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ABSTRACT
In the first chapter, a Q-switched fiber laser that is capable of generating
transform-limited pulses based on single-frequency fiber laser seeded ring cavity
is demonstrated. The output pulse width can be tuned from hundreds of
nanoseconds to several microseconds. This Q-switched ring cavity fiber laser
can operate over the whole C-band. In addition, a theoretical model is developed
to numerically study the pulse characteristics, and the numerical results are in
good agreements with the experimental results. In the next chapter, a Raman
fiber laser is developed for generating signal at 1480 nm. Initial experimental
results has demonstrated generating of Raman laser at 1175 nm, 1240 nm, 1315
nm, and 1395 nm wavelength. Finally, a free space fiber amplifier is studied both
theoretically and experimentally. The experimental work has demonstrated signal

coupling efficiency up to 90% in the NP highly Er/Yb co-doped phosphate fiber.
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INTRODUCTION
This thesis focuses on the development of Q-switched fiber laser, Raman fiber
laser, and free space fiber amplifier.

For the first Chapter, a seed-injection, Q-switched, ring-cavity Er-doped fiber
laser is introduced. This fiber laser is studied both experimentally and numerically.
The experiment results have demonstrated the generation of transform-limited
output pulse with pulse-width tunable from hundreds nano-seconds to several
micro-seconds. A numerical model is developed to study the output pulse
characteristics. Numerical simulation results agree well with the experiments. In
addition, the numerical simulation also studied several other cavity parameters
that affect the pulse characteristics.

In the second Chapter, a cascaded Raman fiber laser is developed for
generating output wavelength at 1480 nm. The theory of Raman laser is first
introduced, and then the Raman laser cavity design is proposed. Finally, the
experimental results have demonstrated the Raman laser lasing at each shifted
wavelength.

A free space fiber amplifier system is studied in Chapter 3. The factors that
affect the signal coupling are discussed in detail. Experimental results for signal

amplification and fiber absorption measurements are presented. The results have
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shown that the signal coupling efficiency can reach up to 90% in the fiber. The
signal coupling technique is then applied to study super-continuum generation in

a tellurite fiber.
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CHAPTER |
SEED-INJECTION, Q-SWITCHED, FIBER LASER

1.1 Introduction

Fiber lasers have compact design and stable operation compared with traditional
solid state lasers. In particular, a large variety of monolithic pulsed fiber lasers
have been developed in recent years. These fiber laser pulses are suitable for
applications in remote sensing [1], LIDAR systems [2], spectroscopic sensing [3-
4], laser frequency conversion [5-6], etc. Especially for applications involving
spectroscopic sensing and LIDAR, the coherence length and resolution depends
on the linewidth and the pulse duration [2], so narrow-linewidth pulses with
tunable wavelength and duration are desired.

There are many ways to achieve Q-switching with narrow linewidth and
wavelength tuning. The use of a diffraction grating device to achieve wavelength
tuning with single-frequency and narrow linewidth has been demonstrated
previously [7-8]. Unfortunately, this method needs precise free space alignment
and a bulky diffraction grating impacts the cavity size and packaging. Alternatively,
a tunable Fiber-Bragg-Grating (FBG) can be integrated into the fiber laser cavity
to achieve active Q-switching with narrow linewidth. Cuadrado-Laborde et al [9]

have demonstrated transform-limited pulses by acoustically perturbing the FBG.
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A narrow linewidth pulse is obtained from this laser cavity. However, this method
relies on mechanical means to change the FBG transmission spectrum, which
needs additional bulky elements, and the tuning speed is limited. Most recently,
Williams et al [10] demonstrated optical-tuning of a FBG spectrum to achieve
high speed Q-switching. However, this method relies on a sophisticated grating
inscription technique using femto-second lasers and the loss due to the grating
could be high, decreasing the efficiency. The Fiber Bragg Grating approach can
achieve narrow linewidth pulses, but the output wavelength cannot be easily
tuned within the cavity. Most of the above approaches employed linear cavity
configurations. However, a ring cavity configuration can avoid spatial-hole-
burning by forcing the wave propagation in either a clockwise or counter-
clockwise direction. In this situation, standing waves will not be formed, so single
frequency operation is not limited by the linear cavity modes. By limiting the ASE
signal in the cavity, a single-frequency (narrow linewidth) pulse can be achieved.
Most recently, Popa et al [11] demonstrated the use of a graphene saturable
absorber with a tunable filter in a ring cavity to limit the ASE spectrum and
achieve wavelength tuning, but the linewidth depends heavily on the bandwidth
of the filter, which makes it difficult to achieve transform limited pulses. In recently

years, Dragic [12-13] demonstrated that by introducing a single frequency seed



16

into the cavity, the ASE signal can be suppressed, forcing the laser to operate on
the frequency of the narrow linewidth seed. Although Q-switched pulses were
demonstrated with this approach, the pulse’s temporal profile exhibits multi-peak
characteristics, which is not desired for many applications.

In this chapter, we demonstrate the use of single-frequency seed injection
into an erbium doped, single mode fiber laser ring cavity to achieve transform-
limited, pulsed output. By tuning the seed wavelength, the output signal
wavelength can also be tuned, without changing the cavity configuration. An
output pulse with a smooth, single peaked temporal profile is achieved. The Q-
switching is achieved by using an acousto-optic modulator (AOM) in the cavity,
which allows fast and controllable switching performance. By controlling the AOM
drive signal repetition rate, output pulse widths ranging from hundreds of
nanoseconds to several microseconds are achieved. The transform-limited
linewidth of the fiber laser pulses was verified by using a fiber-based Fabry-Perot.
In order to understand the origin of pulse characteristics, we have developed a
numerical model and simulated the pulse formation from the cavity. The AOM
transmission and several cavity parameters that can change pulse characteristics
are studied. The numerical study is a guide for the fiber laser cavity design, and

the numerical results agree well with the experimental results. We believe this is
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the first time a numerical model is developed to simulate the pulse formation for

this type of laser cavity with comparison to experimental results.
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1.2 Laser cavity configuration

Output Coupler Band-pass filter

Lo AOM
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Fig 1-1. (a) Q-switched Fiber ring cavity configuration. A 1-meter Er-doped fiber is

pumped by a 980 nm diode pump laser. The cavity is seeded by a single-frequency

fiber laser. A band-pass filter is used to stabilize the operation. The loss of each

component is indicated in the figure in unit of dB. (b) The transmission curve of the

1* order of the AOM in one period.
The injection seeded ring cavity fiber laser system is depicted in Fig 1-1 (a). The
Er-doped fiber is end pumped at 980 nm, and the cavity is seeded by a single-
frequency fiber laser at 1530 nm. The laser system is forced to operate in the
counter-clockwise direction by using isolators (ISO). Since the beam propagates
in one direction, standing wave formation is avoided. Previous experiments
demonstrated that by injecting a narrow linewidth seed, the ASE signal can be
suppressed, and the laser can operate at the same wavelength as the seed with

narrow linewidth [13]. In our experiment, we use a single-frequency fiber laser

seed, and the output laser pulses are transform limited centered on the seed
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wavelength. The band-pass filter with 100 GHz bandwidth centered at 1530 nm is
used to stabilize the cavity operation and suppress ASE, but it does not
determine the pulse linewidth.

The Q-switching is achieved by using an AOM, and the AOM transmission is
electrically triggered by a function generator. The characteristic of the 1% order
transmission of the AOM is shown in Fig 1-1 (b). The AOM transmission curve in
one period is divided into four parts: the rise time, on time, the fall time and the
off time as shown in Fig. 1-1 (b). The off time determines the repetition rate and
the amount of population inversion that is accumulated. When the 1% order
transmission of the AOM is switched off (zero transmission), the system is at the
low Q cavity mode the Er** population inversion accumulates. After the AOM
transmission is switched on, the cavity Q becomes high and a short pulse is
formed. The rise time of the AOM transmission plays an important role in
determining the Q-switched pulse profile. Typically, with a very short rise time (~
10’'s of ns) the population inversion will be consumed quickly, resulting in a
temporal pulse shape with multiple peaks [14-15]. This phenomenon is also
observed in both our experiments and numerical simulations. The AOM open
time (including the rise time, on time, and the fall time) is also an important

parameter that determines the pulse characteristics. Especially, the maximum
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pulse width is limited by the AOM open time. In addition, we demonstrated pulse
width tuning by tuning the AOM repetition rate experimentally and numerically.
Moreover, in the numerical simulation section, we will discuss how the cavity
parameters such as the cavity losses and cavity length can affect the pulse

characteristics.



21

1.3 Experimental results

The experimental set up is described in Fig 1-1(a). A 1-meter single mode (SM),
polarization maintaining (PM) Er-doped fiber is used as the gain fiber. The
passive fiber used is PM 1550 fiber which has a length of about 1 meter, thus
making the total cavity length about 2 meters. The ~ 800 mW pump diodes at

980 nm and a 50-mW fiber laser seed at 1530 nm were used in Fig. 1-1.

1.3.1 AOMrise time

asure  Anabyze  Utliies  Help

€Y (b)

Fig 1-2. Pulse shapes for different AOM rise time at 500 Hz repetition rate. (a) shows
a 500 ns single pulse for 1.5 s rise time; (b) shows a multi-peak pulse for 60 ns rise
time. The seed wavelength is 1530 nm.

We observed that in order to achieve smooth Q-switched pulses, the AOM rise
time needs to be longer than a critical value. For example, when the repetition

rate is 500 Hz, the AOM rise time should be longer than ~ 300 ns. As shown in
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Fig 1-2(a), when the AOM rise time is about 1.5 us, a normal Q-switched pulse
with 500 ns duration is observed. However, when the AOM rise time is about 60
ns, the pulse exhibits multi-peak characteristics as shown in Fig. 1-2 (b), as
reported previously both numerically and experimentally in Ref [14]. The reason
for this multi-peak pulse shape is explained as: during the initial time of the pulse
formation, the ASE is almost rectangular in time domain; however, as the ASE is
amplified through many round-trips in the cavity, the front edge of the ASE is
amplified more than the back edge due to the rapid population depletion which is
caused by the short rise time. Since the output pulse consists of a sequence of
partially extracted ASE signal, the output pulse exhibits multi-peak features. The

multi-peak pulse is also obtained through our numerical simulation in Section 5.

1.3.2 Repetition rate

In this section, we fix the pump, signal, and the AOM transmission shape, (i.e.,
the rise time, on time and fall time are fixed) and then we study the pulse width
with regard to the AOM repetition rate. It is found that the pulse width increases
with increasing repetition rate - shown in Fig. 1-3 (a) - which agrees with our
previous results [16]. Pulse widths ranging from about 420 ns to about 1.6 ps
have been obtained. Fig. 1-3 (b) shows the pulse shape for 100 kHz repetition

rate. Note that, at this repetition rate, the pulse is steeper at the falling edge
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(about 1.2 ps fall time) compared with the rising edge (2 ps rise time). This
characteristic is attributed to the short AOM transmission open time, which limited
the pulse width. This explains why the pulse width tends to converge at high
repetition rate; in this regime the pulse is cavity dumped. At lower repetition rates,
the pulse width also tends to converge. This is due to the fact that, at lower
repetition rates, the population inversion accumulation time is long, so before the
next AOM transmission comes, the population inversion has already reached its
maximum value, which is determined by the Er** energy level. Considering the
pulse width is a function of the population inversion initial and final values [17],
the pulse width does not change much as the repetition rate decreases. In the

numerical simulation section, we confirm our explanations.

1800

1600

1400

g

1000

800

Pulse width (ns)
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200

1 10 100
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() (b)

Fig 1-3. (a) Pulse width versus AOM repetition rate and (b) Pulse shape at 100 kHz
repetition rate. The pump, signal, and the AOM transmission shape are fixed
(including the rise time, on time, and fall time).
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Fig. 1-4. Output pulse spectrum for two different seed injection wavelengths. (a)
correspond to 1530 nm seed injection. Insert, Fabry-Parot scanning spectrum; (b)
correspond to 1557 nm seed injection.

1.3.3 Transform-limited linewidth

A single-frequency fiber laser at about 1530 nm was used as the injection seed.
At 10 kHz repetition rate, the output pulse width is measured to be about 900 ns.
The output pulse spectrum was measured by using an optical spectrum analyzer
with resolution of 0.06 nm, which is shown in Fig 1-4(a). For different repetition
rates, no obvious spectrum changes are observed in the experiment. One can
see that the signal-to-noise ratio is about 50 dB. We estimated the linewidth by
using a fiber-based Fabry-Perot with a free spectral range (FSR) of 1 GHz and
Finesse of ~198 [3, 16]. Insert of Fig. 1-4 (a) shows the scanning spectrum for

900 ns Q-switched fiber laser pulses. One can see that the scanning Fabry-Perot
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spectrum shows the single burst under transmission peaks of the Fabry-Perot,
which corresponds to the line width of <5 MHz that is the bandwidth limit of the
Fabry-Perot interferometer.

In order to demonstrate this injection seeded, Q-switched fiber laser can be
operated at other wavelengths in the C-band, a single-frequency fiber laser at
1557 nm and a related bandpass filter were used as an injection seed. The
spectrum of the Q-switched pulses with ~ 600 ns duration at 5 kHz is shown in
Fig 1-4(b), and the estimated linewidth is transform-limited. It is found that the
pulse width tunability at 1557 nm is similar to that at 1530 nm. Therefore, this
injection seeded ring cavity Q-switched fiber laser is capable of generating
transform-limited pulses in the whole C-band, and the wavelength can be
changed or tuned by changing or tuning the single-frequency seed while the
output pulses maintain their transform-limited linewidth.

To avoid stimulated Brillouin scattering (SBS), the peak power of the pulses
was kept under ~10 W by using relatively low pump power. The SBS threshold in
this cavity for very narrow spectral output is about 10 W in the ring cavity
according to our experiments. For example, using the 30% output coupler shown
in Fig 1-1 (a), repetition rates of 0.5 kHz and 100 kHz, produce average/peak

powers of 0.12 mW/0.57W and 7.5 mW/0.047W and pulse energies of 0.24 uJ



and 0.075 pJ, respectively.
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Fig 1-5. (a) Erbium energy level diagram. The pump is at 980 nm, and the laser
transition is at 1530 nm. (b) Simplified laser cavity structure for numerical modeling.
The beam propagation in the cavity consists of three parts, i.e., propagation in
erbium fiber, propagation in the passive fiber, and transmission from all the modules
in the cavity.
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1. 4 Numerical model

In order to understand the physics of pulse formation and how the pulse
characteristics are affected by the cavity parameters and the AOM transmission,
we consider the same fiber laser system as described in Section 1.2 but with
some simplifications for constructing the numerical simulation model, see Fig 1-
5(b). The energy diagram is shown in Fig 1-5(a). We model the pump transition
between “I15, and *l115», and the laser transition between *l13, (meta-state) and
*l152. Assuming the transition between “l11, and *l15, is very fast, we have nz= 0,
where ns is the electron population in the “l11, state. By using a single-frequency
fiber laser seed at 1530 nm with a considerable power level, the ASE can thus be
ignored. This assumption is valid for this laser cavity, because in the experiments
we haven't observed any ASE and the output is still transform-limited at the seed
wavelength. In Fig 1-5(b), the simplified cavity model consists of three parts: an
Er-doped fiber section, a passive fiber section, and a time-varying transmission
section. All the component losses are included in the transmission section, and
this simplification is valid since nonlinear effects such as scattering and self-
phase modulation are not observed. Then the rate equation for the erbium fiber

can be written as [18]:
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dn,(zt) PR.(zt)I, B
dt - hVPA [o-a(VP)nl(Z!t) Ge(VP)nZ(Z!t)] (11)

+ Fs:s(z,t) [o,(vo)n(z,t) — o (ve)n,(z,1)] (@
vSA

N, =N (zt)+n,(zt), (1.2)
where, ni(z,t) and ny(z,t) are the ground-state and the meta-state population
density, ner is the total erbium concentration. Pp(z,t) and Pg(z,t) are the pump
power and signal power respectively. [ and s are the pump and signal overlap
factors. vp and vs are the pump and signal frequencies. 0,(v) and oe(v) are the
absorption and emission cross sections of the erbium fiber system. A is the
doped fiber area, and ¢ is the meta-state life time.

Considering only the forward pump and signal at low pump levels and
ignoring the nonlinear effects, the pump and signal in the erbium fiber can be
described by the traveling-wave model as [14-15]

R(z1) 1 R(@Y
& Vv, o

=le[o.(ve)n(21) —o, ()N (2 IR (2 )
—a(vp)R(21),

(1.3)

d : dPs(z,
e LY YO R AR L LXCE

—a(vs)Ps(z,1),

where Vp and Vs are the group velocity of the pump and signal in the fiber. a(vp)
and a(vs) are the pump and signal absorptions. Egs. (1.1)-(1.4) describe the
laser dynamics in the erbium fiber. For the signal and pump dynamics in the

passive fiber, it is just
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dR.(zt) 1 dR(zt)
e +W - a(ve)Ps(z,t), (1.5)
dPS(Z,t)+i dP;(z,1) _

&z v, o (vs)Ps(z1). (1.6)

After the pump and signal propagate through the erbium and passive fibers, a
fraction of the signal is coupled out as the output, and the remainder is combined
with the injected seed signal as the initial signal power for the next round trip
propagation. The boundary conditions for the signal and the pump in the erbium

fiber are

P,(0,t) = 77,P», (1.7a)

P;(0,t) =P + Py (L., t)T(t), (1.7b)

where np and ns are the coupling efficiencies for the pump and seed into the
erbium fiber. Lt is the total fiber length. T(t) is the total transmission, including the
ISOs, band-pass-filter, output coupler, WDM, and the AOM transmission. We can

also write the total transmission as

T(t) =TT, (D), (1.8)
where Tp includes all the components losses including the AOM, couplers, 1SOs,
WDM, and the band pass filter. Ta(t) is only the time-varying portion of the AOM
transmission. As described in Section 2, the transmission can be divideded into

four parts: rise time (t,), on time (ton), fall time (t;) and the off time (tox). In one
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period of time, the transmission function can be described by
0.5+0.59n[z(t-0.5,)/t,], 0<t<t,

1 O<t-t <t

1-05sn[p(t-t -t -05)/t ] O<t-t -t <t,
0, otherwise

T, ()= (1.9)

The passive fiber input signal and pump power is just the output of the signal and
pump from the erbium fiber at z=Lg. For the signal output, it is extracted after the
AOM, so we can write it as

P = Bs(Lr , OTA(). (1.10)
Note that, for the actual output there is a fraction in front of the above expression,
which is due to the components losses between the output coupler and the Er-
doped fiber end; see Fig 1-1(a). The total components loss between the output
coupler and the Er-doped fiber end is calculated to be about 5dB. So this fraction
is about 10°° = 0.3. However, to write the output pulse expression in this way will

not affect the numerical simulation results.

Symbol Value Symbol Value
Ner 2.46x10° m> Ter 10.5x10° ms
0a(Vp) 2x10°° m’ Ap 980 nm
Oe(Vp) 0 As 1.53 um
s 0.956 Pp 0.8 W
s 0.838 Ps 10 mW
Wp 3.2x10° m 0a(Vs) 2.64x107° m°
Wi 4.2x10° m Oc(Vs) 2.33x10%° m°
a(vp) 0.005m™ A 5.03x10""' m°
a(vs) 0.005m™ T 0.1072

Table 1-1. Summary of the fiber laser parameters.
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1.5 Numerical simulation results

In the previous section, the complete theoretical model for simulating the pulse
formation is introduced. Egs. (1.6)-(1.10) govern the pulse formation in the fiber
laser cavity, solved using the Runge-Kutta Method [19]. In this part, we first
simulate pulse characteristics for different AOM rise times and repetition rates,
and compare the results with the experiment. In addition, several other cavity
parameters that are not varied in the experiment such as the passive fiber length,
and the cavity loss are studied numerically. This study will help us to understand
how those parameters change the pulse characteristics, and direct us for future
experiments. The parameters used in the simulations are directly from the

experiment. The data are summarized in Table 1-1.

1.5.1 Rise time

In this section, we numerically study how the rise time changes the output pulse
profile. The pump and the seed power are fixed. The AOM repetition rate is set to
3 kHz and the single pulses for two different AOM rise times are shown in Fig 1-6.
As shown in Fig 1-6(a), when the rise time is about 1.5 pus the pulse exhibits a
clear single peak profile. However, when the rise time is only 60 ns, a multi-peak
profile is obtained; see Fig 1-6(b). The multi-peak behavior is not as obvious as
that observed in the experiment. This might be due to the numerical calculation

parameter inaccuracy. But the numerical simulation result is enough to confirm
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that the multi-peak behavior that is observed in the experiment is mainly due to
the short rise time of the AOM. Thus, the rise time plays an important role in
determining the pulse profile. This might also explain the multi-peak pulse

observed in Ref [12].

€Y (b)

Fig 1-6. Pulse characteristics for different AOM rise time. (a) 1.5 ps rise time; (b) 60
ns rise time.

1.5.2 Repetition rate

This part studies the pulse width for different AOM repetition rates. In Fig 1-7, we
plot the calculated FWHM pulse width as a function of the repetition rate. The
curve qualitatively follows the experimentally measured results in Fig 1-3(a). The
numerically calculated pulse width is about 50% larger compared with the
experiment data. There are several reasons for this difference such as the

inaccurate estimation of exact pump power and signal power in the erbium fiber,
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the erbium fiber absorption and emission cross section data, the actual fiber loss,
the ISO extinction ratio, AOM efficiency, actual AOM transmission response, fiber
splicing losses, etc. The exact pump power and signal power that are coupled
into the cavity are affected by fiber splicing loss, and mode mismatching. The
cross section data also varies for different fibers, however, the data we got from
the vendor is for different type of Er®* fiber. Previous experiment found that the
pump power [16], and inaccurate loss estimation which affect the transmission
could result in a large pulse width difference (see the numerical study in Section
1.5.4). From Fig 1-3(a), and Fig 1-7, we note that the pulse width converges for
low and high repetition rates and varies in the middle. In order to study this
phenomenon, we first plot the output pulse profiles for 4 different repetition rates
in Fig 1-8. Figs 1-8(a)-(d) correspond to repetition rates of 3 kHz, 10 kHz, 50 kHz,
and 100 kHz, respectively. It can be seen that initially when the repetition is low,
the pulse profiles exhibit symmetric characteristics, see Figs 1-8 (a) and (b).
However, as the repetition rate increases, the pulse width increases and the
profiles exhibit anti-symmetric characteristics. The back side (fall end) of the
pulse is limited by the AOM transmission cut-off time See Figs. 1-8 (c) and (d). In
the simulation, we used 2 ps on time, and 1.5 us fall time, which is close to the

actual experimental data. This explains the pulse width convergence at high
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repetition rate. For low repetition rate, as explained in Section 1.3.2, the
population inversion reaches its maximum value at the low Q cavity mode. When
the next AOM transmission opens, the pulse width is determined by the initial
(maximum) and the final (minimum) population inversion. Thus, at low repetition
rate, the pulse width does not change much. In Fig 1-9, the population inversion
is plotted for two different repetition rates. At 3 kHz repetition rate (Fig 1-9(a)), the
population inversion increases asymtotically, converging to a maximum value.
However, at 30 kHz repetition rate the population inversion has not reached the
maximum value. So, the numerical simulation results have demonstrated the

pulse width vs. repetition rate curve characteristics.

Pulse width [ps]

Repetition rate [kHz]

Fig 1-7. Pulse width versus repetition rate.
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Fig 1-9. Population inversion for two different repetition rates. (a) 3 kHz; (b) 30 kHz.
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Fig 1-10. Pulse profile for different cavity length. The black line
represents 2 meters, the blue dash line represents 3 meter cavity, and
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Fig. 1-11. Pulse profile for different cavity loss. The green dash line
represents 70 % transmission, the blue line represents original
transmission, and the red dash line represents 130% transmission.

1.5.3 Cavity length

In the numerical simulation, the gain fiber length is fixed to be 1 meter. We
change the total cavity length by changing the passive fiber length to study how
the cavity length changes the pulse profile. In Fig 1-10, the pulse profiles for
three different cavity lengths are plotted. The black line, blue dash line, and the
red dash line represent 2 meter, 3meter, and 4 meter cavities, respectively. It can
be seen that as the cavity length increases, the energy spreads out, increasing
the pulse width. The pulse width increase is due to the increase of the cavity

photon decay time in the cavity, and this agrees with the Eq (1.17) in Ref [17].

1.5.4 Cavity losses

The cavity loss is mainly determined by the optical component losses, so we
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change loss by changing the total component transmission Tp. In Fig 1-11, we
plot the pulse profile for 70% Tp (green dash line), 100% Tp (original, blue line),
and 130% Tp (red dash line). From this figure, it is found that as loss increases,
the pulse energy decreases, and the pulse width increases. However, if the
cavity loss is very high, the pulse will not be amplified, so the output pulse would
just follow the AOM transmission modulation. So, this explains the pulse width

increases at high loss level.
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1.6 Conclusion

In conclusion, a SM actively Q-switched, ring cavity, fiber laser has been
demonstrated to generate transform-limited pulses based on a single-frequency
seed injection ring cavity configuration. This monolithic pulsed fiber laser can be
used for spectroscopic sensing and LIDAR systems. The pulse width and
wavelength can be tuned simply by controlling the AOM electrical signal trigger
and tuning the single-frequency seed injection wavelength, respectively. An AOM
was used to actively Q-switch the fiber laser cavity. It has been found that the
pulses exhibit multi-peak characteristics when the AOM rise time is short. By
tuning the AOM repetition rate, pulse widths ranging from about 400 ns to 1.6 ps
were demonstrated. The wavelength tuning was achieved by changing or tuning
the single-frequency fiber laser seed. Numerical simulation results agree well
with our experimental results. In addition, the numerical model predicted the

pulse characteristics for different cavity losses and lengths.



39

CHAPTER II

1480 NM RAMAN FIBER LASER

2.1 Introduction

In this section, a cascaded Raman fiber laser is developed for generating output
signal at 1480 nm. The Raman laser is achieved by using high reflection grating
pairs as the laser cavity mirrors. The Raman gain is provided by a Ge-doped
Corning Hi1060 fiber. The laser with output at 1480 nm can be used for optical
communication systems for wavelength Multiplexing. Also, this 1480 nm laser
can be used as the pump source for Er-doped fiber lasers and amplifiers.

In the experiments, the Yb fiber laser performance is measured. The
maximum output power for the Yb fiber laser can reach up to 30 W. With the
Raman fiber, and gratings, Raman laser is 1175nm, 1240 nm, 1315 nm, and
1395 nm have been demonstrated. We are currently working towards the last
step to achieve lasing at the 1480 nm. Detailed theory and experiment work are

presented in the following sections.
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2.2 Raman fiber laser theory

When light interact with molecules, it can be inelastically scattered to wavelength
different than the incident one. Usually the wavelength is shifted to the longer one.
This effect is called Raman scattering which is named after Sir Chandrasekhara
Venkata Raman. Raman fiber laser uses Raman scattering which shift the signal
frequency to longer wavelength through the so called Stokes Raman scattering.
Raman fiber laser differs from other fiber laser is that it does not use
population inversion to achieve laser gain but Raman scattering. The signal
amplification and pump dissipation equations are [20, 21]
5B = grPe(2)Ps(z) — asPs(2), (2.1)

dz
D = — 2L gePp(2)P5(2) — apPp(2), (2:2)
where P; and Ppare signal and pump power, as and ap are signal and pump
absorption coefficients. wg wp are signal and pump frequencies, respectively. g
is the Raman gain coefficient which is related to the material properties. For Ge-
doped fiber, the Raman gain coefficient peak happens at a frequency shift of 440
cm™ (13.2 THz). However for P-doped fiber, the peak shit is at 1330cm™ (39.9

THz). Neglecting the pump depletion term in equation (2.2), the signal can be

solved as [21]
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Ps(L) = Ps(0)exp (gr 5= Lesy — aslL), (2.3)

where
Lepr = 1‘6"’;—2‘“”” (2.4)
From Eq (2.3), it can be seen that there is trade-off for between the effective fiber
length and the pump loss. In addition, for short fiber length, the effective length
approximates L, and for long fiber length, it approximates to 1/a,. From this
approximation, we can see when use longer fibers, if the pump loss is high, the
effective fiber length can be short. So in order to have very large effective length,

the pump absorption has to be very low. The best way to get higher gain is to

directly increase the Raman gain coefficient.
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2.3 Raman fiber laser design

Raman fiber laser using Cascaded cavity design is a good choice for generating
wavelength that is not available to the current rare earth fiber laser [22-24]. The
Raman fiber laser configuration is depicted in Fig 2-1. Two HR fiber Bragg
Grating at 1117 nm constitutes the Yb fiber laser cavity. 11 diode pump lasers are
combined to pump the 25-meter Yb fiber. The Raman gain is provided by a 500-
meter Corning HI-1060 Raman fiber. The Raman laser has cascaded cavities for
1175 nm, 1240 nm, 1315 nm, 1395 nm, and 1480 nm. The output is achieved by

using a partial reflector at 1480 nm.

HR FBG1
1117 nm

Diode pump source
976 nm ~40 Watts

Pump Combiner

) Corning HI
Yb fiber 7/130 1060 Raman
HR FBG1HR FBG1
1240 nm 1395 n?n HR FBGMR FBG1 HR FBG1
1395 nnil 240 nm 1117 nm
N NN Ll R
L L L T 11T 11T 11T 11T T >
HR FBG1 HRFBGHR FBG1 PR FBGHR FBG1 HR FBG1 Output @ 1480 nm
1175 nm 1315 nm 1480 nm 1480 nm 1315 nm 1175 nm

Fig. 2-1. Cascaded Raman fiber laser cavity for generating output signal
at 1480 nm.



2.4 Experimental results

In the experiment, we firstly measured the performance of the 975 nm 11-diode

combined laser source. The measured output power vs. current is shown in Fig

2-2.

100

Out put povver [1]

a 2 4 & B 10 12 14 16

Current [A]

Fig 2-2. The combined 975 nm 11-diode pump laser output.

For the next step, we measured the Yb fiber laser performance. The Yb fiber

is pumped with the 975 nm 11-diode pump source. The Yb fiber has HR grating

at 1117 nm at one end, and the other end is flat cleaved. The Yb fiber laser slope

efficiency curve is shown in Fig 2-3.
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Fig 2-3. The 1117 nm Yb fiber laser output power vs. pump power at
975 nm.
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Fig 2-4. The 1117 nm Yb fiber laser spectrum with two HR grating.

B0



tlkr 145
1174.7 nm
-B0.07E dBm

-41.56

REF -46.56 dBm

-51.56

-61.56

e
-71 56

-51.56

-H1.56
1000.0 11555

1 nm =70.17 dBm
194 Hz 124 3 aff

Fig 2-5. The 1175 nm Raman fiber laser.

tlkr 145
1174.7 nm
-B8.522 dBm

-41.56

REF -46.56 dBm

-51.56

-61.56

=71 '583?

-51.56

-H1.56
1000.0 11555

1 nm =70.17 dBm
194 Hz 124 3 aff

Fig 2-6. The 1175, 1240 nm Raman fiber laser.
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Fig 2-7. The 1175, 1240, 1315 nm Raman fiber laser.
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Fig 2-8. The 1175, 1240, 1315, 1395 nm Raman fiber laser.
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After testing the Yb fiber laser performance, we started building the Cascaded
Raman laser step by step. After splice the second 1117 nm HR grating the cavity
output spectrum is shown in Fig 2-4. After adding the 1175 nm grating pair, the
Raman laser spectrum shown lasing at 1175 nm in addition to the 1117 nm laser,
see Fig 2-5. Figs 2-6, 2-7, 2-8 represent the output spectrum after adding 1240
nm, 1315 nm, and 1395 nm respectively. In order to observe Raman laser at
longer wavelength, the 975 nm pump power has to increase. For example, in
order to see the 1315 nm Raman laser, the pump power has to be above 45 W,
while for 1395 nm Raman laser, the pump is above 60 W. Unfortunately, the Yb
fiber and Pump fiber burns at high power. At this point, the 1480 nm grating is not

spliced to the cavity yet.
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2.5 Conclusion

In this chapter, initial demonstrations on Raman fiber laser have been presented.
The current experimental work has demonstrated the generation of output
wavelength at 1175 nm, 1240 nm, 1315 nm, and 1395 nm. There are several
problems encountered during the experiments. Firstly, at high pump powers the
Nufern fiber can be burned at the splice joints, or random places. Secondly, the
Raman fiber length needs to be optimized. If the fiber is too long, the signal and
pump get absorbed; the output power will be low. If the fiber is too long, the
overall Raman gain would be too low not enough to achieve Raman lasing in the
cavity. It is suggested to use the OFS Raman fiber because this fiber has higher

Raman gain and zero water-peak.
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CHAPTER IlI

FREE SPACE COUPLED FIBER AMPLIFER

3.1 Introduction

Free space fiber amplifiers and lasers are capable of scalling optical power to
Kilo-Watt level [25-27]. In this chapter, a free space fiber amplifer using very short
NP highly Er/Yb co-doped phosphate fiber is developed. This fiber amplier is
capble for scaling the signal power while still maintain single-mode, and single
frequency output. Using the free space configuration, it allows for better signal
and pump coupling to the gain fiber. In partiuclar, a very low numerical aperture
and large mode area gain fiber is used as the gain fiber in this experiment, and
signal coupling efficiency as high as 90% has been achived. The signal coupling

technique is applied to the supercontinuum generation in a Tellurite fiber.
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3.2 Pump and signal free-space coupling into the fiber

There are several factors that limit the signal and pump coupling. The signal
coupling is much more difficult due to very small gain fiber core and numerical
aperture. There are several factors limit the signal coupling efficiency into the SM
fiber. The first one is the mode diameter of the gain fiber. The focus signal beam
size has to be smaller than the fiber mode diameter. For single mode fibers, the
mode radius can be approximate as [28]

3
w=xa (0.65 +1.619V 72 + 2.879V—6) , (3.1)

where a is the core radius of the single mode fiber, the V number is calculated

through

__2ma

V==-NA (3.2)
where NA is numerical aperture of the fiber, and 4 is the signal wavelength in
vacuum. For an example, the Er/Yb co-doped phosphate fiber that used for the
experiments has a core NA of 0.039 and core radius of 15 pum, the signal
wavelength is 1.5586 um. Apply Eqgs 3.1, and 3.2 , the V number is calculated to
be about 2.36, and the mode diameter is about 33.4 um.

In order to couple the signal into the gain fiber, a lens can be used to first

collimate the signal and use another lens to focus the signal. The focused beam

spot size has to be smaller than the fiber mode diameter. However, the smallest
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focused beam size cannot be larger than the diffraction limit. The diffraction

limited beam size (zero-to-zero) is approximates to be about

_ 1221
d= A (3.3)

Note that the beam width defined in Eq 3.1 is the 1/e intensity width. However, in

Eq 3.3, the beam diameter is defined from the zero-to-zero intensity. From Ref

[29], the intensity distribution for airy disk is

2J1(S
1= 29z, (3.4)
where
s = ”‘3”“‘ (3.5)

when s = 3.83, | = 0, then the zero-to-zero beam diameter can be obtained as Eq
(3.3). It can be also numerically find that when the intensity drops to the 1/e value.

s = 1.92, then the 1/e beam radius can be approximate to be about

0.311
The other factor that limits the signal coupling is the fiber numerical aperture, i.e.,
NA. In this way, the focus beam NA has to be also smaller than the fiber NA.
However, there is trade-off between the NA and the focused beam size. As seen

from Eqg 3.6, when the NA decreases, the beam radius increases. Thus, in order

to obtain maximum signal coupling efficiency, the NA of the beam has to be
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optimized.
The pump coupling is much easier since the gain fiber can be cladding pump.
However, the pump can burn the gain fiber end at high power. This might be due

to the strong absorption at 975 nm pump and the heat generated at the fiber end.
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3.3 Experimental results

3.3.1 Experiment set up

KL 3 NA=(.46,MMF 220/242
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Fig 3-1. The experiment set up for the free space fiber amplifier.
The fiber amplifier set up is described in Fig 3-1. A 975 nm diode pump laser is
used to pump the Er/Yb co-doped phosphate fiber from the right end. The pump
laser is delivered by a MM fiber with NA=0.46, core size of 220 um. Two objective
lenses are used to couple the pump into the gain fiber. Note that the objective
lenses used are not AR-coated at 975 nm. The measured pump power loss for
each one is about 30%, so the total pump power loss is up to 50%. The signal is
delivered by a panda fiber with NA=0.12, and core size of 10 um. In this fiber, the
V number is about 2.41, and the mode radius is about 5.47 um. The seed is
coupled to the gain fiber through an aspheric lens at imaging condition. The

image condition is optimized such that the seed’s numerical aperture in image
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space is close to the NA of the Er/Yb fiber, as well as the focused size is smaller
than the gain fiber mode size. It is found that when the image distance to object
distance ratio is about 3, the coupling is optimized. At this point, using Eq. 3.6,
the focused beam size is about 24 um, and the NA is about 0.04. The Er/Yb fiber
is flat cleaved at both ends and a pinhole filter is used to filter the cladding mode

from the Er/Yb fiber. Most importantly, this filter is very useful for optimized the

seed coupling.
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Fig 3-2. Output signal power vs. pump current.
3.3.2 Amplified signal
For a 5 cm section of Er/Yb fiber and 220 mW seed power, we measured the
signal vs. pump current curve; see Fig 3-2 (assuming 30% absorption of the

signal by the objective lens). It can be seen that as the pump current increases,
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the output signal as increases linearly. There has been no pump saturation
observed. The pump power at 3.5 A is about 10 W, however the gain fiber end

burns at power higher than 10 W.

3.3.3 Signal coupling and absorption

In this sub-section, the technique to optimize the signal coupling efficiency is
introduced. Measurement on signal absorption coefficient is done in order to
estimate the signal coupling efficiency into the fiber core.

There are several steps for optimized the signal coupling efficiency. For a
specific seed image condition, the first step is to use a power detector to optimize
the signal coupling. Adjusting the translation stages for the seed fiber, aspheric
lens until observe a maximum optical power at the detector. However, at this
point, the seed may have been mostly coupled into the gain fiber cladding. The
next step is turn on the pump (assuming the pump coupling has been optimized),
use a pinhole detector as indicated in Fig 3-1. The pinhole detector only passes a
small radius of signal from the center, thus blocking the cladding mode. Then,
finely adjusting the signal coupling translation stages, until the power at the
detector reaches maximum. When the signal is coupled into the gain fiber core,
the power is very sensitive to the signal alignment.

After all this work, what we called the local optimization is finished. In order to

optimize the signal coupling efficiency globally, we need to optimize the seed
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image condition. Through adjusting the seed image condition, the signal
numerical aperture and focus spot size and be adjusted for improving the
coupling to the gain fiber. Usually, in order to change the image condition, We
first move the aspheric lens position along the optical axis, and then adjust the
seed fiber until the detected power reaches maximum which indicates the signal
is coupled into the gain fiber.

There is no direct way of estimate the seed coupling efficiency, so in order to
estimate the coupling efficiency, the signal absorption in the gain fiber has been
made. The absorption coefficient is measured through Bill's Law. We keep the
same input signal power for two same fibers but different length. Let the input
power for both fibers be Py, the measured output power for fiber 1 is P,, for fiber
2 is P,. If the lengths for the fibers are L1 and L2, then from Bill's Law P; =
P,e %1 | and P, = P,e %2, By simplification, we have ? = e~ 9(1-L2) then finally,

2

we reached
P
a=In (P—Z) /(L1 —L2) (3.7)
When the unit for length is cm, then the absorption coefficient is cm™. For optical
fibers, the absorption is usually measured in dB/cm. The conversion between
both units is

a(dB/cm) = 4.343 a (1/cm) (3.8)

During the experiment, three independent measurements for absorption are
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Fiber 1 length Fiber 2 length P1 P2 Absorption
Trial (cm) (cm) (mw) (mw) (1/cm)
1 3.7 5.5 33 14 0.48
2 5.2 7.4 24 10 0.4
3 5.2 8 24 7 0.44

Table 3-1. Signal absorption measurement in the Er/Yb fiber.

done, and the data are summarized in Table 3-1. From this table, the average

absorption can be calculated to be 0.44 (1/cm), i.e., 1.91 dB/cm. From Bill's Law,

the coupled power into the fiber can also be calculated. This coupled power can

be used to determine the coupling efficiency. The signal before entering the gain

fiber is measured to be 260 mW. From Table 3-2, it can be concluded that signal

coupling efficiency can reach up to 91% in the Er/Yb fiber. One may ask why the

coupling efficiencies are different for different trials. The reason is becasue, for

each trial the system alignment has changed. So it is not possible to get the best

signal coupling efficiency every time, and it takes time to achieve the best signal

coupling.

Trial Coupled power (mW) Coupling efficiency (%)
1 195 75
2 192 74
3 237 91

Table 3-2. Signal coupling efficiency to the Er/Yb fiber.
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3.4 Nonlinearity study in Thulium fiber using free space coupling technique

Previous experimental results demonstrated the ability of achieving very high
coupling efficiency using free space signal coupling. Tellurite fiber is a good
candidate for supercontinuum generation [30]. In this part, using free space
coupling techniques, some initial results for supercontinuum generation in

Tellurite fibers are presented.
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Fig 3-3. Experiment set up for supercontinuum generation in Tellurite fiber.
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Fig 3-4. The output spectrum at different pump laser repetition rates.

The experiment set up for the free-space supercontinuum generation in
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Tellurite in presented in Fig 3-3. A MOPA-based Q-switched 2 um laser is used
as the pump to the tellurite fiber. The output spectrum from the Tellurite fiber is
measured with a monochromator. The insert shows the measured beam profile

from the out of the Tellurite fiber using a Spiricon Camera.



60

3.5 Conclusion

In this chapter, the issues on the development of free space fiber amplifier are
discussed. The two factors, i.e., beam focus size and numerical aperture, which
affect the signal coupling efficiency to the gain fiber, are studied. Experimental
techniques for achieving high signal coupling efficiency are presented.
Experimental results achieved signal coupling efficiency into the gain fiber to be
as high as 90%. The technique in signal coupling is applied to the
supercontinuum generation in Tellurite fibers. Fiber nonlinearities that broadened
the signal spectrum is observed, which indicates excellent signal coupling into
the Tellurite fiber. The future work is to prevent the fiber burning at high pump
power. There two several ways to achieve this. For example, the gain fiber can
be pump at both fiber ends, then twice of the maximum pump power can be
coupled to the gain fiber. In order to avoid high absorption at 975 nm pump, 1480

nm pump laser source can be developed.
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CHAPTER IV

CONCLUSION AND FUTURE WORK
In this thesis, a Q-switched ring cavity fiber laser is developed to achieve
transform-limited laser output. The output pulse width is tunable over a long
range, and the signal frequency can be tuned in the whole C band as well. In
addition, we have developed a numerical model to successfully repeat the
experimental results. The numerical model also provides a way for us to study
how the cavity parameters can change the laser output pulse characteristics. In
the future, experimental work can be done for studying how the pulse
characteristics are affected by the cavity loss, and length. The experimental
results can be compared with the numerical simulation results presented in this
thesis.

Following the Q-switched laser, a Raman fiber laser is introduced. This
Raman fiber laser is used to generate signal at the 1480 nm. Principle on how
the Raman fiber laser works is briefly introduced. The experimental results have
achieved Raman fiber laser at 1175 nm, 1240 nm, 1315 nm, and 1395 nm. In the
future, the Raman fiber length can be optimized to achieve Raman lasing at
lower pump threshold. The Raman fiber laser system can also be slightly

modified for better performance. For example, a partial reflection grating at 1117
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nm can be used to build the Yb fiber laser, and then the 1117 nm Yb fiber laser
can be separated from the Raman fiber laser cavities, avoiding setting the
Raman fiber laser cavities in the 1117 nm Yb fiber laser cavity. This will improve
the Yb fiber laser efficiency.

In chapter 3, we studied a free space fiber amplifier system using the Er/Yb
doped phosphate NP fiber. The technique for achieving high signal coupling
efficiency is discussed in detail. In the experiment, we have demonstrated signal
coupling efficiency can be up to 90% in the fiber. This signal coupling technique
to used to study super-continuum generation in a tellurite fiber. Currently, the
issue that limits the signal power scaling in the gain fiber is the gain fiber burning
which has limited the pump power that can be launched into the gain fiber. The
future work is to prevent the fiber burning at high pump power. In order to avoid
fiber burning at 975 nm pump, 1480 nm pump laser source can be developed. At
1480 nm pump, the pump absorption will be lower which may relieve the gain
fiber end. Another way to increase the pump power to the gain fiber is to pump

the gain fiber at both ends of the gain fiber.
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