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Abstract

Rare-earth doped optical fibers can be used to make optical amplifiers in the near infrared
with large optical gain in an all fiber based system. Indeed, erbium doped fibers made gain
possible within the 1532 to 1560 nm band which makes long span fiber optical communication
systems a possibility. Erbium doped fibers have also been used to make narrow linewidth or
mode-locked lasers. Other rare-earth doped fibers can be used for amplifiers in other near-
infrared spectral regions. Recently, fiber amplifier technology has been pushed to produce watt
level outputs for high power applications such as laser machining. These high power amplifiers
make new experiments in ultrafast fiber optics a possibility.

This report reviews the current literature on Watt-class continuous wave erbium doped
amplifiers and discussed our attempt to develop a high power Yb/Er amplifier. After the design
of the cladding pump in 1999, the world’s first single mode fiber laser with a power greater than
100 Watts of the continuous wave light was introduced. After 2002 there was a huge spike in the
output powers (up to 2 kW) of lasers based on rare-earth doped fibers. Our own work involved
developing a 10 W amplifier at 1532 nm and 1560 nm. A high power amplifier was made by
seeding a dual-clad Yb/Er co-doped fiber pumped at 925 nm using a lower power erbium doped
fiber amplifier. We will discuss the design and construction of the amplifier, including the

technical difficulties for making such an amplifier.
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Chapter 1 - Introduction

There are many advantages to building a laser or an amplifier consisting only of optical
fibers and fiber-based optical components. The light will be guided in the fiber so there will be
no need for any careful alignments. Fiber-based laser systems or amplifiers designs are robust
and compact, therefore they are mobile, stable and at lower coast.

The eye safe spectral region of the mid-infrared (MIR) offers high transmission in the
atmosphere which is essential to many applications such as remote sensing and space-based
terrestrial imaging and communications. For that, the need for portable and tunable lasers
working in the MIR is increasing. A new class of optically pumped gas laser based on population
inversion was recently presented [1], where acetylene (C;H;) gas is confined to a hollow core
photonic crystal fiber. Acetylene gas was chosen because of its availability and having its
vibration and rotational energy levels well known and documented. The laser produced light near
3 pum when pumped around 1.5 pm [1]. This new class MIR gas laser gives the potential of
having robust, efficient and compact step-tunable eye-safe radiation which is needed for a
number of applications.

The P13 absorption line of acetylene corresponds to 1532 nm [2]. In order to get this gas
laser to operate, we need a high power pump light. Our goal and interest in this project is to
amplify a laser signal at around 1535 nm to high powers (up to 10 Watts) in order to be used as a
pump for the afore mentioned acetylene gas laser.

Rare earth metal doped fiber lasers and amplifiers are of a great interest for their wide
applications in telecommunications (like networks, free space opto-communications [3] and as
amplifiers for cable TV [4]), in the medical field and in industry (watts of amplified light for
machining). These lasers or amplifier systems are known to have excellent beam quality,
efficient heat dissipation and high efficiency as well as being compact and robust. All these
qualities make them an alternative to solid state high power lasers.

Erbium doped fibers (EDF’s) are known for the wide range of wavelengths at which they
absorb and also emit light. Erbium doped fibers are also known for their good transmission at
1550 nm which corresponds to a low-loss transmission window of optical fiber communications

[23]. These qualities and more make EDF’s of more interest.



First we will discuss basic laser theory, and then introduce erbium doped fibers as well as
erbium/ytterbium co-doped fibers in the next chapter including the properties of their emission
and absorption spectrums. In chapter 3 a literature reviews followed. Chapter 4 will be about the

experiment and the high power amplifier setup followed by the conclusion in Chapter 5.



Chapter 2 - Background

The principle of amplifying the intensity of a laser beam is very similar to the lasers
principle itself. Light is amplified through stimulated emission of radiation. Therefore, we would
still need a gain medium and build up a population inversion through pumping it with a suitable
wavelength of light. See Fig. 2.1.

Signal
1(0) —

Pump

—

Figure 2.1: Laser light (the Signal) being amplified by the propagation of the pump light

through the gain medium for a distance L.

In this chapter, the complex susceptibility is derived through the classical spring model.
The importance of the complex susceptibility is later shown within the derivation of the gain
which is the key behind amplification of laser light.

The high power amplifier we were trying to build consists of two parts, a pre-amplifier
using an erbium doped fiber and a power amplifier where an erbium-ytterbium co-doped fiber

was used. At the end of this chapter both of these fibers are also discussed.

2.1 Complex susceptibility [7]

In the classical model, the dielectric mediums are the collection of the identical and fix
electron oscillators, in which the Coulomb force of attraction is modeled as the spring between
the electronic cloud and the nuclei. Figure 2.2 shows a single oscillator located at a certain
position z in the material and oriented along the x-axis. A uniform plane wave, assumed to be

linearly polarized along X - axis, propagates in the material in the z direction.
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Figure 2.2: A dipole moment of a single oscillator model where the Coulomb force acting
upon the positive and the negative charges is being modeled by a spring having a spring

constant k.. The applied electric field displaces the electron through distanced .

The electric field in the wave displaces the electron of the oscillator in the X -direction
through a distance represented by the vectord ; a dipole moment p is thus established
p(z,t)=—ed(zt) (2.1.1)
And the applied force is given by (where € is a positive number):
F.(z,t)=—e E(z,1) (2.1.2)
We need to remember that this electric field E(z,t) is the vector sum of the applied

electric field at each point in space and time and the radiated field from all the other oscillators.

The relative phase differences between oscillators can be accurately determined by the spatial

and temporal behavior of E(z,t).
In a linear medium, the restoring force on the electron F, is produced by a “spring”

having a spring constantK, . According to Hook’s Law:

F(z.t)=—kd(z) 2.1.3)

The negative sign shows that the restoring force is in the opposite directions to that of the
displacement of the electron from the mean position which is the nucleus in this case. If the field

is turned off the electron is released and will oscillate (as shown in the figure 2.3) about the
nucleus at the resonant frequency, given by the following expression, where m, is the mass of

the electron:



w,’d(z,1) (2.1.4)
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Figure 2.3: Oscillation of the electron about the nucleus

The electron experience damping from the neighboring oscillators, this damping can be
modeled by a velocity dependent damping force given by

F,(z,t)=—my,V(z,t) (2.1.5)
where \7(z,t) is the velocity of the electron. Note that from now onward we are going to

drop the subscript (e) from the mass (m) since the electrons are the oscillating objects.
By applying Newton’s second law of motion and writing down the vector sum of all the
forces (damping, applied and restoring) equal to the product of the mass of the electron and its

acceleration,

© +my, Eﬁtksac = —¢E

c

(2.1.6)
Where E, is the complex form of the electric field at point (z,t ) which includes applied

and radiated field as discussed already. Its general form is given as:

= L-ikz qiat
E.=E,.e e

(2.1.7)

While the system is being excited by the complex electric field E,, one can anticipate a

displacement wave d_ of the form



— aoe—ikzeiwt
_q piot
=d.e (2.1.8)

C

Where
1 _ 1 ~-ikz
d, =dge (2.1.9)

Putting equations (2.1.7) and (2.1.8) in equation (2.1.6) one can get:
m(io)i co)(aoe‘ikze“"t )+ my, (i a))(cTOe“kZe“‘" )+ K, (aoe‘“‘zei“’t )= —eE e el (2.1.10)

Dividing by me'*, and putting d, = d,e™, E, = E,e™and w,” = K the simplified
m

version of this equation is
d, [—a)z +iwy, +co02]= £ E,
m (2.1.11)

Making Js as subject, the resulting equation takes the form,

_(%“) E (2.1.12)

S

d, = )
((%z_wz) +6027d2)

The dipole associated with the displacement Js is
p, =—ed, (2.1.13)
Assuming that all the dipoles are identical in the medium, and that we have N number of

dipoles, the polarization vector of the medium can be written as:

P.=Np, =—eNd, (2.1.14)

=P = N(e%‘) E (2.1.15)
° ((a)oz_wz)2+w2yd2) ® o

But we know that P = y&,E , and by comparing this to (2.1.15) we find that the

susceptibility of the medium is given by:



Ne?

eom((@ - o) + 0,

Kies = (2.1.16)

14
res

Which is a complex number having a real and an imaginary part which are /.. and y
respectively. Thus y,. can be written as
Xres = Xres ~ 1 Xres (2.1.17)
Where

Xres = il G 2)

2 2)2 2
gom((a)o —® ) + %y,

(3.2.18)
- Ne? (wy, )
* w@@g_¢f+wmﬂ

Figure 2.4 shows the plot of the real and the imaginary parts of complex susceptibility.

The important points to note in this plot are the symmetric behavior of the y/. about @= @,

"

whose full width half-maximum amplitude is y, . Near the resonant frequency where y . has a

maximum, the wave attenuation (absorption) is at its peak.

Kres ||

r
ZI'QS

Figure 2.4: Plot of the real and imaginary parts of the resonant susceptibility y,... The

FWHM of the imaginary part y,. is equal to the damping co-efficient y, .



2.2 Intensity Gain [21]
In this section, we are going to derive the equation of an electric field propagating in a
linear dielectric medium with dielectric constant €, and a complex susceptibility y,, which is
due to the transitions in the laser atoms in the medium. We are assuming that these atomic

transitions are electric-dipole transitions forming an electric polarization P,, in the medium.

B=uH
We know that: J=0cE (2.2.1)
D=¢E+P,=¢[l+7,]E
As we know from Maxwell’s equations: VxE =—iwB, by taking the curl of this
equation we get:
Vx(VxE)=V(V-E)-V?E (2.2.2)

Assuming that the property of the medium is spatially uniform which means that

V-E =0. And using equation (2.2.1) and the modified Ampere’s law: VxH =J +iwD we’ll

get:
—o= . = = . . ~\E 2 ~ .0 |=
V°E =Ia)y(V><H) =lou [U+Iwg(1+;(at)]E =w gu{1+;(at—l—} E
&
{62 +wlqu (1+ T —iiﬂ E(x,y,2)=0 (2.2.3)
wé&
o . 0E OE
Now take a plane wave propagating in the z-direction where rY = E =0, or for a laser
2 E 2 E 2
beam were |a |25| , |a E << a—E , equation (2.2.3) becomes:
‘6x ‘ ‘ay z
i d2 2 ~ . O =
—+o’qu|l+ 7, —i— || E(z)=0 (2.2.4)
dz we
Let r?= —a)zf,u(l+ T —ii)
s

:_ﬂ2(1+;?at—iij’ where ﬂ:a) g‘u:w_n
& c



:F:iﬂ\/(lJrfat—ii),
s

Since y,, and T <<1 then we can expand the square root:
wé&

F:iﬁ(1+%_iij:iﬂ+i(Z""i;(”)ﬂ_i_ po
&

2. 2 2w¢

Hw)=ip+48p,(0)-a,(0)+a,
Where:

on

o, =
° 2¢c

So now we can write the real part of the electric field as a solution of the differential
equation
£(z.t)=Re[E; Jopliot—i(5 + A5, ()2 + (@, ()~ )2} (2.24)
But since:

I(z):|g(z,t)|2

= 1(2)=(Re[E, | o0 { 2], (0)- 0] 2 ) (229
The intensity gain G(a)) is defined as the ratio of the output intensity to the input
intensity as the following:
Glo) =]~ o0 o) - o] 226

Note that «,, () is assumed to be greater than e, to call this ratio between the output

and input intensities as “Gain”, otherwise; it would become a “Loss”



2.3 Saturated Gain [8]

When a signal wave is propagating along the medium then the amplified light is
proportional to the total inversion (AN ) of the laser atoms. This amplified light grows bigger
exponentially with respect to the distance travelled in the medium. However; and since we are
dealing with a confined system, then AN would reach saturation causing a saturation in the

Intensity of the light. This intensity is called |

sat”
In order to extract the energy efficiently form the amplifier, the input signal should be
intense enough to achieve the desired population inversion when propagating through the gain

medium.

If we look back at equation (2.2.5), assuming that ¢, is very small then we can write:

L) g, 1)- 20

1(2) dz “1+((),)

Where «,,, is the unsaturated gain coefficient.

F + i} dl =2a,, [ dz

IOLl
Rearrange: _[ ‘
I I I sat

in

|n(%j+ Tou=l _ 2a,, L=InG,

in sat

Where G, is the small signal gain [ G, =exp(2,,,L) ]

U G, x exp {——I °”I‘_I‘“}, and G ﬂOong{%}

in sat in

By rearranging again: G =

To explain why the absorption and emission spectra of particularly erbium ions doped in
silica fiber will not match we have to consider the following figure. Figure 2.5 shows the
transition between two bands whose populations are given by the Boltzmann factor for state
within the band. In figure (a) we have erbium ions in thermal equilibrium and in figure (b) pump

is used.

L AN = (g2/91)N; - N, replaces N in equation (2.1.16) where the condition for a population inversion is (N,/g,) >
(N1/91). N; and N, are the total populations in energy levels E; and E, with corresponding degeneracy’s g; and .

The lasing wavelength correspond to the energy difference E, — E;

10
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Figure 2.5: Boltzmann distribution for Erbium ions doped in silica fiber in (a) thermal

equilibrium. (b) during population inversion. Reproduced from Ref. [5].

Here we can see that in figure 2.5 (a) the upper state manifold is almost empty while the
lower state is more populated having a Boltzmann distribution. Hence the absorption coefficient
which depends upon frequency will give the information about the relative population of the
lower state manifold. It is clear from the figure that the population in the highest state of the

lower manifold is less by exp[—AE,/kT] as compare to the bottom of the same manifold. This

results in small absorption at low frequency.

Considering figure 2.5 (b) where pump is used and population inversion is achieved.
Hence there will be non-zero (Boltzmann) distribution of electrons in the upper manifold. This
increases the possibility of absorption on the high frequency (short wavelengths). Considering
the limitation of the selection rules there can be considerable fluorescence (gain) at the low
frequency (long wavelength). Because of this the absorption at the higher frequencies (short

wave lengths) is quite considerable. One can see from this explanation why is it harder to get

11



more gain at the shorter wavelengths while it’s relatively easier to get it at the longer

wavelengths.

2.4 Erbium and Ytterbium doped fibers

The first rare earth metal was discovered more than 200 years ago, but it was only
recently that these metals have been used in the industry. That was after the development of
some techniques for separating these elements efficiently between the 1950’°s and 1960’s.

When doping an ion in a material (in this case fused-silica) then this dopant would feel
the electric field of the surrounding host material, causing the energy levels of this dopant to split
due to the Stark effect. As a result of that, the energy levels get broadened. That is very useful
since it gives us a more wide range of wavelengths to pump at and also to “lase” upon. Erbium,
Ytterbium and Thulium are very common rare-earth metals that had been doped in fused-silica
fibers and used for many different applications.

Another advantage of these rare-earth metals is the ability to tune the emission spectrum
by different dopants in different hosts. Table 2.1 shows the different wavelengths range for

different rare-earth metal ions doped in different hosts.

Rare earth ion Host glasses Emission wavelengths
Neodymium (Nd*°) Silicate and phosphate glasses 1.03-1.1pum
Ytterbium (Yb™) Silicate glass 1.0 -1.1um

Erbium (Er™) Silicate, phosphate, fluoride glasses 1.5-1.6 um, 2.7 um

Thulium (Tm*™) Silicate, phosphate, fluoride glasses | 1.7 —2.1 um, 1.45 — 1.53 um

Holmium (Ho™) Silicate, fluorozirconate glasses 2.1 um, 2.9 um

Table 2.1: Emission wavelengths of different rare-earth metals ions, doped in different

fibers.
The kind of gain mediums we were using for this amplifier are fused-silica fibers doped

with Er®* ions in one part and co-doped with Er** and Yb®" in the second. Next is a description of
both:

12



e Er® ion doped fiber:

It was discovered that the Erbium ion, once doped in silica fused fiber, has a high gain
around 1550 nm which is of an interest since it’s in the eye-safe region. See Fig. 2.6. Since then,
erbium doped fiber lasers and amplifiers have attracted attention for applications in areas such as
range finding, free space and satellite telecommunications. It was also found that the erbium
doped fibers have a low attenuation around 1550 nm making it very suitable as a fiber amplifier

in the C band of the telecommunication systems.

-«—
6 FLUCRESCENCE

Ta,e (10~ 21 sz}
I
T
|

| ABSORPTION |
ob -
0 1 1 1 1 L

1.4 1.525 165

WAVELENGTH (m)

Figure 2.6: Florescence and absorption cross section for Er®* ion around 1525 nm.
Reproduced from Ref. [22].

Looking at the figure 2.7 in the next page, we can see the energy levels of the Er** ions.
Due to the Stark effect caused by the silica molecules around the Er*® ions, the energy levels of
the ion splits and the degeneracy is then lifted. Pump light at 980 nm or 1480 nm are typically
used to pump the Erbium doped fibers.

13
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Figure 2.7: Energy levels of Er*® ions. Reproduced from Ref. [6].
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Er* jons are considered as a three level system. Let’s take the 980 nm pump light case

where the transition *I,.,, — *l,,,, occurs, followed by a quick transfer to the state ‘l,,, and

finally radioactively decays back to *l,., state. With a relatively extremely long life time of

14ms, this system fulfils the requirements for the production of the desired population inversion.

On the other hand, there are few issues that limit the usage of erbium doped fibers for
high power amplifications. Erbium ions tend to clump together in pairs during the diffusion
process of the fiber. In result, the erbium ions exchange energy without generating light, thereby
limiting the maximum amount of amplification from the fiber.

The surface damage threshold of pure silica is of the order of few GW/cm? and even
reduced to at least 500 MW/cm? for doped silica hosts [9]. The core size of a typical fiber is in
the magnitude of few um. these two facts combined put another limitation for the power
produced from fiber based lasers or amplifiers due to the high intensity of the light in the

microstructure waveguides.

e Er**/Yb* co-doped fiber:

It is hard to achieve efficient pump absorption on the “l,.,, — “I,,,, transition of the Er*®

ions due to the relatively small absorption cross sections, add to that the limitations on the
doping concentration in order to avoid excessive clumping between the erbium ions. Co-doping
with ytterbium ions is a common method to solve this issue.

It was found that co-doping fused-silica fibers with ytterbium and erbium is very useful

as it lead to the increase of the pump absorption of the fiber, therefore; the systems efficiency
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was increased [20]. Looking at figure 2.8 one can see that the energy between the states 2F5/2

and °F,, in the Yb®" ion is very close to the energy between the states “I,;, and ‘I, in the
Er®* ion, and that enables the ytterbium ions to contribute in the building up of the population
inversion in the erbium ions between 4'13%2 state and “Ils/2 state, hence increasing the pump
efficiency. The ytterbium ions can efficiently absorb pump light (980 nm for example), and
transfer the energy to erbium ions in the ground state bringing them to * l,,, state. From here the
electrons are quickly transferred to the “I 132 Upper laser level state so the energy transfer back to

the ytterbium ions is suppressed. See figure 2.8.

Ap=910-980nm
A = 1530-1620nm

2 — A
FT/2

i
15/2
Yb3* Er?*

Figure 2.8: Energy diagram of Yb®" and Er** co-doped in silica. Reproduced from Ref.
[20].

If one would try to optimize the EDF’s in order to get the maximum amplification
efficiency, then the best design leads to the increase in the non-linear effects. The solution of
these unwanted non-linearity while keeping the maximum efficiency was found as co-doping the
EDF with Yb®* [10] yet another reason to co-dope EDF’s with ytterbium.

A down side of this co-doped fiber is the saturation behavior which is related to a
bottleneck effect due to the finite Yb to Er transfer rate which causes the reduction in the
efficiency at high powers, this arises especially where the pump wavelength near 980 nm is
chosen taking advantage of the large Yb*® absorption cross section and maximize the pump rate.

However, when the absorption rate of the pump light by the Yb*® ions is higher than the transfer

14



rate of energy to the Er*? ions, bottle necking effects occurs. Performance can be improved by
using new fibers with an increased rare-earth concentration which show negligible signs of

erbium clumping.
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Chapter 3 - Literature review

As discussed earlier, our goal was to build a high power amplifier up to 10 W at 1532 nm
using an erbium/ytterbium co-doped fiber to pump a gas filled hollow core photonic crystal fiber
laser in the MIR region. Our interest in the 1532 nm wavelength is due to the P13 strong
absorption line of acetylene gas (C2H2) which is used in this hollow core gas filled fiber laser.

A study of literature was done mainly focused on high power amplifiers (in order of
watts) at wavelengths around 1530 nm to 1540 nm, since these are the pump wavelengths for the
molecular gas laser, based on erbium/ytterbium co-doped fibers. Both continuous wave and
pulsed amplifiers are illustrated in this chapter. However, very little literature was found about
Er/Yb doped fiber amplifiers operating on the wavelength of our interest, in part, since it is
difficult to get high gain out of an Er/Yb fiber at this wavelength region..

After the invention of erbium doped fiber amplifiers (EDFA’s) by D. N. Payne and
coworkers in 1987, long haul optical communication became inexpensive and more reliable.
Since then optical fiber became a must for these telecommunication systems. However, in the
cases where high powers are needed, an EDFA doesn’t work very well when the density of the
power increases to the point where it damages to the fiber.

To achieve higher powers, the pump absorption efficiency needed to be increased, co-
doping the fused-silica fibers with both erbium and ytterbium found to have achieved this goal.
erbium/ytterbium co-doped fibers (EYDF’s) with cladding-pumped designs are known to be a
suitable choice in the literature for high power fiber amplifiers and lasers operating at
wavelengths around the 1550 nm [12].

When building a high power amplifier there are few things to be taken under
consideration. First of all is the pump energy. The output of the pump lasers should be higher in
power than the output expected from the amplifier. The development of high power
semiconductor laser diodes was going on in the recent years and still, and now they are available
at different levels of power and as high as hundreds of kilowatts with combined laser diode
arrays. The second issue is the fact that high optical powers can damage the fibers. If the optical
power inside a fused-silica based fiber exceeds the damage threshold of silica (~5 W/um?) then

the fiber might be destroyed. Thermal effects can have a significant impact on the system as well
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when reaching a high power in the amplifier. Luckily, the geometry of the fibers increases the
surface-to-volume ratio making it easier to dissipate the heat along the fiber.

Figure 3.1 shows the absorption and emission spectrum of an erbium/ytterbium co-doped
fiber (EYDF). We can see that the EYDF can be pumped around 1540 nm and at the
wavelengths between 900 nm and 1000 nm with a very strong absorption at 975 nm. On the
other hand, this fiber is suitable to amplify light between 1530 nm to 1560 nm. Notice that the
threshold pumps power would be relatively higher in case of pumping in the 1540 nm region due
to the high re-absorption at the same pump wavelength. This wide absorption spectrum of Yb*?
makes it easy to configure the pump sources. In silica host, the pump wavelength can extend
from 800 nm to 1060 nm.
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Figure 3.1: Emission and absorption (in pump and signal bands)
spectrum for an Er*®*/Yb*® co-doped fiber (DF1500Y). Reproduced from Ref. [13].

Yb** doped fibers have a relatively narrow absorption line at 975 nm and broad emission
bandwidths that do not change significantly from one host to another. The ions have relatively

long meta-stable lifetime, and yield relatively high quantum efficiency for fiber lasers or

amplifiers.

3.1 CW Er/YDb co-doped fiber amplifiers
A demonstration of a high power EYDFA with flattened gain within 0.2 dB over 14 nm

was published in 1996. Figure 3.2 below shows the structure of this two-stage amplifier.
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Figure 3.2: two-stage amplifier. EYDF: Erbium-ytterbium doped fiber, NDFL.:
Neodymium doped fiber laser as a pump source at 1060nm, GSF: gain shaping filter.
Reproduced from Ref. [14].

The length of the EYDF in the first stage was 2.5 m, this length was chosen to minimize
the noise figure of the total EYDFA. The measured output power was 13 dBm after the first
stage with a 0 dBm input signal. For the second stage, the proper choice of the EYDF length and
the filter spectrum design are very much related. A flattened gain of 20 dB between 1545 nm and
1560 nm was obtained with a 9.4 m long EYDF at the second stage pumped with 1 W pump
power at 1060 nm. This was achieved for different signal powers ranging from -11 dBm to
1dBm by simply adjusting the pump power. The maximum output power was 24.6 dBm
(~290 mW) at 1548 nm [14].

Another set up of a high power amplifier using a dual-clad EYDF was published in 1999.
This time the amplifier was pumped using a V groove, side pumping technique which allows
efficient pumping of the dual-clad EYDF and a more compact size of the system [15].

The side pumping technique consists of a 90° V groove fabricated on the inner cladding
of the dual-clad fiber after being stripped from the polymer coating (a small section was
stripped). The pump light is focused on one side of the facet of the V groove using a micro lens.
This V groove was located close to one end of the fiber. The fiber was mounted to an AR coated
glass substrate where a low refractive index material was used. The incident pump light
undergoes total internal reflection at the glass-air interface of the V groove facet to be then
guided through the fiber. See figure 3.3. The total diode to fiber coupling efficiency was 84% at

the higher pump powers.
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Figure 3.3: Side pumping of the Er/Yb co-doped dual-clad fiber using a V groove.
Reproduced from Ref. [15].

Seeded with 8 mW at 1543 nm, the output of the EYDFA had a maximum power of
1.5W and 1.1 W for the backward and forward pumping respectively. The slope efficiency

measured with respect to the absorbed pump power was 48%. The electrical-to-optical

conversion efficiency was 15% at highest powers. An output power of 30 dBm (= 1 Watt) was

found in the case of backward pumping for the wavelengths between 1530 nm and 1560 nm. the

pump current was at 5 A and the input power was 9 dBm [15].

Figure 3.4 shows yet another setup of a pre-amplifier followed by a power amplifier. The

output of this set up went up to more than 3 W.

Figure 3.4: Experimental setup of a erbium doped fiber amplifier followed by a power
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erbium-ytterbium co-doped fiber amplifier. Reproduced from Ref. [16].
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The pre-amplifier is an EDFA using a highly erbium doped single mode fiber, with a
length of 1.8 m. it was forward pumped with 200 mW pump power at 980 nm. Between the pre-
amplifier and the following power amplifier an optical circulator was added. It is to ensure an
optical isolation and to allow monitoring the ASE and back scattered C-band signals as well
using an optical spectrum analyzer. The power amplifier consists of a dual-clad EYDF with a
backward pump scheme through six low loss multi mode fiber input ports used for pumping and
another single mode fiber for seeding purposes. Two laser diodes at 975 nm and three more
operating at 915 nm were used to pump the EYDF amplifier.

The pre-amplifier provided a flat gain and output power of at least 45 mW between
1540 nm to 1570 nm with a maximum of almost 54 mW at 1560 nm. The overall design
provided flat gain with output power higher than 33 dBm in a wide band of 1545 nm to 1570 nm
with a 0 dBm input signal. It was also shown that the pump at 975 nm had a higher slope
efficiency of 32% and an output power of more than 3.5 Watts at 1550 nm, while the 915 nm
pump had a 11.5% slope efficiency and 1.5 Watt output power at 1550 nm [16].

One of the main difficulties in obtaining high powers out of amplifiers of a narrow
linewidth signals are nonlinear effects such as the stimulated Brillouin scattering [17]. A
description of a 1552 nm narrow linewidth CW signal being amplified, to an output power of
83 W using EYDF and all fiber distributed feedback (DFB) laser, is to be discussed. Figure 3.5

shows the different stages of this amplifier/laser.
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Figure 3.5: Experimental setup of high power amplifier. Reproduced from Ref. [11].

The narrow linewidth (13 kHz) seed consisted of a CW DFB fiber laser at 1552 nm and
an output power of 10 mW. It was then polarization-scrambled using a commercial polarization
controller. The low power amplifier stage was a chain of commercial amplifiers which boosted
the signal to 2 watts output power. The final stage is the high power amplifier stage where a
3.5 m length of a dual-clad large-core EYDF was used. This EYDF was pumped with a high
power diode stack operating at 975 nm which had its pump light focused onto the large core
fiber. The slope efficiency of the amplifier was ~ 34% relative to the launched pump power. The
linewidth of the 13- kHz single-frequency seed was not broadened after the three amplification
stages. A maximum output power of 83 W was recorded with launching pump power of 250 W
into the fiber [11].

3.2 Pulsed high power laser amplifiers
Many applications requires the laser emission to be in an eye-safe wavelength region in
order to avoid an eye hazard, like free space communication, sensing or military ranging
systems. In these cases, high power 1.5 pum wavelength sources are necessary which makes

erbium/ytterbium co-doped fibers an excellent choice as a gain medium.
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Figure 3.6: setup of the two-stage EYDFA. Reproduced from Ref. [18].

The figure above shows a set up of an amplifier based on EYDEF’s for a pulse signal at
1534nm. A passively Q-switched microchip laser is used. Pulses generated by the laser have a
repetition rate of 800 Hz with short pulse duration of 4.5 ns. The pulsed laser is then collimated,
isolated and then coupled into the first stage of the EYDF amplifier. In this stage the fiber is a
single mode dual-clad fiber with a D-shaped inner cladding pumped by a temperature controlled
laser diode. This laser diode gives a power of 1 W at 980 nm. A single mode output pulse energy
of ~ 57 uJ at 1534 nm is delivered at this stage.

The output of the first stage is then coupled into the second EYDFA which is in return
forwardly pumped with 2.12 Watts of power at 980 nm. Because of the higher pulse energy in
the second stage a multi mode doped fiber is chosen here.

A 127 mW average signal power was achieved with this amplifier with a pulse repetition
rate of 800 Hz and a pulse width of 4.5 ns. A peak pulse energy of 158 pJ was achieved which
corresponds to 53 kKW output pulsed power [18].

Another scheme was published in 2009, where figure 3.7 shows its schematics. A CW

telecom laser diode, modulated externally, was used to seed the system with up to 1 mW.
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Figure 3.7: A three stage all-fiber cascaded amplifier. Reproduced from Ref. [19].

A high quality seeding source is important for achieving stable pulse energy and high
optical signal-to-noise ratio (OSNR). The output signal was then amplified in a cascaded all fiber
amplifier.

The first stage is the pre-amplifier using an EDF which gave a gain of 24 dB to the seed
which corresponds to 250 mW. The other two stages of power amplifiers were built with dual-
clad erbium/ytterbium co-doped fibers where they boost the signal up to 6 W. The EYDF in the
second stage is a multi mode fiber with a core of 7 um and a diameter of 130 um for the inner
cladding, while the EYDF in the third stage has a 25 pum diameter and an optical inner cladding
of 300 pum in diameter. This fiber was pumped with up to 30 W.

A band pass filter was also used after the booster amplifier to suppress the ASE noise. At
the end, an all; fiber pulse amplifier was built providing a power of 6 W and a signal peak over
50 dB above the background ASE [19].

3.3 Summary
We have seen the performance of different EYDFA’s, a maximum power of CW light at
1552 nm was 83 W with a slope efficiency of ~ 34% relative to the launched pump power, which
was at 975 nm. It was also shown from another setup that higher power and slope efficiency can
be achieved when pumping at 975 nm verses pumping at 915 nm. EYDFA’s are capable of
amplifying light on a wide range of wavelengths from 1545 nm to 1570 nm.
It was also shown that EYDFA’s work also for pulsed laser signals, amplifying them up

to tens of kilowatts of peak power.
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Chapter 4 - Experiment

The overall setup of the high power amplifier consists of two parts, a pre-amp and the
power amplifier. The pre-amp is necessary to provide the signal for the power amplifier which is
designed for an output of ~10 W at 1535 nm. Therefore, a relatively larger signal is needed

which is about 200 mW.
Small signal
tunable \
EDFA EYDFA

laser
source 1
my

Figure 4.1: Schematic of the high power amplifier. EDFA: erbium doped fiber amplifier.

EYDFA: erbium/ytterbium co-doped fiber amplifier.

A tunable laser source is used to give a signal of 1 mW. It goes through the EDFA which
is the pre-amp, and finally through the EYDF amplifier which is the power amplifier.
Heat management is discussed at the end of this chapter. Since we are shooting for Watts

of power, heat must be dissipated from the fiber to prevent the melting of its core.
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4.1 The pre-amplifier
The first step for building the high power amplifier (HPA) was building the pre amp,
such that the output of it will be seeding the HPA. A 2 m length of OFS EDF80 erbium doped
fiber (EDF) was used as gain fiber. It is a single mode fiber with a core diameter of 125 pm

doped with high erbium concentration. The setup of the pre-amp is described in the figure below.

OFS EDF80 fiber

1533 nm Forward ( - “\

Isolator _Pump

Qutput:
DMz * Power meter

frrrm
WOIM, 2 meters ( 05:3“
LDF 1480 nm

FITEL: 1480 nm

Figure 4.2: ANDO: a Continuous Wave laser source at 1533nm. WDM; ,: Wavelength
Division Multiplexer (1480nm/1550nm). LDg: Laser Diode. OSA: Optical Spectral
Analyzer.

The signal (at 1533nm) is propagating through Corning SMF-28e single mode fiber
(SMF), the power going through point A is 1 uW for the small signal gain measurements and
1mW for the large signal gain measurements. The wavelength division multiplexor (WDM;)
allows both the signal and the pump to propagate through the gain fiber. The EDF is forward
pumped using one 1480 nm semiconductor laser diode. WDM; is used to make sure that the light
going through point B is of the signal’s wavelength only. Any excess of the pump light
(1480nm) exits the amplifier.
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Figure 4.3: a) Small signal gain with input signal power of -31.94 dBm. B) Large signal gain

with input signal power of 0.069 dBm.

A small signal gain of 44.09 dB and a large signal gain of 14.17 dBm was measured.

Maximum output power was 28 mW for the small signal case.

For the attempt to get higher amplification | added three more segments of the same gain
fiber (OFS EDF80), changed the pump light to 980 nm, and cut WDM,, (since our pump light is
now different). The EDF length now is 5.7 m instead of 2 m.

Power (dBm/nm)

-30

-35 4

-40 4

-45

-50 4

-55 4

-60

Fwd Pumping a 5.7m OFS EDF80 with 980 nm

1 1
946 nm

‘ 1604 nm

|
fl i
I
| 1026 nm ‘ {

il

474 nm
|

T T T T T X T " T J T . T
200 400 600 800 1000 1200 1400 1600 1800

Wavelength (nm)

Figure 4.4: Spectrum of the output of a seeded 5.7m long Erbium doped fiber forwardly

pumped with 980nm laser diode.
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When looking at the output using the optical spectrum analyzer, we can see that both the
pump and the signal light were being absorbed (Figure 4.4).

OFS EDF80 fiber

Forward Backward

Pump : Pump
SANTEC Output;

o) o>

w WbM 5 7 meters WDM,  Power meter
LASER * OSA
LD,
JDSU: 980 nm FITEL: 1480 nm

Figure 4.5 SANTEC: a tunable continuous wave laser source. WDM; ,: Wavelength
Division Multiplexer. LDg: Laser Diode forward pumping the gain fiber. LDg: Laser Diode
backward pumping the gain fiber. OSA: Optical Spectral Analyzer. Power meter: to

measure the total output power in mw.

Figure 4.5 shows the new setup for the pre amp, having a forward pump with 980 nm
semiconductor laser diode and a backward pump using a 1480nm semiconductor laser diode, the
1480 nm light is propagating in the opposite direction as the signal, known as backward

pumping. The output total power was 182 mW.

The output spectrum of the pre-amplifier was measured using an optical spectral
analyzer. Since input was wavelength tunable, I was also able to change the signal’s wavelength.
The amplifier work best at 1560 nm since at this wavelength most of the amplifier power was in
the signal and not in the ASE (Fig. 4.6).
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Figure 4.6: Power dependence on the seeding wavelength.

4.2 Er/Yb doped fiber high power amplifier
As mentioned earlier, the pre amp’s output is to seed the high power amplifier, where the
gain fiber is a dual-clad fiber doped with erbium and ytterbium. This fiber is being pumped with
three power laser diodes operating at 915 nm. Each laser diode is designed to give a maximum
power of 10 W, and for that they need to be driven by a high current control driver which can

provide the power needed to operate these laser diodes.

4.2.1 Current Control of the pump laser diodes
The pump laser diodes were driven by a controller box that we have built. This controller
box is a current controller where it goes up to 15 A. Since the pump laser diodes are suppose to
give 10 W of power each, they will need to be driven at high currents. The following two figures
show the schematic of the circuits that are designed in a way to control the output current and

vary that from 0-15 A, which corresponds to the change of pump power from 0-10 W.
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Figure 4.7: The electric circuit to control the current and display both the current (going

through the laser diodes) and voltage (across them). Red color indicates any changes done

to the original diagram. LCD: Liquid Crystal Display.

The laser diode diver (LDD) gives out a current up to 15 A at 10 V across its output. A
voltage divider consisting of the two resistors R1 and POT1 (Fig. 4.7) are used to scale the
voltage between pin-14 and pin-4 from 15 to 10 V. Using a potentiometer enables us to change
the scaling factor such that the output voltage can range from 0 to 10 V; hence the output current
can change from 0 to 15 A correspondingly. LCD1 and LCD?2 are two displays; LCD1 is used to
display the voltage across the output pins and LCD?2 is to display the current going through the
laser diodes.
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Figure 4.8: the Pump Diode Driver is the circuit (described in Figure 4.5) added to it a fuse
and a switch. This diagram shows how the Pump Diode Driver is connected to a 120 Volts
AC supply and to the laser diodes themselves. Red color indicates any changes done to the

original diagram.

To measure the output current of the laser diode driver we installed the resister R of
resistance 0.1Q. The advantage of that was, voltage across R will be 0.1 times the current
flowing through R (Ohm’s law) hence by measuring voltage across R we measured I. With a
proper decimal place which can be controlled, whatever current going through R will be
displayed on the LCD2.

4.2.2 The Er® / Yb*" Gain fiber
The CoreActive Er**/Yb** co-doped fiber is a dual-clad fiber, where the pump light is
guided through the cladding instead of the core (Fig. 4.9). Co-doping with these two rare-earth

metals provide highly efficient energy transfer and allows low cost, high power pumps.
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Figure 4.9: A diagram of a dual-clad fiber. The pump light propagates through the inner
cladding while the signal propagates through the core. The diagram on the left corner
shows the step index profile of the core, inner cladding and the outer cladding. Reproduced
from Ref. [20].

The figure below shows the setup for the high power amplifier using the Er**/Yb*" co-
doped dual-clad fiber. The output of the pre-amplifier discussed earlier in this chapter is now the
signal of this amplifier. About 180 mW at 1560 nm light going through an isolator, the high
power coupler, and then the gain fiber which is being pumped with three laser diodes operating

at 915 nm. Each of the laser diodes gives out a maximum of 10 W of light.
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Figure 4.10: The Setup for the high power amplifier using Er/Yb co-doped fiber; pumped

with three laser diodes and seeded with the output of the pre-amp.

Due to the high power of the combined pump light; the splice between the end of the
coupler and the gain fiber is a critical splice, about 30 W of CW light needs to go through this
splice with the minimum loss possible, which raises another issue of thermal energy which will
be discussed in Section 4.3.

The couplers output fiber is a dual-clad fiber with 125 pum in diameter and a core of 8 um
roughly. However; the EYDF, which is also a dual-clad fiber, has a hexagonal shape with 125um
from one flat end to the other making it a bigger fiber than the couplers output fiber and a core
size of 10 um, add to that the difference of the core sizes these two factors contribute to the
difficulty of making a good splice. We set the arc fusion splicer on manual mode to do the
critical splice. An attempt to make an active alignment splice was made, but it failed due to the
difference in the core sizes between the two fibers. There was a range of positions where the
output of the active alignment is at its peak, so it was hard to determine through this method the
best position at which to do the splice. With practice, we managed to make a good splice
manually, where we moved the fibers close to each other trying to make their interface as close
as we could to the middle of the screen of the splicer, then pushing the fusion button. The Er/Yb
co-doped dual-clad fiber was angle cleaved at its output to protect the system from any back
reflections at this interface. See figure 4.10.

The maximum output recorded of the high power amplifier was 1.6 W with slope
efficiency ~ 11.25%. See Fig. 4.11.
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Figure 4.11: Output power from the EYDFA verses pump power

Other attempts failed due to multiple reasons, not having a good splice, recoating issues

or heat not being dissipated very efficiently. Note that the pump power goes up to almost 30 W

but due to poor heat sinking, the fiber melted at the splice point.

4.3 Heat management

Since we are dealing with tens of Watts of pump power, heat management here is crucial.

If you look back at Figure 4.10, you’ll notice where heat sinking is needed (in orange):

The pump laser diodes:

Mounted on top of an aluminum U shaped piece where a manifold is

attached to its bottom. Anti freeze runs through this manifold and circulating

through a chiller dumping the heat into it and keeping the laser diodes operating at

a constant temperature (30 C°).

The splices between the three laser diodes and the coupler’s input fibers:

Each laser diode fiber is spliced to one of the coupler’s input fibers. In

order for the interface of the splice to handle a high power (~10W) we developed

a heat sink for each splice. A small V-groove is cut in the middle of a 17”x1”
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aluminum block. A heat shrink sleeve was put around the fiber before splicing,
after the splice is done, hot air was blown to shrink the sleeves on each side of the
cleave, and the fiber between the shrunk sleeves was covered with a heat sink
compound. Then the fiber was inserted into a thin copper tube such that the splice
is within the tube and the sleeves are partially coming out of the tubing. The
rubber of the heat shrink sleeve is to protect the fiber from scratching against the
metal tubing. This metal tube is then placed in the VV-groove and covered with an
aluminum cover that can be screwed to the aluminum block; which in turn is

mounted to a cooling plate.

The critical splice and the gain fiber:

Starting with few centimeters before the critical splice (see Figure 4.7) and
all the way to almost the end of the 10 m gain fiber, the fiber was wrapped around
a metal can that was filled with water and placed on the same cooling plate. In this

way both the splice and the rest of the gain fiber is allowed to dissipate heat.
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Chapter 5 - Conclusions

We have built a pre-amp using an erbium doped fiber that operates at wavelengths
between 1540 nm and 1560 nm. Since the efficiency of the current design of the pre-amp was
best at 1560 nm, it was decided to work at this wavelength with an output of ~ 180 mW of signal
light.

This pre-amp was then used to seed the high power amplifier which consists of Er/YDb co-
doped fiber. The maximum recorded power output of this amplifier was 1.6 W. Our goal of
achieving 10 W of CW light at 1535 nm was not met.

Since the absorption and the emission spectrums of the erbium ion overlap, it is believed
that the erbium doped fiber is long enough such that the erbium ions are re-absorbing the light;
therefore the spontaneous emission gets amplified. In order to amplify the light through the pre-
amp at lower wavelengths (~1535 nm) some cut back measurements need to be done.

For the high power part of this amplifier, better heat sinking methods needs to be

established, especially the heat sinking of the gain fiber at the critical splice.

A search in the literature was done of the existing EYDFA’s. It was shown that these co-
doped amplifiers work for the continuous or pulsed wave. These amplifiers amplify the signals
up to peak powers of 83 Watts for a continuous wave signal and up to kilowatts for pulsed
signals. It was also shown that these amplifiers work on a wide range of wavelengths around
1550 nm.
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