 2001, Yasushi Fujimoto and Masahiro Nakatsuka
discovered a new infrared luminescence from bismuth doped silica fiber [31]. The lumines-
cence band at 1250 nm with a bandwidth of 300 nm makes it possible to construct a BDFL
in 1150-1550 nm region.

The first BDFL was proposed in 2005. Dianov et al. reported the the fabrication of
bismuth-doped fibers by the method of chemical vapour deposition (MCVD) and proposed
the first CW BDFL [35] with both linear cavity and ring cavity. The fibers were doped with
low bismuth concentration (<0.1%), and show absorption bands at 500, 700, 800 and 1000
nm, and emission band at 1150 nm with a full width at half maximum (FWHM) of 150 nm.
The scheme of the linear laser is shown in Fig. 2.11, the laser was pumped by a 1064 nm
Nd:YAG laser. The linear cavity was defined by a pair of FBGs. The output wavelength
was determined by the choice of FBGs, the lasing at 1146, 1215, 1250 and 1300 nm was
obtained. After the optimization of the losses, the slope efficiency of this laser can achieve

0.3 W/W.

Fiber Bragg gratings

Active fiber \
Nd:YAG laser v ( E E : (V) |1 Output
(1064 nm) v \ /' R

Splices

Figure 2.11: Experimental setup of the first BDFL with linear cavity

The scheme of the first ring cavity BDFL is shown in Fig. 2.12, the laser was pumped
by the same Nd:YAG laser. An optical coupler was used to form a ring cavity. The coupling
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coefficient of the resonator was less than 20% in the wavelength of 1.1-1.2 um. The optical
spectra of this laser showed that there were many longitudinal modes due to a weak selectivity
of the resonator when the pump power was slightly above the threshold power. As the pump
power increased, the number of peaks reduced. When the pump power exceeded the threshold

considerably, only one peak at 1172 nm remained.

W Fiber coupler
Nd:YAG laser —
( (1064 nm) ] Qutput

Figure 2.12: Experimental setup of the first BDFL with ring cavity

Following this work, there have been several developments in BDFL. In 2007, Dianov et al.
demonstrated a high power CW BDFL in the wavelength range of 1150-1215 nm for the first
time [36]. The scheme of the experiment is shown in Fig. 2.13. A CW Yb fiber laser was used
as pump source. The output power of this pump was up to 80 W at the wavelength of 1070
nm. 83 meters long bismuth doped aluminosilicate glass fiber with bismuth concentration
of 1.3 x 10"em ™2 was used as active fiber in the laser. The output power of this BDFL was
up to 15 W. In this work, they also measured the unbleachable losses of Bi-doped fibers,
investigated the temperature dependence of these losses, and demonstrated the yellow-light
generation by using the BDFL with frequency doubling. At the end of this paper, they
pointed out that the main problems of BDFL at that time were large unbleachable losses
and low concentration of bismuth ions in the fiber core, which provides a guidance for the

future works.
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Figure 2.13: Experimental setup of the CW high power BDFL

The first mode-locked bismuth doped fiber laser was reported in 2007 by Dianov et al.
[37]. The experimental setup was shown in Fig. 2.14. The active fiber was a 6 m long
bismuth-doped silicate glass fiber, and the bismuth concentration was around 0.02%. The
fiber was pumped by a 800 mW 1063.8 nm cw Yb fiber laser through a 1065/1160 nm WDM
coupler. The laser cavity was defined by a high reflectivity FBG and a SESAM. The SESAM
based on GalnNAs was optimized for 1100-1200 nm wavelength range. The average power
of this laser was 2 mW, and the single pulse width was 50 ps for 2 MHz repetition rate. The
laser emitted the linewidth of 0.02 nm at 1161.6 nm.

FBG Bi-doped fiber

1161.6 nm
Oscilloscope — 111 @ |F
1161.6 nm WDM T { } p—
Spectrum
Residual pump analyzer

Figure 2.14: Mode-locked Bi-doped fiber laser configuration

Besides the 1150-1550 nm wavelength region, it was found that bismuth incorporated in
a germanosilicate glass can form a luminescence band around 1700 nm. Since then, such

fibers have been used to develop fiber lasers in the wavelength region of 1600-1800 nm.

In 2014, the first bismuth-doped lasers operating in 1625-1775 nm have been developed
for the first time by Alyshev et al. [38]. The active fiber was a bismuth doped germanosil-
icate fiber with ~ 50 mol.% GeQO5 content and bismuth concentration of 0.1 mol.%. This

fiber was fabricated by MCVD technique. The fiber laser was constructed by a common
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linear cavity, which consists of the active fiber and a couple of FBGs. The couple of FBGs
determined the output wavelength. This laser was pumped by a Er-Yb doped fiber laser
operating at 1568 nm, and the pump radiation was launched into the core of the bismuth

doped fiber. A laser operation at 1703 nm with a slope efficiency of 20% was achieved.

In 2015, Alyshev et al. demonstrated a watt-level CW bismuth doped fiber laser at 1.7 pm
[16]. The configuration is shown in Fig. 2.15. The core glass of the active fiber was composed
of 50Ge02-5051049 with total bismuth concentration of 170 ppm. This fiber was pump by
a Er¥" /Yb?+ codoped fiber laser at 1568 nm, which was pumped by a semiconductor laser
diodes at the wavelength of 915 nm. The Er*"/Yb?+ fiber laser cavity was formed by a high
reflectivity FBG and a 10% output coupler FBG. The BDFL cavity was composed by a high
reflectivity FBG and an output coupler FBG. Different lengths of BDF were tested as gain
medium and different FBGs were tested as output coupler in their work. It was found that
the maximum slope efficiency of 33% was achieved for a fiber length of 25 m and output

coupler of 4%. The output power of this BDFL was be up to 1.05 W.
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Figure 2.15: High power BDFL configuration at 1.7 um

In 2016, Firstov et al. demonstrated the first mode-locked bismuth-doped fiber laser
operating at 1.7um [17]. The laser scheme is shown in Fig. 2.16. The active fiber was a
bismuth doped germanosilicate fiber with equal content of GeOs and SiO,. The fiber core has
a bismuth concentration of 0.02 wt.%. A CW EDFL was used as pump source. The pump
signal at 1565 nm was launched into the cavity by a dichroic 1560/1730 WDM coupler. The
laser cavity was defined by a SA with two layers of CNT and a loop mirror, which directed
35% of the signal to the output. The SMF-28 fiber was used to manage the total dispersion

of the cavity. Pulse operation was demonstrated in their work for the laser cavity with both
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anomalous and normal dispersion. The laser delivered 1.65 ps pulses in anomalous dispersion
regime and 14 ps in normal dispersion regime which could be compressed to 1.2 ps by adding

SMF-28 to the output of the laser.

19 m SMF-28
(dispersion
compensation)

o O O

CNT 35% output coupling

1.56 fiber laser

pumping 5 m Bi-doped fiber

Loop mirror

Figure 2.16: The schematic of the mode-locked bismuth fiber laser operating in the
anomalous dispersion regime

Another mode-locked BDFL was demonstrated in 2018 by Khegai et al. [39]. Fig. 2.17
shows the experimental setup of the laser. The gain medium of the laser was a 15 m long
active bismuth doped germanium silicate fiber with 50 mol. % of GeO,. To increase the
Kerr nonlinearity effect, a 25 m long germanosilicate fiber with 30 mol. % of GeO, was
used to manage the dispersion. As a result, single pulse lasing with 4.7 W peak power and
87 pJ pulse energy was realized. The average power of the signal was 0.3 mW. This laser
had a pulse duration of 17 ps with repetition rate of 3.57 MHz. The pulse duration can be
compressed to 630 fs by using a 150 m long SMF-28.

Output signal

Coupler 0.3

Coupler0.57

Pump
Source
1.57 Hm

MNonlinear
150 fiber

Figure 2.17: Schematic of the NALM-based BDFL at 1.7 ym



34

2.4 Summary

In this chapter, we reviewed some basics of fiber optics. The ion-doped fibers including
Tm?3* doped fiber and bismuth doped fiber were introduced. Then, the fiber optic nonlinear-
ities focused on SBS and FWM effects was discussed. Finally, the development of Brillouin

fiber lasers and bismuth doped fiber lasers were reviewed.



Chapter 3

Multi-Wavelength Brillouin
Tm’t-Doped Fiber Laser at 1874nm

3.1 Introduction

In the 2017 IEEE Photonic Conference, we demonstrated a multi-wavelength Brillouin
TDFL using a 2 km SMF-28 with linear cavity [10]. Five Brillouin peaks can be observed in
its output spectrum. Its peak powers fluctuate less than 0.5 dB and wavelengths shift less
than 0.01 nm. such a laser can be utilized in the area of telecommunications, atmospheric
spectroscopy and coherent LIDAR. However, the number of lasing wavelength is still not
enough for some specific application like DWDM. Therefore, we improve the laser by using
highly nonlinear fiber (NLNF) instead of SMF-28 and replace one gold-tipped mirror with

a loop mirror.

In this chapter, we demonstrate a multi-wavelength Brillouin TDFL at 1874 nm with
a linear cavity using a 1 km HNLF as Brillouin gain medium due to its high nonlinear
coefficient. The Tm?3*-doped fiber and some home-built devices are introduced first. The
setup of the laser is demonstrated later. The results and some phenomena occurred in the

experiments are discussed at the end of the chapter.

35



36

3.2 Tm?" Doped Fiber

In our laser setup, a Tm3*"-doped DC silica fiber is used as gain medium. The thulium
fiber has a doping concentration of 40,000 ppm Tm?3" ions, an 6 um core diameter with
a core numerical aperture (NA) of 0.23, a 125 pum cladding diameter with a cladding NA
larger than 0.45. The fiber is coated with 67.5 um of acrylate and spliced with SMF-28 fiber
connectors. The fusion splicing loss is around 0.9 dB per pair due to the mode field diameter
mismatch. To build a TDFL, it is necessary to know the amplified spontaneous emission
(ASE) spectra of the fiber we are using. The setups of the forward and backward ASE
measurement of the Tm*"-doped silica fiber are shown in Fig. 3.1(a) and (b), respctively.
The 1560 nm pump source is made up of a external cavity laser diode (ECL) and a high
power EDFA (PriTel, FA-33) with a maximum output power of 2.3 W. In the forward pump
setup (Fig. 3.1(a)), the pump source is connected to the 25 cm Tm?3*-doped silica fiber
directly, and the cross points represent fusion splices. An optical spectrum analyzer (OSA,
YOKOGAWA, AQ6375) is connected to the 1900 nm port of 1560/1900 nm WDM coupler
for ASE measurement, while, the residual 1560 nm pump signal is coupled into the 1560
nm port. This design is to protect the OSA. In the backward pump setup (Fig. 3.1(b)),
the pump source is connected to the 1560 nm port of WDM coupler, and then coupled into
Tm3*-doped fiber. The ASE results are measured by the same OSA.

1560 nm port 25 cm Tm-doped

25 cm Tm-doped DC silica fiber

DC silica fiber

o
1560/1900 (
OsA

1900 nm port Common port 1900 nm port
(a) (b)

Figure 3.1: Experimental setup to measure Tm?3*:silica fiber ASE with (a) forward pump
and (b) backward pump

1560/1900
WDM

Common port

The ASE measurement results with forward and backward pump are shown in Fig. 3.2.
The 25 cm thulium-doped fiber is pumped by 100 mW, 300 mW, 500 mW, 700 mW, 1 W and
1.4 W, respectively. The pump power is measured by the power meter (Thorlabs, S302C)
along with a thermal sensor (Thorlabs, PM1000D) with a resolution of 1 uW. From the
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results, we can see that both forward ASE and backward ASE increase with pump power
increase. The forward ASE peaks move from 1920 nm to 1870 nm with pump power increase,
while the backward ASE peaks remain unchanged at around 1870 nm. The forward ASE
spectra have a FWHM bandwidth of around 90 nm from 1816 nm to 1905 nm, and the
backward ASE spectra have a FWHM bandwidth of around 90 nm from 1833 nm to 1923
nm. It is noted that forward ASE spectra is higher when wavelength is larger than 1800 nm
with the same pump power, which means the Tm?3"-doped silica fiber can provide higher
gain with forward pumping scheme. Therefore, the forward pumping scheme is used in our

laser.
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Figure 3.2: Measured ASE spectra of 25 cm Tm?3"-doped silica fiber with forward pump
and backward pump

To find the optimal length of Tm?**-doped silica fiber for gain medium, we measured ASE
spectra with different lengths of fiber under a 2 W forward pump power. Fig. 3.3 shows the
results. We can observe that as the length increases, the forward ASE peak moves to longer
wavelength, and the ASE output increase first (from 10 ¢cm to 25 cm) and then decrease
(from 25 cm to 95 cm). The 25 cm Tm®*"-doped silica fiber has the highest ASE output at

1874 nm. Therefore, the 25 cm Tm?*-doped silica fiber is chosen in our laser.
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Figure 3.3: Measured ASE spectra with different lengths of Tm3*-doped fiber under a 2 W
forward pump power

3.3 Experimental Setup and Results

3.3.1 Brillouin Pump Laser

The Brillouin TDFL is pumped by a home-built TDFL. In this section, we demonstrate
the pump laser in a ring cavity. As we introduced earlier, the threshold power of SBS is
related to the linewidth of the pump signal. To lower the threshold of stimulated Brillouin
scattering and stabilize the output of the multi-wavelength Brillouin TDFL, we tried to
build a single longitudinal mode (SLM) laser at 1874 nm as Brillouin pump source. The
experimental setup of the Brillouin pump laser is shown in Fig. 3.4(a). An external cavity
laser (ECL, Pi560) diode is used as the pump source which is passed through an high power
EDFA for higher pump power. The pump power can be up to 2.3 W. The WDM coupler
(1560/1900 WDM) is used to separate the pump and the lasing signals. The details of double
cladding Tm?*-doped silica fiber is introduced in the last section. An in-line polarization
controller (PC) ensures the intra-cavity polarization state is properly controlled. A polar-
ization dependent isolator (PDI) is used for suppressing mode competition [11]. A circulator
combined with a FBG serve as an isolator and a wavelength selector. The circulator make

the lasing signal propagate clockwise. The FBG has a center wavelength of 1873.9 nm, a
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3-dB bandwidth of 0.2 nm and a reflectivity of 98%. The residual 1560 nm pump signal is
removed from it, and only 1873.9 nm signal can oscillate in this ring cavity. To realize the
SLM operation, two compound rings and an unpumped Tm?*"-doped fiber are incorporated
into the setup. The compound rings serve as highly mode-selective elements. The incom-
mensurate lengths of the compound rings produce the vernier-type effect. Therefore, the
laser mode oscillates only at a frequency that satisfies both resonant conditions given by
main cavity and two ring cavities [12]. A PC is used in the first compound ring to adjust
the polarization state. The length of the two compound rings are 6.8 m and 2.3 m, respec-
tively. The unpumped Tm?3*-doped fiber is incorporated into the second ring cavity. This
unpumped length, in which a weak Bragg grating is induced due to refractive index changes,
allows for SLM operation[!3]. Since the residual pump signal is blocked by circulator, it is
ensured the the SA in the compound ring is unpumped. A 3 dB coupler extract the 50%
intra-cavity power as output power. The total cavity length of this ring cavity is around

16.1 m, and the estimated cavity loss is about 14 dB.

EDFA

25 cm Tm*:silica
fiber

10 cm unpumped
*silica fiber

1873.9nm
FBG

Output

Figure 3.4: Setup of Brillouin pump laser with compound rings and saturable absorber

The output power is connected to a 7.5 GHz photodetector (Newport, 818-BB-51F) and
an electrical spectrum analyzer (ESA, Anritsu, MS2668C) to measure its radio frequency
(RF) spectrum. The measured RF spectra of the Brillouin pump laser are shown in Fig.

3.5. We can see that all the sidemodes are eliminated by the compound rings and SA, and



40

only the main lasing mode appears in the RF spectrum, which verifies the single longitudinal

operation operation.
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Figure 3.5: The measured RF spectra of the Brillouin pump laser

Fig. 3.6(a) shows the optical spectrum of the Brillouin pump laser. The output spectrum
is measured by an OSA (YOKOGAWA, AQ6375) with a resolution of 0.05 nm. The laser
peaks at 1873.9 nm and its measured FWHM bandwidth is smaller than 0.06 nm, which is

limited by the resolution of the OSA. Fig. 3.6(b) shows the measured output power of the

1873.9 nm with respect to the pump power at 1560 nm. The threshold pump power of the

laser is around 0.8 W. When the pump power increases, the laser peak at 1873.9 increases

with a
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Figure 3.6: (a) The optical spectrum of the Brillouin pump laser. (b) The output power of
1873.9 nm versus pump power at 1560 nm
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To test the stability of this BP laser, we measured the optical spectra of this laser 5 times
in 20 minutes. The results are shown in Fig. 3.7. The output power fluctuation is less than

0.8 dB, and the wavelength drift is less than 0.1 nm.
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Figure 3.7: (a) optical spectra measured in 20 minutes, (b) output power fluctuation in 20
minutes
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3.3.2 Home-Built Thulium Doped Fiber Amplifier

In our Brillouin TDFL setup, there are two home-built thulium doped fiber amplifiers
(TDFA). One is used to amplify the 1874 nm pump signal from the Brillouin pump laser
and composed of the Brillouin pump (BP) source. The other one is an intra-cavity TDFA to
amplify both pump signal and Brillouin signals. In this section, we demonstrate the home-
built TDFA. The setup of TDFA is shown in Fig. 3.8. A high power EDFA is used as pump
source. The output power of this EDFA can be up to 1.4 W. A 1550/1850 WDM coupler
is used to separate the pump and input signal. A 38 cm Tm?**-doped DC silica fiber works
as gain medium. This fiber has the same characters as the gain fiber in home-built SLM
fiber laser. It is pumped by backward pumping scheme to eliminate the 1550 pump signal
in output signal. It is noted that there is no isolator in our home-built TDFA, because we

need it work in the linear cavity of Brillouin TDFL.
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Figure 3.8: Setup of thulium doped fiber amplier

Fig. 3.9 shows the experimental setup to measure the gain of the home-built TDFA with
different pump power. We use the backward ASE of the 25 cm Tm3*-doped silica fiber as
probe signal. The fiber is pumped by ECL laser diode combined with a high power EDFA
(PriTel, FA-33). We can get its optical spectrum by the OSA. Then amplify this backward
ASE with the home-built TDFA. The home-built TDFA is pumped by a second high power
EDFA. We can get the different amplified backward ASE by changing the pump power. The
gain of this TDFA can be obtained by comparing amplified backward ASE with original
backward ASE.

25 cm Tm ™ silica
fiber

(@,

Common port

560 nm port

1560,/1900
WDM

1900 nm port

Figure 3.9: Experimental setup to measure the gain of the home-built TDFA

The optical spectra of the original backward ASE and amplied ASE are shown in Fig.
3.10. The original backward ASE is drawn by bold blue line. The different shape of spectra
between original backward ASE and amplified ASE is caused by WDM coupler’s insertion
loss. From the results we can see that the insertion loss of this TDFA is around 20.57dB at
1874 nm, and when the pump power is 218 mW, the TDFA is transparent for 1874 nm signal.
There are some lasing peaks shown around 1.9 um when the pump power is larger than 1
W. That is due to the reflection at interfaces such as fiber connectors provide a feedback to
thulium doped fiber in TDFA, which technically forms a laser cavity. When the gain of this

laser cavity is lager than its loss, laser peaks show up.
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Figure 3.10: Optical spectra of the original backward ASE and amplified ASE

By analyzing spectra, we can get a plot showing gain at 1874 nm with respect to the
pump power, demonstrated in Fig. 3.11. Since the input signal is the backward ASE, its
power is lower than -20 dBm. This input power do not lead to saturation of the amplifier.
The amplifier is operated under a small signal gain regime. It shows a gain saturation when
the pump power is larger than 1 W with a maximum gain of 24.7 dB. The maximum gain

coefficient of the TDFA is 0.145 dB/mW.

*  Experiment data
30 — Fitting curve

* *

Gain(dB)

0 200 400 600 800 1000 1200 1400

Ppump(mW)

Figure 3.11: Gain at 1874 nm versus pump power for the Tm3* doped fiber
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3.3.3 Linear Cavity of the Brillouin TDFL

Fig. 3.12 shows a schematic of the multi-wavelength Brillouin TDFL in a linear cavity.
The Brillouin gain medium is a 1 km long highly nonlinear fiber (OFS, HNLF Standard)
with dispersion coefficient of 9.09 ps/(nmxkm) and dispersion slope of 0.02 ps/(nm?xkm)
at 1.9 pm. The HNLF has an attenuation of 3.47 dB/km and an effective area of 11.6
pum?. The Brillouin pump source consists of the home-built Brillouin pump laser, a home-
built TDFA and an isolator. The isolator is employed in the BP to aviod the interference
between the reflected light and Brillouin pump signal. The BP has a maximum power of
approximately 100 mW at 1874 nm. The BP signal is coupled into the linear cavity by
a 50:50 optical coupler. A loop mirror and a god-tipped mirror with reflectivity above 90
% serve as reflectors and define the linear cavity. An optical circulator together with the
coupler connected to the BP act as a loop mirror. A second TDFA is used in the linear
cavity to amplify both BP signal and Brillouin signals. An optical coupler with a splitting
ratio of 87:13 is used to extract 13% of main cavity power as output power. The optical
spectra is measured by an OSA (YOKOGAWA, AQ6375) with a resolution of 0.05 nm, and
a 10 dB attenuator is used before the OSA to avoid damage.

Brillouin pump

10dB attenuator,

Figure 3.12: Multi-wavelength Brillouin TDFL configuration

The BP is injected into the linear cavity via the 50:50 coupler, the circulator and am-
plified by TDFA2, and then coupled into the HNLF to generate the first order Brillouin
Stokes signal, which propagates in the opposite direction of the BP signal. This first order
Brillouin signal is reflected by the loop mirror and amplified by the TDFA2 and coupled
into the HNLF. Then 13% of the first order Brillouin output from the cavity by the coupler

with a split ratio of 87:13, and the other 87% propagates to the gold-tipped mirror and
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gets reflected back to complete a round trip oscillation. As long as the power of this signal
is larger than the value of Brillouin threshold power, the second order Brillouin signal can
be generated and oscillates in the cavity. This process continues until the Brillouin gain is
smaller than the cavity loss, and subsequently generate cascaded Brillouin Stokes signals.

By this mechanism, a multi-wavelength Brillouin TDFL is realized.

The Brillouin shift vg can be estimated by

2N,
vp = % (31)

where v, is the acoustic velocity within the fiber v, = 5.96 km/s, the wavelength of the
pump source A = 1873.9 nm, the effective mode index at the pump wavelength n, = 1.45.

The estimated frequency shift v = 9.22 GHz, which is around 0.1 nm at 1874 nm.

3.3.4 Results and Discussion

The output spectra of the Brillouin TDFL are related to both BP power and the pump
power of TDFA2 (intra-cavity TDFA). The most peak result are shown in Fig. 3.13. More
than 100 peaks including anti-Stokes peaks can be observed in the result. The anti-Stokes
peaks are generated by the four wave mixing (FWM). The Stokes peaks and anti-Stokes
peaks cannot be separated with each other clearly and the measured ASE between adjacent
peaks is relatively high, which is attributed to the low OSA resolution. With a high resolution
spectrometer, a much clearer result can be achieved [14]. For this result, the BP power=70
mW, and TDFA2 pump power=1.5 W. In Fig. 3.13, the wavelength spacing is 0.1 nm, which

agrees to our previous calculation.
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Figure 3.13: optical spectrum of the Brillouin TDFL when Brillouin pump power=70 mW,
and TDFA2 pump power=1.5 W

Fig. 3.14 shows the spectra of the Brillouin TDFL with the TDFA2 pump increasing
from 0.4 W to 1.2 W, where the BP power is fixed at 150 mW. The number of peaks increases
with the TDFA2 pump power increases. This is due to the increment of TDFA gain that

can easily compete with the Brillouin gain suppression.
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Figure 3.14: Spectra of the Brillouin TDFL with the BP power fixed at 150 mW

Fig. 3.15 shows the spectra of the Brillouin TDFL with the BP power increases from
30 mW to 70 mW with the pump power of TDFA2 fixed at 1.5 W. The BP power is

measured after the isolator in Fig. 3.12. The peak number decreases with the BP power
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increase because of the saturation effect in the Tm?*-doped fiber of the TDFA, which led
to insufficient signal power for the higher order to pump the HNLF, therefore stopping the

process of multi-wavelength operation [15].
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Figure 3.15: Spectra of the Brillouin TDFL with the TDFA2 pump power fixed at 1.5 W

During the experiments, we observe this interesting phenomenon, the first order Brillouin
peak is always much weaker than the adjacent peaks, which is unexpected. To investigate
the reason, we build the experimental setup in Fig. 3.16. It has the same linear cavity as the
Brillouin TDFL but without Brillouin pump. It is a linear cavity laser. The gain medium
of this laser is the Tm3®*-doped fiber in the TDFA2, and the pump source of this laser is the
pump source of the TDFA2.

10dB attenuator

TDFA 2 1km HMNLF

Figure 3.16: Experimental setup of the linear cavity laser

Fig. 3.17 compares the optical spectrum of the Brillouin TDFL with the linear cavity
laser. From Fig. 3.17, we can see that both spectra of the linear cavity and Brillouin TDFL

have some dips, and those dips overlap with each other in both spectra. One of the dips
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is located at 1874 nm, which is the wavelength of the first order Brillouin peak. There are
water vapour inside the OSA and those dips are generated by the water vapour absorption
[46]. The first order Brillouin signal is absorbed by vapour in the OSA, that’s why the first

order Brillouin peak is much weaker than its adjacent peaks.
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Figure 3.17: The optical spectra of the Brillouin TDFL and the linear cavity laser when
the pump power is 1.5 W

The stability of this Brillouin TDFL is also investigated in 20 minutes. The optical
spectra are shown in Fig. 3.18, and the peak wavelength and peak power fluctuations are
shown in Fig. 3.19. Since the first order Brillouin peak is weaker due to the water absorption,
and it is more sensitive to some other elements such as temperature, humidity and so on, we
investigate the second order to fifth order Brillouin peaks. The wavelength drift of these four

peaks are less than 0.02 nm and the power fluctuation are less than 3.4 dB in 20 minutes.
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Figure 3.18: Output spectra of Brillouin TDFL measured in 20 minutes
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Figure 3.19: (a) wavelength fluctuations and (b) power fluctuations of four selected lasing

peaks

As chapter 2 discussed, it is also possible to build a multi-wavelength Brillouin fiber laser
with a ring cavity. However, the ring cavity configuration is not as simple as linear cavity.

Besides, our experiments of ring cavity did not show as good results as the linear cavity
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configuration.

3.4 Conclusion

In this chapter, we demonstrated the use of Tm3*:silica DC fiber to realize a multi-
wavelength TDFL with a linear cavity. With optimal pump operation, more than 100 Stokes
and anti-Stokes lines can be observed in the optical spectrum. To the best our knowledge,
it is the most number of lasing wavelengths for a TDFL at around 2 pm. We also showed
the stability of the laser. A 20 minutes test shows the peak powers fluctuate less than 3.4
dB and peak wavelengths drift less than 0.02 nm.



Chapter 4

CW Bismuth-Doped Fiber Lasers at
1726 nm

4.1 Introduction

In this chapter, we demonstrate BDFLs in both linear cavity and ring cavity. The bismuth
doped fiber is introduced first. Then we present BDFLs with linear cavity and their outputs.
The ring cavity setup is demonstrated at the end of the chapter.

4.2 Bismuth Doped Fiber

A 15 m long bismuth doped germanosilicate fiber fabricated by MCVD technique is used
as active fiber in our experiments. The fiber was manufactured by Fiber Optic Research
Center of the Russian Academy of Sciences. The fiber with 50 mol.% of germanium dioxide
has a bismuth concentration of 10° ym™=3, a core diameter of 125 pm and a cladding diameter
of 125 pm. The index difference between the core (1.52) and the cladding (1.45) of 0.07 results
in a cutoff wavelength of 1.2 um. Fig. 4.1 shows the emission and absorption cross section
spectra of the bismuth doped fiber, which is given by experimental data with theoretical
extrapolation. The absorption spectrum peaks at 1650 nm, and the emission spectrum

peaks at 1700 nm.

o1
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Figure 4.1: Spectra variation of the emission and absorption cross section

We also measure the forward and backward spectra of the fiber. The setups are similar
to Fig. 3.1. The results are shown in Fig. 4.2. Compared with our Tm-doped fiber, bismuth
fiber has lower ASE, which was caused by the bismuth ion property and the low bismuth ion
concentration. From the results, we can see there is no big difference between forward ASE
and backward ASE. Both forward and back ward ASE have a peak value of approximately
-35 dBm, and there is no obvious wavelength shift with pump power increase for both ASE

spectra. Therefore, in the following experiments, we try both two pumping schemes.
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Figure 4.2: Optical spectra of the ASE for the bismuth doped fiber

To find the gain of the bismuth doped fiber, we design the following experiments. The
experimental setups are shown in Fig. 4.3. In the forward pumping configuration, a su-
percontinuum is used as probe signal. The pump source is composed of a ECL laser diode

at 1560 nm and a high power EDFA (PriTel, FA-33). The pump power can reach to 1.2
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W. A optical coupler with splitting ratio of 90:10 is used to combine 10% probe signal and
90% pump signal into the bismuth doped fiber. An OSA is connected to the 1700 port
of a 1550/1700 nm WDM coupler. The pump power is measured before the coupler by a
power meter (Thorlabs, PM100D) along with a thermal power sensor (Thorlabs, S302C).
The residual 1560 nm pump signal is eliminated by the WDM coupler to protect OSA. In

the backward pumping configuration, there is a isolator to protect supercontinuum source.

Figure 4.3: Experimental configurations to measure the gain of bismuth doped fiber with
(a) forward pumping scheme and (b) backward pumping scheme

The optical spectra of the forward pumping scheme are demonstrated in Fig. 4.4. The
original supercontinuum source spectrum is drawn by bold blue line. The sharp discontinuity
around 1600 nm in optical spectra is caused by the 1560/1700 WDM coupler. It has a
relatively large insertion loss from common port to 1700 nm port for wavelengths less than
1600 nm. When no pump power applied to the bismuth doped fiber, there is nothing except
noise shown in the OSA, which means a strong absorption. As pump power increases, probe
signal start to show in the OSA, and increases. From Fig. 4.4, we can see that when the
pump power equals to 63 mW, the spectrum overlaps the supercontinuum spectrum at the
1726 nm, which means at this point, the gain equals to loss and the fiber is transparent to
the 1726 nm signal. As pump power increases to the max, there is a gain region from 1600
nm to 1800 nm, and the maximum gain is around 10 dB at 1726 nm. The optical spectra
of the backward pumping scheme are shown in Fig. 4.5. When the pump power is 114 mW,
the gain equals to the loss at 1726 nm. The gain region is from 1660 nm to 1780 nm and

the largest gain is around 6 dB when the pump power is maximum.
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By analyzing the optical spectra, we can get gain spectra of bismuth doped fiber with

forward pumping (Fig. 4.6) and backward pumping (Fig. 4.7). When a spectrum is over 0

dB, the bismuth doped fiber amplifies the input signal. When a spectrum is less than 0 dB,

the fiber absorbs the input signal.
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Figure 4.6: Gain spectra of bismuth doped fiber with forward pumping scheme
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Figure 4.7: Gain spectra of bismuth doped fiber with backward pumping scheme

From the previous spectra, we can get a plot showing gain at 1726 nm with respect to
the pump power, demonstrated in Fig. 4.8. There is a large absorption when pump power
is 0. The value can not be measured precisely due to the low output of the supercontinuum
source and the OSA sensitivity. For both forward pumping and backward pumping, when
the pump power is smaller than 200 mW, the gains increase significantly. When the pump

power is larger than 600 mW, there are gain saturations for both pumping schemes.
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Figure 4.8: Gain at 1726 nm versus pump power for the bismuth doped fiber

4.3 Experimental Setups and Results

4.3.1 BDFL with Linear Cavity

Fig. 4.9 demonstrates the linear cavity BDFLs. The lasers are pumped by a high power
EDFA (PriTel, FA-33), whose output power can be up to 1.4 W. The pump signal is launched
into the laser cavity by a 1560/1700 nm WDM coupler. The pump power is measured at the
star point. A FBG and a gold mirror are used as reflectors to compose the linear cavity. The
FBG has a reflectivity of 95% at the center wavelength of 1726 nm with a 3 dB bandwidth
of 0.4 nm. The insertion loss of the FBG is around 3 dB, which is mainly caused by splicing
loss with SMF connectors. The gold mirror has a reflectivity of 90% at 1726 nm. Because
the output contains pump signal, to get more accurate results, the output are measured by

OSA (YOKOGAWA, AQ6375) instead of power meter.

The output spectra are shown in Fig. 4.10. When the pump power is low, there is a
dip at 1726 nm, which is caused by the reflection of FBG. As pump power increases, the

spectrum rises, and at some point, the lasers start lasing.
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Figure 4.9: Linear cavity BDFLs
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Figure 4.10: Output spectra of linear cavity BDFLs
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Fig. 4.11 shows the output power with respect to the pump power. Due to the insertion
loss of the FBG, the maximum pump power launched into the cavity is lower for backward
pumping scheme. Thus, backward pumping cavity has lower threshold power and output

power. The slop efficiencies are 5.76¥107°> W/W and 4.99%1075 W /W, respectively
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Figure 4.11: Output power with respect to the pump power for linear cavity BDFL

4.3.2 BDFL with Ring Cavity

Fig. 4.12 shows the ring cavity BDFL. A high power EDFA (PriTel, FA-33) serves as
pump source, the pump signal is launched into the ring cavity by a 1550/1700 nm WDM
coupler. The pump power is measured at the star point. The PC adjusts the polarization
states. A isolator is used inside the cavity to make the lasing signal propagate counterclock-
wise. This design can also eliminates the residual pump signal inside the cavity. An optical
coupler with splitting ratio of 90:10 extracts 10% to the output from the cavity. The total
cavity length is around 25 m. Because there is no pump signal in the output, we use a power

meter (EXFO, FPM-300) to measure the output power.

Fig. 4.13 demonstrates the output power with respect to the pump power. The threshold
pump power is around 0.35 W and the slope efficiency is 3.55¥10™ W/W. When the pump

power is increased up to 1.2 W, the laser has a output power of around 300 pW.
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Figure 4.12: experimental setup of BDFL with ring cavity

350

300 *

250

N
o
o

Output power (uW)
@
o

50 [

0 0.2 0.4 0.6 0.8 1 1.2
Pump power (W)

Figure 4.13: Output power with respect to the pump power for ring cavity BDFL

Fig. 4.14 shows the optical spectra of ring cavity BDFL. The laser is sensitive to polariza-

tion state. Adjusting the intra-cavity PC can control the number of peaks. Single-wavelength
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at 1726 nm and dual-wavelength at 1726 and 1735 nm operation can show up. However,
once the polarization state is fixed, the output of this laser is very stable, because the out-
put stability mainly depends on birefringence, and the intra-cavity PC uses stess-induced
birefringence to implement two independent wave plates to control the state of polarization
of the transmitted light in SMF. Around 0.3 dB power fluctuation can be observed between
different OSA scan.
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Figure 4.14: Optical spectra of ring cavity BDFL

4.4 Conclusion

In this chapter, we demonstrated the use of bismuth doped germanosilicate fiber to
realize CW laser at 1.7 um in both linear cavity and ring cavity. The linear cavity laser has
maximum output power of 55 um with slope efficiency of 5.76¥107° W /W, while the ring
cavity laser has maximum output power of 300 um with slope efficiency of 3.55%10~* W /W.
By changing the polarization state, we are able to switch output operation between single-
wavelength at 1726 nm and dual-wavelength at 1726 nm and 1735 nm. The investigation of

BDFL could be useful for future researches.



Chapter 5

Conclusion

5.1 Summary

This thesis demonstrates two types of fiber lasers in near-infrared region. The first one is
a multi-wavelength Brillouin TDFL in a linear cavity. More than 100 Stokes and anti-Stokes
lines with wavelength spacing of 0.1 nm have been observed in the optical spectrum. This
is, to the best of our knowledge, the most number of lines shown in optical spectrum for a
Brillouin TDFL. A 20-minutes test shows that the peak power fluctuations and wavelength
drifts are less than 3.4 dB and 0.02 nm, respectively. This Brillouin TDFL can provide a
multi-wavelength laser source for telecommunication in 2 ym window as well as applications

such as medicine, spectroscopy and sensing.

The second type of fiber lasers are CW BDFLs. Both linear cavity and ring cavity are
used to build BDFLs in this work. Linear cavity BDFL has maximum output power of 55
pm with slope efficiency of 5.76%*1075 W/W. Ring cavity BDFL has maximum output power
of 300 um with slope efficiency of 3.55%10~% W/W.

5.2 Future work

To further improve the performance of the Brillouin TDFL, a commercial narrow linewidth

laser diode at 2 pum is required to serve as the seed of BP source. Compared with the home-
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built TDFL, such a laser diode has a narrower linewidth, which will decrease the Brillouin
threshold power and increase the number of Stokes and anti-Stokes lines. The output of
the laser diode is more stable, which can improve the stabilization of the multi-wavelength
Brillouin TDFL. Besides, using a laser diode can minimize the size of laser, make it more
compact and simpler. Temperature control could be used to further stabilize the output

peak powers and wavelengths.

Based on the current achievements in Brillouin TDFL. We propose the following future
work on Brillouin TDFL. Due to linewidth narrowing effect of SBS, it is impossible to mea-
sure the linewidth of the Stokes and anti-Stokes signal by an OSA with resolution of 0.05
nm. To do such a work, we may need a high resolution spectrometer such as a optical com-
plex spectrum analyzer or use a delayed self-heterodyne system [17] to measure the narrow

linewidth.

To improve the performance of the BDFL, instead of using the 15 m bismuth doped fiber,
a fiber with optimal length could be used in the laser to achieve the highest gain. To get a
lower cavity loss, we can use some fiber devices with lower insertion losses and try some new

splicing methods to lower the splicing loss.

Based on the current achievements in BDFL. We propose the following future work on
BDFL. We can try to build a pulsed BDFL based on the NALM, nonlinear polarization
rotation or saturable absorber such as graphene, CNT, etc. On the other hand, once we
achieve a higher output power of the BDFL, we can try to build a multi-wavelength BDFL

based on the SBS, FWM or nonlinear amplifier loop mirror.
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