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Supercontinuum generation based on a Femtosecond Polarization

APM Er-doped Fiber Laser
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Department of Photonics & Institute of Electro-Optical Engineering
College of Electrical Engineering and Computer Science
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Abstract

We set up a femtosecond Polarization APM Er-doped fiber laser that generates 339
femtosecond pulses at a repetition rate of 30.9MHz, with the average power of 3.10 mW.
The laser pulses pass through an EDFA and the output become picosecond pulses. These
picosecond pulses are compressed by a SMF and the compressed pulses are 229 fs with
the peak power of 19.50 kW and the pulse energy of 0.6nJ. A 8.34m of HNLF is fusion
spliced directly to the SMF to generate a supercontinuum with the covered wavelengths

from 1.15 pm to 2.3 um..
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Chapter 1 Introduction

1.1 Overview of Supercontinuum Generation

Supercontinuum generation — a physical phenomenon leading to a dramatic spectral
broadening of the laser pulses propagating through a nonlinear medium — was first
demonstrated by Alfano and Shapiro in the early 1970s [1]. In recent years, the development
of novel optical waveguides with low and flat chromatic dispersion and very small effective
area, as well as the continuing improvements in pulsed laser sources have led to the
observation of octave spanning (i.e.,containing both f and 2f frequencies) supercontinuum
generation in the visible, as well as the infrared. Supercontinua extending to visible
wavelengths are typically generated in micron-scale air-silica waveguides pumped by fs
Ti-Sapphire lasers near 800 nm [2],[3], whereas infrared supercontinua [4] are frequently
produced using erbium-doped femtosecond fiber lasers and germano-silicate highly nonlinear,
dispersion-shifted fiber (HNLF) [5], [6]. The octave-spanning spectra generated in these
systems have had significant impact on the field of frequency metrology. The supercontinuum
is actually a comb of frequencies separated by the repetition rate of the pulsed laser driving
the supercontinuum. An octave-spanning comb can then be readily referenced against itself by
doubling the low frequency portion and beating against the high frequency portion, as has
been demonstrated with bulk-optic solid-state lasers, [7] as well as more recently with fiber

lasers [8]. The result is an ultrahigh precision frequency ruler that has enabled vast



improvements in absolute frequency measurements [9]. In addition to their useful frequency

metrology properties, these sources exhibit very large spectral densities over more than an

octave of optical spectrum, making them useful in other technologies, such as optical

coherence tomography [10], spectral slicing for telecommunication applications [11], swept

wavelength Raman pumps [12], broadband spectral interferometry [13], and various other

optical test and measurement applications that require intense ultrabroad-bandwidth sources.

1.2 Motivation of the Research

Ultrashort pulse laser sourse is important for a lot of applications, and supercontinuum

generation is one of them. The techniques of the femtosecond laser have been developed in

many ways, such as mode locking, ete. In‘our lab, we can generate femtosecond pulses by a

polarization APM Er-doped fiber laser. We try to combine a polarization APM Er-doped fiber

laser and HNLF to produce supercontinuum generation in optical fibers.

1.3 Structure of this Thesis

The thesis comprises four chapters. Chapter 1 is an introductory chapter which consists

of an introduction to supercontinuum generation and the purpose of our research. Chapter 2

describes the principle of our experiment. It contains the principle of polarization additive

pulse mode locking and the nonlinear effects in optical fibers. In Chapter 3, the experimental



setup and results are presented. Finally, we give a conclusion and discuss the future work we

can do in Chapter 4.




Chapter 2 Principle of the Experiment
2.1 Principle of Polarization Additive Pulse Mode-Locking
2.1.1 Nonlinear Polarization Rotation
Nonlinear polarization rotation [14][15] can occur in an optical fiber when the initial
polarization state is elliptical due to the Kerr effect in glass [14][15]. The propagation

equation of the CW circular polarized light in the isotropic Kerr medium can be written as

OE,
0z
OE,,

= —iK(E,| +2/Ecc|)E.

= —iK(2E.|" +|Es| )E

C

The solution of the above equations i$

E.(2)= e—iK(\EC(O)\2+2\ECC (0)\2)zEC ©)

E (2)= e—iK(z\ Ec (0)]* +E: (0)) E_(0)

So the state of an elliptical polarized light (|Ec|2 # |ECC|2) will be rotated as shown in Fig.2-1.

The rotated angle is proportional to the propagation distance and the intensity difference.
Nonlinear polarization rotation relies on the intensity-dependent rotation of an elliptical

polarization state in a length of optical fiber. With proper settings of the initial polarization

ellipse and the phase bias, pulse shortening can occur with the presence of a polarized element.

Fig 2-2 shows how nonlinear polarization rotation can be used in conjunction with bulk

polarization optics to obtain an artificial fast saturable absorber [16] and to mode-lock the

laser. An initial pulse is linearly polarized and then made elliptically polarizated with a



quarter-wave plate. The light then passes through an optical fiber where ellipse rotation
occurs and the peak of the pulse rotates more than the pulse wings. At the output of the fiber,
the half-wave plate is oriented in such a way that the peak of the pulse passes through the
polarizer while the wings of the pulse are extinguished. In this way achieving pulse

shortening is achieved.

2.1.2 Stretched-pulse laser

Soliton lasers have inherent practical limits on their pulse width and pulse energy by the
area theorem, due to the spectral sideband generation and saturation of the APM effect.
Because the energy of a soliton is proportional to the product of the peak power and the pulse
width, the energy is thus limited when either the peak power or pulse width is limited.

To overcome this difficulty, the stretched-pulse technique was introduced, where an all
fiber P-APM ring cavity is comprised of segments of alternately large positive- and
negative-dispersion fiber, as shown in Fig 2-3. The single mode fiber has negative dispersion
while the Er-fiber has positive dispersion. If the net dispersion is zero, the pulse width is
shortest in the middle and is largest at the joints of the positive- and negative- dispersion
fibers. Because of the periodic variation of the pulse-width in the cavity, the accumulation of
nonlinear phase shift can be reduced and thus the pulse energy can be increased. A

mode-locked laser with short pulse-width and high peak power thus can be obtained.



2.2 Nonlinear effects of the fiber
The effects of the instantaneous nonlinear response of an optical fiber are summarized on

the right hand side of the nonlinear Schrédinger (NLS) equation:

OA oA B, °A o, . .
0z P o 2 ot 2 A 221

Where A = A(z,t) is the slowly varying envelope, v, =1/, represents the group
velocity, £, is the group velocity dispersion (GVD), o is the absorption coefficient and the
nonlinear parameter y is defined as

_ n,®,

2.2.2
A, (2.2.2)

Here n, is the nonlinear-index coefficient and the effective core area A, is defined as

(jjijF(x,yﬂzdxdyjz

= - (2.2.3)
I LO|F(X, y)|" dxdy

In order to evaluate it, we need to consider the modal distribution F(X,y) for the
fundamental fiber mode. A depends on the fiber parameters such as the core radius and the
core-cladding index difference. If F(X,Yy) is approximated by a Gaussian distribution, A

is equal to W, for which the width parameter w depends on the fiber parameter and can be
obtained using equation (2.2.4). The width parameter w is determined by fitting the exact
distribution to a Gaussian form.

V =k,a(n,’ —n,*)"? (2.2.4)



wherek, =27/, n, and n, are the refractive index of core and cladding, respectively.
Typically, Ay can vary in the range 20-100 pm?® in the 1.5-pum region depending on the fiber
design and A, can be increased intentionally to reduce the impact of fiber nonlinearity.

In this section we are going to give a short description of the possible nonlinear effects, where
the first three phenomena (SPM, XPM and FWM) are elastic processes, as no energy is
exchanged between the fields and the medium. The last two effects (SRS and SBS) are

inelastic, in which the optical field transfers part of its energy to the nonlinear medium.

2.2.1 Self Phase Modulation (SPM)

Self Phase modulation (SPM)-refers to the self-induced phase shift experienced by an
optical field during its propagation in optical fibers [17]. The intensity-dependent nonlinear
phase shift (4, ) can be described by:

P = 2—”%'—‘5‘2 (2.2.5)
A

where L is the fiber length and ‘E‘z is the module of the electrical field at the working

wavelength.

The SPM-induced chirp affects the pulse shape through GVD as shown in Fig 2-4 and
Fig. 2-5. In the anomalous-dispersion regime of an optical fiber, the two phenomena can
cooperate in such a way that the pulse propagates as an optical solution. In the

normal-dispersion regime, the combined effects of GVD and SPM can be used for pulse



compression. Generally SPM brings a broadening of the amplitude spectrum and thus a
stretching of the pulse in time domain. The final result depends on the pulse shape and
frequency chirp of the original pulse. SPM is responsible for spectral broadening of ultrashort

pulses and formation of optical solutions in the anomalous-dispersion regime of fibers.

2.2.2 Cross Phase Modulation (XPM)

When two or more optical fields having different wavelengths propagate simultaneously
inside a fiber, they interact with each other through the fiber nonlinearity. In general, such an
interaction can generate new waves under appropriate conditions through a variety of
nonlinear phenomena such as cross phase modulation, four wave mixing, stimulated Raman
scattering and stimulated Brillouin scattering. Cross Phase Modulation (XPM) refers to the
nonlinear phase shift induced by other fields, having a different wavelength, direction, or
polarization state. Its origin can be understood by noting that the total field E is given by

E =—X[E, exp(-iot)+ E, exp(-iw,t) +C.C.] (2.2.6)

N |~

when two optical fields are frequencies®, and ®,, polarized along the X axis, propagate
simultaneously inside the fiber. (The abbreviation C.C. stands for complex conjugate .)

The nonlinear phase shift for the field at @, is then given by

P =N, 277Z LQE1‘2 + 2‘E2‘2) (2.2.7)

Where we have neglected all terms that generate polarization at frequencies other than @, and



, because of their non-phase-matched character. In this case the term depending on |E1| is
the SPM as in equation (2.2.6) and |E2| represents the external field. The factor of 2 in
equation (2.2.7) has its origin in the form of the nonlinear susceptibility and indicates that
XPM is twice as effective as SPM for the same amount of power.

XPM is responsible for asymmetric spectral broadening of co-propagating optical pulses.

2.2.3 Four Wave Mixing (FWM)

When several optical signals at different frequencies propagate along the fiber, the total
electrical field is equal to the vectorial addition of each individual field. The resulting optical
intensity will have new components as a result of the cross products in the module
calculation.

For example if three optical frequencies (®,, @, and ®,) interact in a nonlinear
medium, they will give rise to a fourth frequency ( @, ), where:

W, =0, +0,—o, (2.2.8)
Its main features can be understood by considering the third-order polarization given as
Pa=6,7Y 'EEE (2.2.9)
where E is the electric field , Pyp is the induced nonlinear polarization, and &, is the
vacuum permittivity.

Consider four optical waves oscillating at frequencies ®,,®,,®,and @, and linearly



polarized along the same axis X . The total electric field can be written as

4
% Z cexpli(k;z—w;t)]+c.c. (2.2.10)
j=1

where the propagation constant K j =N, /c, n j is the refractive index, and all four

waves are assumed to be propagating in the same direction. If we substitute equation (2.2.10)

in equation (2.2.9) and express Pxr in the same form as E using

Pne=

4
xz P, expli(k;z—w;t)]+cc. (2.2.11)
j=l1

N | =

We find that P, ( J =1 to 4) consists of a large number of terms involving the products of three

electric fields. For example, P, can be expressed as

P, =2% 40 1lE,LE, +2(E E B AEPE; -
+2E,E,E, exp(i6, ) + 2E, E4E  exp(i6-) 4..]

where 6, and . are defined as

0, =Kk, +k, +k; -k)z— (o, + 0, + 0, — o)t (2.2.13)

6 =k, +k, -k, -k))z— (0, + 0, -0, —o,)t (2.2.14)

The first four terms containing E, in equation (2.2.12) are responsible for the SPM and
XPM effects. The remaining terms result from FWM. How many of these are effective in
producing a parametric coupling depends on the phase mismatch between E, and P,
governed by 6, ,6 , or a similar quanity.

FWM is responsible for inter-channel crosstalk in a WDM communication system.

10



2.2.4 Stimulated Raman Scattering (SRS)

Raman Scattering is an inelastic process where a photon of the incident field (called
pump) is absorbed and reemitted again, via an intermediate electron state, in a lower
frequency. The excess energy and impulse is dissipated as a phonon (vibrational energy) into
the material. This process can be combined with stimulated emission where the new photon
has the same frequency and momentum as an incident signal photon. Consequently, through
SRS, pump photons are progressively destroyed while new photons, called Stokes photons,
are created at a down-shifted frequency that correspond to the signal photon. Fig 2.6 shows
the scheme of the process.

A less probable phenomenon is the emission of an anti-Stoke photon which has higher
energy that the incoming pump. SRS has applications in amplification of optical
communication signals and spectroscopy. As a vibrational contribution, the SRS has a
delayed response characteristic for each material.

The relationship between the pump and the signal power can be described as:

=0rl, 1 (2.2.15)
Where |, is the pump intensity, | is the Stokes intensity, and g is the Raman gain that
can be measured experimentally. The Raman gain bandwidth is very wide (around 13THz)

and thus the effect is particularly important for large bandwidth signal (very narrow pulses in

time domain). Fig 2-7 shows the optical spectrum with five Stokes lines clearly seen. Each

11



successive Stokes line is broader than the preceding one. This broadening is due to several
competing nonlinear processes and limits the total number of Stokes lines.

SRS is only visible when the pump power exceeds a certain threshold level (typically
Pgh ~ IW ).Spontaneous Raman scattering occurs when a Raman photon is generated from a
pump photon but without any relationship with the signal. This effect is normally considered

as noise.

2.2.5 Stimulated Brillouin Scattering (SBS)

The process of SBS can be described classically. as a nonlinear interaction between the
pump and Stokes fields through a acoustic wave. The pump field generates an acoustic wave
through the process of electrostriction. The acoustic.-wave in turn modulates the refractive
index of the medium. This pump-induced index grating scatters the pump light through Bragg
diffraction. Scattered light is downshifted in frequency because of the Doppler shift associated
with a grating moving a the acoustic velocity v,. The same scattering process can be viewed
quantum-mechanically as if annihilation of a pump photon creates a Stokes photon and an
acoustic phonon simultaneously. As both the energy and the momentum must be conserved
during each scattering event, the frequencies and the wave vectors of the three waves are

related by

Qp=w, -, k,=k,—k (2.2.16)

12



where @, and @, are the frequencies, and k, and k; are the wave vectors, of the pump
and Stokes waves, respectively.

The frequency €3, and the wave vector k, of the acoustic wave satisfy the standard
dispersion relation

Oy = v [ka| = 2v, [k, [sin(6/2), (2.2.17)

where € is the angle between the pump and Stokes fields, and we used ‘kp‘ ~ |ks| in
equation (2.2.16). Equation (2.2.17) shows that the frequency shift of the Stokes wave
depends on the scattering angle. In particular, €, is maximum in the backward direction
(6 =7) and vanishes in the forward direction (€=0). In a single-mode optical fiber, only
relevant directions are the forward and backward directions. For this reason, SBS occurs only
in the backward direction with the Brillouin shift given by

vg =8 /2 =2nv,/ 4,, (2.2.18)

where equation (2.2.17) was used with ‘kp‘:27zn//1p and n is the modal index at the
pump wavelength 4.

Even though equation (2.2.17) predicts correctly that SBS should occur only in the backward
direction in single-mode fibers, spontaneous Brillouin scattering can occur in the forward
direction. This happens because the guided nature of acoustic waves leads to a relaxation of
the wave-vector selection rule. As a result, a small amount of Stokes light is generated in the

forward direction. This phenomenon is referred to as guided-acoustic-wave Brillouin

13



scattering.

SBS has higher but narrower gain (less than 100MHz) then SRS. In optical

communication systems, SBS will limit the total amount of power in the fiber.

14
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Chapter 3 Experimental Setup and Result

3.1 Experimental Setup

The experimental setup consists of three parts, a ring cavity laser, an erbium-doped fiber
amplifier and highly nonlinear dispersion shifted fiber. The first step is we set up a ring cavity
mode-locked fiber laser. It consists of erbium-doped fiber (EDF), single mode fiber (SMF), a
polarization dependent isolator, and polarization controllers. The 980 nm diode laser is used
as a pumping source. When the 980 nm pump lights pass through the WDM coupler and are
coupled into the Er-doped fiber, for which the Er-doped fiber will converts the 980 nm pump
laser lights to amplify the input 1550 nm lights. After that the amplified 1550 nm lights pass
through the output coupler of which the coupling ratio is 30 : 70. This means 70% of the
lights go back to the ring cavity and 30% of the lights go out of the cavity. The lights which
go back to the ring cavity pass through two polarization controllers and one polarization
dependent isolator. The polarization dependent isolator is placed between two polarization
controllers, which acts as one of the mode-locking elements. It plays the double role of an
isolator and a polarizer such that the lights leaving the isolator are linearly polarized. The
polarization controller which is placed after the isolator changes the linear polarization state to
elliptical one. The polarization state evolves nonlinearly during the propagation of the pulse
because of the phase shifts induced by SPM and XPM on the orthogonally polarized

components. The state of polarization is nonuniform across the pulse because of the intensity

20



dependence of the nonlinear phase shift. The second polarization controller (the one before

the isolator) is adjusted such that the polarization in the central part of the pulse can pass

through the polarization dependent isolator without loss. In the way the polarizing isolator lets

the central intense part of the pulse pass but blocks the low intensity pulse wings. The net

result is that the pulse is slightly shortened after one round trip inside the ring cavity, which is

an effect identical to that produced by a fast saturable absorber.

On the other hand, the mode-locked pulses out of the cavity will go into the

erbium-doped fiber amplifier (EDFA). The amplifier is pumped by two 980 nm diode lasers,

both forward and backward. That is, the pump and:the signal beam inside the EDFA may

propagate in the same direction and opposite direction,-respectively. The advantage of the

backward pump is the high power conversion efficiency in the saturation regime because of

the lower amplified spontaneous emission, so that it can improve the gain of the EDFA. The

erbium-doped fiber which we use is the R37005 Er-fiber from Lucent. Table 3-3 show some

important parameters of the erbium-doped fiber. In our experiment, the maximum power of

the forward and the backward are the same, about 280 mW. There is a SMF fused between the

30%—70% coupler and the WDM (which is near to the forward pump source), it is used to

control pre-chirp of the pulse before the lights are launched into the erbium-doped fiber. This

means that the pulses are chirped appropriately at the beginning to achieve better performance.

There is also a SMF between the WDM (which is near to the backward pump source) and the

21



highly nonlinear dispersion shifted fiber (HNLF), which is used for temporal pulse
compression. Both of the SMF are made by Corning Company. The dispersion of the SMF is
17 ps/(nm-km) at 1550 nm and the dispersion of the erbium-doped fiber is approximately -45
ps/(nm-km). Because the erbium-doped fiber has a normal dispersion and the SMF has an
anomalous dispersion, the net dispersion of the total fiber is decided by their lengths. For the
combination of distributed gain, normal dispersion, and SPM, it leads to self-similar
propagation, where pulses acquire a parabolic shape in time as well as a linear chirp [18].

A relatively new type of germanium doped silica fiber with low dispersion slope and a
small effective area has recently been developed [19]. Careful design of the index profile
allows the fiber to achieve a small effective area, low dispersion and dispersion slope, while
maintaining low loss. These fibers have nonlinear coefficients several times larger than that of
standard transmission fibers, and are often referred to as highly nonlinear, dispersion shifted
fibers, or, more simply, HNLF. HNLF is compatible with standard telecom components, and
can be easily fusion spliced with low loss to standard single mode fiber (SMF). Typical splice
losses for SMF to HNLF are 0.2 dB at 1550 nm in this work, although we have demonstrated
splice losses as low as 0.02 dB. The dispersion and dispersion slope of HNLF are 0.0
ps/(nm-km) and 0.0019 ps/(nm-km) at 1550 nm, respectively. The nonlinear coefficient (})
of the HNLF is 10.5 W'-km™". The physical characteristics and optical specifications (at 1550

nm) of HNLF are shown in Table 3-1 and Table 3-2, respectively The possible applications of
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HNLF include the optical regeneration based on SPM, pulse compression, parametric
amplification, wavelength conversion by XPM, and supercontinuum generation.

In our experiment, after the pulse passing through the EDFA, they will be launched into
the HNLF to generate the supercontinuum. Supercontinuum generation involves the whole
catalog of classical nonlinear-optical effects, such as self- and cross-phase modulation,
four-wave mixing, stimulated Raman scattering, and many others, which add up together to

produce emission with extremely broad spectra, sometimes spanning over a couple of octaves.

3.2 Experimental Result
3.2.1 ResultA

For the experiment A, we have set up the ring cavity, of which the cavity length is about
7.6 m (erbium-doped fiber 2.88 m and SMF 4.72 m). Because of the erbium-doped fiber has a
normal dispersion and the SMF has an anomalous dispersion, the net dispersion of the total
fiber in the cavity is anomalous. The pump power of the 980 nm laser in the cavity is 72 mW.
After mode-locking, the average output power launched from the cavity is 6.7 mW, and we
observe that the pulse of the output light is operated in soliton regime, which agrees with what
we expect. Fig 3-2 shows the optical bandwidth of the mode-locked pulses detects by an
optical spectrum analyzer. From the figure, we observe that the bandwidth is 12.4 nm and the

central frequency is at 1555.6 nm. We also measure the pulse with a RF spectrum analyzer
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and an autocorrelator. The repetition rate of the mode-locked laser is 26 MHz as shown in Fig

3-3 and from the modulation of RF spectrum we guess the pulse may be close to the state of

splitting. On the other hand, after the autocorrelation trace and hyperbolic-secant square

fitting, we observe that the pulse width is 307 fs as shown in Fig 3-4, but it is not short

enough for our experiment. After the calculation for the time-bandwidth, it is about 0.472,

which indicates that the output pulses of the mode-locked laser are not transform-limited.

Before the mode-locked laser pulse is launched into the EDFA, we use a SMF to achieve

the pre-chirp capability. Because the Self-phase modulation (SPM) due to n, in optical fibers

is normally associated with broadening spectral, for a pulse which chirp is initially negative,

after SPM the spectrum will be compressed [20, 21]. In our experiment A, the SMF after the

WDM (which is near to the backward pump source) is 0.89-m long and we change the length

of the SMF between the coupler and EDFA to achieve pre-chirp. The erbium doped fiber in

the EDFA is 4.39 m long. Fig 3-5 shows the spectrum with the change of the length of the

SMEF. From the figures, we find that the bandwidth of the spectrum is dependent on the

pre-chirp of the pulse.

Finally, we choose the length of SMF to be 6.2 m, which is the best result for the

pre-chirp purpose in our measurement. Fig 3-6 shows the autocorrelation trace of the pulse

launched from the EDFA after pre-chirp. From the figure, we observe that the pulse-width of

the amplified pulse is 1867 fs and is in an approximately to parabolic shape.
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3.2.2 Result B

From the experiment , we know that the length of the SMF which is used to achieve

pre-chirp can affect the bandwidth and the pulse-width of the amplified pulses. In order to

improve the pulse-width of the amplified laser pulses, another kind of erbium-doped fiber is

used in the mode-locked ring laser cavity. The erbium-doped fiber is EDF80 fiber from OFS

company.

In the experiment B, the experimental setup is same as the previous one, but the

erbium-doped fiber in the mode-locked ring laser cavity is different. The length of the

erbium-doped fiber we use here is 2.03'1m and the total length of the cavity is 6.47 m. Table

3-4 shows some important parameters of the erbium-doped fiber. As mention before, the

erbium-doped fiber has a normal dispersion and the SMF has an anomalous dispersion. The

pump power of the 980 nm laser in the cavity is 72 mW. After mode locking, we can get 3.10

mW output power from the cavity and the pulse is operated in the stretched-pulse regime. Fig

3-7 shows the optical bandwidth of the mode-locked pulses detects by an optical spectrum

analyzer, it shows that the bandwidth is 18.6 nm and the central frequency is at 1585.8 nm.

We also measure the pulses by the use of a RF spectrum analyzer and an autocorrelator. The

repetition rate of the mode-locked laser is 30.9 MHz, as shown in Fig 3-8. On the other hand,

after the autocorrelation trace and Gaussian fitting, we observe that the pulse width is 339 fs

as shown in Fig 3-9, which is better than the previous experiment. The time-bandwidth is
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about 0.749, which indicates that the pulses of the mode-locked laser are not the

transform-limited.

The erbium doped fiber of the EDFA is 4.27 m long, which is used to amplify the output

mode-locked pulses. A 1.6m section of SMF is used to achieve the pre-chirp. The amplified

average power is 138 mW. A 2.91 m SMF is fused between the WDM (which is near to the

backward pump source) and highly nonlinear dispersion shifted fiber (HNLF), which is used

to achieve the pulse compression. Fig 3-10 shows the optical bandwidth of the compressed

pulse detects by an optical spectrum. In the figure, we observe that the bandwidth is 69.5 nm.

According to its autocorrelation trace and Gaussian fitting, we observe that the pulse width is

229 fs, as shown in Fig 3-11. We also ‘observe that the pulses how have some pedestals from

the figure.

The length of the HNLF is 8.34 m and the fusion loss between the SMF and the HNLF is

about 0.02dB. The pulse energy and the peak power of the compressed pulses are about 0.6 nJ

and 19.50 kW respectively. After the pulses passing through the HNLF, the supercontinuum

is generated. The spectral is detected by an optical spectrum analyzer and the range of the

wavelength is from 0.6um to 1.75 pm as shown in Fig 3-12. Because the measured range of

the optical spectrum analyzer is limited at 1.75 pum, we also replace the optical spectrum

analyzer to a monochromator and a photodiode detector for the measurement. A LabVIEW

program is used to control the scanning of the monochromator and record the intensity of the
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photodiode detector as shown in Fig 3-13. Fig 3-14 shows optical spectrum from the scanning
monochromator and a photodiode detector. From Fig 3-12 and Fig 3-14, we observe that the

generated supercontinuum spanned a spectral range of 1.15 pum from the wavelength 1.15 pm

to 2.3 pm.
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Physical Characteristics

Cladding Diameter 125+1 pm
Cladding non-cireunlanity <1%
Corre Eccentricity < 1.0 pm
Coating Diameter 200 =10 um
Coating non-circularity <25%
Coating/cladding conc. error <16 pm

Table 3-1 The physical characteristics of HNLF

Optical Specifications at 1550 nm _

Cut-off wavelength {am) <1200 £ 100
Mode Field Dizmeter (um) 39 =02
Attenuztion (dBkm) <090
Dispersion (ps/um/im) ! 00+10
Dispersion Slape (psinm’/km) 00190004
Nonlinear Coefficient (W o km}) 2 105
Splice Loss to SSMF pigtail (dB) =03
(ypal <02
PMD <02 ps/vkm

1 =
+ Inquere for other values
= Typucal value

Table 3-2 The optical Specifications at 1550 nm of HNLF
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Co-dopants La/Al
Peak Absorption at 1530nm (db/m) |15-25

Cut Off Wavelength(nm) 957
Mode Field Diameter(um) 4.5
Numerial Aperture 0.29

Table 3-3 The optical parameters of the erbium-doped fiber (Lucent R37005)

Anritsu B5-P2-25 18:43
AMkr A 1549, 4nm B:  1561.2mm B-&: 12, 4mm
LMkr C:  -19.B2dEm 0O -22.82dEm Cc-0:  3.8dE
Threshold Mormal ¢ & )
bt HE
-15. 2 [rer A 15N, Bom
JdEm HA 15 it e
g L
10. BdB : : J\M
<di ! !
iy f\fo i i ~f\
p” [ W
-65. 2 ' '
denl | i
i i
| |
i i
i i
-115. 2 !
ol UL A ' '
1506, Enm 10. Brm-d i 1556, Bnm in Vac
Res:@. ATnm @, A& nmy -~ Erec OF £ s Emplg:B@1 -
VELI: 18kHz S EmiOff o Intwl:OfFF - s Bttt Off

Fig 3-2 The optical spectrum of the laser in result A
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Fig 3-4 The SHG autocorrelation trace of the laser in result A
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Fig 3-6 The SHG autocorrelation trace of the amplified pulse
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Peak Absorption near 1530 nm (db/m) 80

Cut-off wavelength (nm) 1000
Mode field diameter' ( xm) 4.9
Numerical aperture 0.29

Table 3-4 The optical parameters of the erbium-doped fiber (OFS EDF80)

/Inritsu P5-@6-27 19:31
AMkr & 15TE.5rm B: 1555, 1nm B-&:  12.6mm
LMkr C:  -26.2d4Em O:  -29.2d4Bm C-D: 3.8dE
Thrashold Mormad ¢ & 3
Ny AR dE
-10. @ |per A% 1585, 2om
dEm Y 15. Brm
18. BdE ‘F':E:\r—f
“di I e
R _F/_,-f-"'_ﬂi | | “'\-\_\\
e | | N
t t
‘6@ B i | rrw l l l‘hul. l [ n
dBn ||, M | ! N
| |
| | |
I o |
e | | ReFLID
1500, Orm 1% Bnmed v 1575. Bnm in Yac 1658, @rm
Fas:@. BTnm e P OF F S ESmpla:slal -
VBl : 1BkHz SSm0ff 2 Intwl:0ff - <ottt OFf

Fig 3-7 The optical spectrum of the laser in result B
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Fig 3-8 The RF spectrum of'the laser in result B
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Fig 3-9 The SHG autocorrelation trace of the laser in result B

34



Ainriksu B5-@5-2T7 16:P8

AMkr A 1526, Bim EB: 1585 Snm B-&: B89.5nm
LMkr ©C:  -16.2dEm D:  -28.2dBm Cc-D:  10. BdE
Thraeshold Mormal ¢ & 2
CrrtteT 1BHE
-10. O | rer A 156 5 nm
dEm aﬂ:___mEEL5mn_mﬁ_"_
"
10. BdE %;—mi-% ,
i i i
b
.M‘f

a
-GE. @ A
dBm

-110.8
dBm :
1458, Bom - 25, Anmed v 1575, Brm in &ir 1788, Brm
Fos:@.BTmB. B6nmy -~ A Of F S Emplgrs@l o
VEL: 18kH= S EmiOfFf o Intw1:0fF - < Bttt Off

Fig 3-10 The optical spectrum of the compressed pulse
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Fig 3-11 The SHG autocorrelation trace of the compressed pulse

35



Ainriktsu B5-06-27 16:51
AMkr & 11683, 5nm E: 1709 5nm B-A:  G4G. Bnm
LMkr C: -2.87dEm O: -18.27dEm c-0:  18. BdE
Thrasghold Maormad & )
Crrtti T 1RHE
BA. BB | rer AC: 1456, Bnm
A 4G, Brm
18. BdE st e SN I _\a_ .
Sdiw / ! e R !
| |
Jo |
) i i
“GR. B [t | |
dBm ! !
i i
! !
| |
i i
_MS'BE : Res_Jnc:a1
1080 Arm TS, Anmed v 1375, Bnm in Air 1758, Bnm
Ras:1. Brm(A. 916nm) -~ g OF F S0 Emplgrol -
: S EmiOff o Intwl:0fF - S Bttt Off

Fig 3-12 The optical spectrum of Supercontinuum measured by optical spectrum analyzer
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Fig. 3-13 The LabVIEW for the optical spectral scanning
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Chapter 4 Conclusion and future work

4.1 Conclusion

In the thesis, we have demonstrated the supercontinuum generation by a system that
includes a femtosecond Polarization APM Er-doped fiber laser, a erbium-doped fiber
amplifier and a section of HNLF. The polarization APM Er-doped fiber laser is able to
generate 339 femtosecond pulses at a repetition rate of 30.9MHz ,with average power 3.10
mW. The pulses from the mode-locked laser pass through a 1.6m length of SMF for pulse
pre-chirp and then are launched an EDFA with a 4.27m Er-fiber. The average power of the
amplified pulse is risen to 138mW. The. SMF with the.length of 2.91m after the EDFA is used
for pulse compression. Temporal compression through the SMF generates 229 fs pulses with
the pulse energy of 0.6nJ and the peak power of 19.50kW. Then the compressed pulses are
then launched into a 8.34m length of HNLF, which is fusion spliced directly to the SMF for
supercontinuum generation. The generated supercontinuum spectrum is detected by an optical
spectrum analyzer and by the combination of a scanning monochromator and a photodiode
detector. The observed supercontinuum spectrum spans about 1.15 um from the 1.15 pm to
wavelength 2.3 um. These results demonstrate that our femtosecond fiber laser system is

capable of acting as the light source for supercontinuum generation.
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4.2 Future work

In principle, the performance of supercontinuum generation can be further improved by

the following things

1  making the input pulse-width shorter

2 making the input pulse energy larger

3 optimally adjusting the length of HNLF

In the future we will continue to perform careful numerical simulation as well as

experimental verification to fine-tune our system. Hopefully an efficient supercontinuum

generation system can be deployed based on our fiber laser system.
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