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CHAPTER IV. TRA SMISSIO CHARACTERISTICS OF A FEMTOSECOND

SOLITON I A DISTRIBUTED EDFA (DEDFA)
1.1 Background

The optical soliton, which was first proposed by Hasegawa and Tappert

in 1973[11.11, propagates stably over long distances in an optical fiber without

waveform distortion, by balancing the group velocity dispersion (GVD) of the

fiber with the third-order nonlinearity of the fiber, the so-called self phase

modulation (SPM). In general, it can be said that the GVD in a transmission

fiber is one of the main factors which limits communication speed.

However, optical solitons can make it possible to construct a dispersion-free

high speed optical communication system using fiber nonlinearity. Recent

progress in optical soliton communication has been very rapid since it offers a

great potential for opening a new field in high speed communication.

Ideal optical solitons propagate without distortion over long distances

in a lossless transmission line. In practice, however, it is very important to

- 1-
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compensate for the optical fiber loss of about 0.2 dB/km. Thus far, stimulated

Raman scattering in fiber, which is a third-order nonlinear effect, has been

used as optical gain, but this is far from the breakthrough needed for the

realization of a practical soliton communication system because of a large

optical pump source.

Recently, most of the difficult problems which prevented the

realization of soliton communication have been solved by using new optical

amplifiers, the so-called erbium-doped optical fiber amplifiers (EDFAs).

Progress on research and development of EDFAs has been very rapid since

they offer a real possibility of advancing high-speed optical

comm u nica tion[1.1·2-8J. The rapid progress started with a study which

reported that 1.48 11m band InGaAsP laser diodes are an excellent pump
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source for EDFAs[1.1.61. This pumping scheme makes it possible for EDFAs to

be applied practically, and a compact optical amplifier has been realized using

laser diode pumping.

EDFAs' typical advantages are a high gain of more than 30 dB, low

noise, wide bandwidth, polarization insensitive gain, and high saturation

output power. They are also advantageous because they operate in the 1.5 llJll

region where fiber loss is minimized in ordinary silica-based single-mode

optical fibers. Because of these excellent characteristics, EDFAs are very useful

not only for high speed communication such as 1M/DO (Intensity

Modulation/Direct Detection), but also for optical soliton

communication[1.1.9-11I. These amplifiers can provide a larger gain with a

smaller pumping power than the Raman process.

Now, soliton technology has matured sufficiently with the aid of

EDFAs. Experimental soliton transmissions exceed 100 Cbit/s in bit-rate, or,

thousands of kilometers in distance using EDFAs[1.1.12-16].

1. 2 Optical Soliton

1. 2. 1 Historical Overview

The term "soliton" refers to special kinds of waves that can propagate

undistorted over long distances and remain unaffected after collision with

each other. Solitons have been studied extensively in many fields of physics,

for example, water wave solitons[1.2.1-2), ion-plasma-wave solitons[1.2.3-4),

hydrodynamic solitons[1.2.5], bimolecular polaron solitons[1.2.6], and

nonlinear optical solitons[1.2.7-81. In 1838 Russel first observed solitary waves

in a narrow barge canal[1.2.1]. Korteweg and De Vries derived in 1895 the

hydrodynamic equations of waves that move with velocities proportional to

their amplitudes and found agreement with the observations[1·2.2].

- 2 -

In 1965 Zabusky and Kruskal[1.2.91 discovered that when two or more

Korteweg - De Vries solitary waves collide they do not break-up and disperse,

and they first used the term "soliton" to refer to these particle-like solitary

waves. Then, in 1971 Zhakharov and Shabatf1.2.101 solved the nonlinear

Schrodinger equation (NLSE) using the inverse scattering method and

showed that the solutions were solitons. Hasegawa and Tappert[1.2.71 in 1973

pointed out that the Zhakharov and Shabat work applied to optical fibers,

showed theoretically that an optical pulse in the fiber forms an envelope

soliton. In 1980 Mollenauer, et aU1.2.81 , first experimentally demonstrated

optical soliton propagation in fibers by using a high power color center laser.

After that, there have been many numerical and theoretical investigations of

soliton propagation in connection with the transmission capacity of optical

fiber communication systems[1.2.11-13]. Many studies have been also

undertaken to extend transmission distances in parallel with high speed

communication research[1.2.14-181.

In 1989 it has been shown that solitons can be amplified and

transmitted with Er3+-doped fiber amplifier which is used to compensate for

fiber loss[1·2.191. High gain in the 1.5 llJll region can be easily obtained by using

Erbium doped fiber amplifier (EDFA) pumped by a compact laser diode. After

that, Erbium doped fiber amplifier has been extensively used for optical

communication systems in various ways. By using EDFAs, a lot of soliton

transmission experiments have been succeeded. The existence of a stable

soliton in a lumped amplifier system has been shown theoretically[1.2.20-22].

Today, experimental soliton transmissions exceed 100 Cbit/s in bit-rate, or,

thousands of kilometers in distance using EDFAs[1.2·23-261.

1.2.2 Optical Soliton Propagation in Fibers

- 3 -



In a nonlinear medium, the refractive index is given by

n(t) = no+n2 IE(r)I', 0.2.1)

E(;,t) = ; 1/21 E(;, t) exp (-iwot) + c.c.l ,

E(; ,t) = R(x, y) A(z, t) exp (iBoz) , 0.2.3)

02.2)

- 5 -

0.2.5)

(12.6)

0.27)

(1.2.8)

(12.10)

fdxdy/R(x.4

1/1 fdxdYIR(x,Y)I' .

8B = (wo I c) n2 \If IA I2 ,

where 8B is a perturbation due to the nonlinearity of the fiber,

with

By substituting Eq. 0.2.7) in Eq. (1.2.4),

i~+(W-W )d{3 A+~(W-W)' d
2

{3 A+oRA=O
dz 0 dw 2 0 dw2 fJ' .

The propagation constant B can be expanded in a Taylor series about the

carrier frequency Wo as,

{3 = a + d{3 (w _ w ) +~ d'{3 (w _ w )' + ..
1-'0 dw 0 2 dw' 0

becomes

(-i)(~+ d{3 ~)+~ d'{3 i3'A -o{3A =O.
dz dw dr 2 dw' dr'

where R(x, y) is the modal distribution, A(z, t) is the envelope function, and

Bo is the propagation constant without the nonlinear effect (Kerr effect). From

Maxwell's equation, the slowly varying amplitude A(z, t) satisfies

({3-{3o)A+i~+o{3A=O , (l.2.·na:.

By taking account of the following relation on the Fourier-transform,

f
- i3A . . f-_7ie'(,·-Wo)'dr =Ae'(W-Wo)'J:. - _i(w -wo)Ae'(W-Wo)'dr

=-f:i(w-Wo)Aei(W-Wo"dt, (1.2.9)

operation w- Wo can be replaced by the differential operator ii!...., and Eq. (1.2.8)
dr

Here we employ a frame of reference moving with the pulse at the group

velocity vg (the so-called retarded frame). By making the transformation of

1 = t - z/vg = t - (dB/dw) z, Eq. 0.2.10) becomes

where no and n2 are the linear and nonlinear index of refraction, respectively,

and E(t) is an electric field. The second term represents the optical Kerr effect.

When the intensity of the electric field changes, its phase ep(t) is modulated

through the Kerr effect, namely self-phase modulation. The frequency

change (Ilw) of the pulse is given by

i31f!(t) 2M,l i3IE(t)I'
Ilw =-7=--J..---dr-'

Nonlinear Schrodinger Equation

Consider the propagation of a pulse in a single-mode optical fiber

without loss in which z corresponds to distance along the fiber. The electric

field can be written as

- 4 -

systems.

so that the frequency of the leading edge of the pulse becomes lower than the

carrier frequency wo, and that of the trailing edge of the pulse becomes higher.

This frequency swept pulse is called a chirped pulse.

When the chirped pulse propagates through a medium characterized

by anomalous group velocity dispersion (GVD), the leading edge of the pulse

propagates more slowly than its trailing edge, resulting in optical pulse

compression. The temporal broadening due to the absolute value of GVD can

be compensated for by the compression due to self-phase modulation (SPM)

with anomalous GVD, making a stable optical soliton. In a silica optical fiber,

anomalous dispersion exists in the wavelength region longer than 1.3 J.lffi. It

is quite advantageous for optical solitons that the loss minimum wavelength

of silica fiber is around 1.5 11m at which the optical soliton can be generated.

This characteristic is beneficial for long distance, high bit rate communication



Normalization of Eq. (1.2.12) by defining ~ =0 u gives in the anomalous
Po

-i~ + -'- d' f3 a'A _ 8f3A = 0
if.:. 2 dw' at'

Defining k by K = (wo / c) n2 \If, Eq. 0.2.11) is

.aA I d'f3 a'A ,
-1J;+2" dw'a;>-KIAI A=0

(1.2.11)

(1.2.12)

W = nEocjIR(x,y)I'dxdy·jIAI'dT

=nEocjIR(x,y)I'dxdy. PoTojlul'ds

~ld'f3/dw'l
= nEocl/fa,jf~ jlul'ds

~ld'f3/dw'l
= nEocl/fa,jf41) K~ , 0.2.19)

Soliton Solutions

Zakharov and Shabat[1.2.101 have shown how the nonlinear

Schrodinger equation can be solved by the inverse-scattering method.

According to the Zakharov and Shabat results, the general form for the

fundamental soliton (N=1 soliton) is given by

(1.2.23)

0.2.21)

0.2.22)

(1.2.18)'

0.2.20)

to Eqs. (1.2.15) and (1.2.16),

.. '
Zo (1.76)'I~'f3/dW'I'
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= nEoC \If Ueff (K ZO)-l

distance Zo in terms of 0 is

=~=032227rC~
Zo (1.76)'IDIA' . A' IDI

where "t1 is the FWHM of the soliton. This distance can be rewritten in terms

of dispersion parameter D. Since D= - 21tc/).,2(d 2B/dw2), the normalization

The peak power PI required to support the fundamental soliton is

P1 = nEoc jIR(x,y)I'dxdy Po

u(q, s) = sech(s) exp(iq/2) .

The normalization distance Zo corresponding to this value of S1 is, according

The FWHM S1 of the intensity of this lowest-order soliton is

S1 = 2 cosh-l.J2 = 1.76 .

where Ueff is an effective core area,

(fIR(x,y)I'cLrdy)'

arff
fIR(x,y)rdxdy

The energy is proportional to Tj.

We shall choose the soliton with Tj=I/2 as the standard, along with its

energy and its full width at half-maximum (FWHM). With this choice, Eq.

0.2.18) becomes

(1.2.18)

(1.2.17)

(1.2.16)

(1.2.14)

0.2.15)

0.2.13)
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u(q, s) = 2Tj sech(2Tjs) exp(2iTj2q)

The energy W of the N=1 soliton is

q=oz/zo.

where

!
d' f3

1To = dW' Zo

Kl'o =0 l/zo ,

S =0 "t/To,

with

Equation (1.2.13) is the standard form of the nonlinear Schrodinger

equation ( LSE). An important scaling relation holds for Eq. 0.2.13). If u(q,

s) is a solution of this equation, then W(E2q, ES) is also a solution, where E is an

arbitrary scaling factor.

and

group velocity dispersion region (d2B/dw2 < 0)

(-i)~=-'- a'u +Iul'u ,
aq 2 as'



(1.2.24) N ' 3
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0.01
1
,---'--:--'---:-s--'--~~--'--':-9---'---'-11-'--'-

13
---L-J

15
SOLITON NUMBER, N

?l""O~..L_':-S-d.-'--:-O~----;:-S"""""'-l~O0

TIME, Tho

Fig. 1.2. 1 Temporal evolution over one soliton period for the third-order
soliton. Note pulse splitting near zlzsp=O.5 and soliton recovery beyond that
(after Ref. 1.2.28).

Fig. 1.2.2 Variation of compression factor Fe' optimum fiber length Zupt,
soliton period zsp' and quality factor Qe with the parameter I Open circles
correspond to the integer values of N. Data points correspond to the
experiments performed with a 320-m fiber (crosses) and a 100-m fiber (solid
circle) (after Ref. 1.2.29).

(1.2.25)

(1.2.26)

u(O, s) = N sech(s) ,

;r n 2c T I
2

Z,p =zZo =O.322 yTDt '

where 'I is the FWHM of the soliton. Periodic evolution of the higher-order

- 8 -

where we used Eq. (1.2.22), I D I =21tc/},,2 Id2~/dw21, and the relation

n2[m2/y2] = n2*[m2/W] nEoC. n2*= 3.18 x 10-20 m2/W.

Higher-order Solitons

In addition to the fundamental soliton (N=l), there are also a

continuum of higher-order soliton solutions that obey the LSE[1.2.27l.

Among these, a special role is played by the solitons whose initial form at q=O

is given by

solitons is illustrated in Fig. 1.2.1 for the specific case N=3 by showing the

where the soliton order N is an integer. The peak power necessary to launch

the th-order soliton is 2 times of that required for the fundamental

soliton. Unlike the fundamental soliton that behaves as a unit and

represents a balance between dispersion and nonlinearity, the higher-order

solitons change shape as they propagate down the fiber since the two

counteracting forces overshoot and undershoot. For example, a higher-order

soliton tends to compress at first because self-phase modulation outweighs

the group-velocity dispersion. However, the pulse narrows, the bandwidth of

the pulse increases and the dispersive effects become stronger. The bound

multi-solitons evolve periodically and the patterns corresponds to

constructive and destructive interference between the pulses. I u(q, s) 1
2 for all

higher-order solitons is periodic with the period q=1t/2[1.2·101. Using the

definition q=z/zo from Eq. (1.2.17), the soliton period zsp is given by



Asymptotic Soliton Solution

It is very interesting to investigate what happens if the initial pulse

(1.2.30)u(O;r) = exp(-12/2) .

For a>O the pulse narrows, and for a<O the pulse broadens. No soliton is

formed for (I + a) S~. The input pulse evolves into a soliton by stripping off
2

2

a fraction of energy _a_, that is lost to a dispersive field.
(I +a)

-11-

The effect of pulse shape on the soliton formation can be investigated

by solving NLSE numerically. Figure 1.2.3 shows the evolution of a Gaussian

pulse with the initial field given by

Even though =1, the pulse shape changes along the fiber because of

deviation from the hyperbolic secant shape required for the fundamental

soliton. The interesting feature of Fig. 1.2.3 is that the pulse adjusts its width

to evolve asymptotically into a fundamental soliton. In fact, the evolution

appears to be complete by z/zo=5, a distance that corresponds to about three

soliton periods. An essentially similar evolution pattern occurs for other

pulse shapes such as a super-Gaussian shape. The final width of the soliton

and the distance needed to evolve into a fundamental soliton depend on the

exact shape, but the qualitative behavior remains the same. Clearly, solitons

can be excited easily if the initial peak power of the pulse exceeds a threshold

value.

The characteristics of the optical soliton in optical fiber is summarized

as follows: dispersion free, robust for perturbations, and self formation.

Because of these property, the N=l soliton seems promising as carriers for

long distance, high bit rate optical communication systems.

The properties of optical solitons considered so far are based on the

simple, unperturbed NLSE of Eq. (1.2.18). However, when the pulses widths

1.2.3 Higher-Order onlinear Effects (Soliton Sell-frequency Shift effect)

(1.2.27)

(1.2.28)

0.2.29)
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r'=~
1+2a

pulse shapes over one soliton period[1·2.28l. As the pulse propagates along the

fiber, it first narrows, then splits into two distinct pulses at zsp/2, and then

merges again to recover the original shape at z=zsp. This pattern is repeated

over each section of the length zsp. The initial pulse narrowing is useful for

pulse compression. Numerical techniques have been used to obtain the

compression factor Fe and the optimum fiber length Zopt as a function of

N[1.2.291. Here the compression factor Fe is the ratio of the FWHM of the

compressed pulse to that of the input pulse and the optimum fiber length

Zopt corresponds to the location at which the width of the central spike is

minimum. Figure 1.2.2 shows the variation of Fe·
l and Zopt/zsp with N for

values of N in the range 1-15, where zsp is the soliton period.

shape or the peak power is not matched to that required by Eq. (1.2.25).

Consider first the case when the peak power is not exactly matched and the

value of N is not an integer. Satsuma and Yajima[1.2.301 have used

perturbation theory for solving the scattering problem in the inverse

scattering method. In physical terms, the pulse adjusts its width as it

propagates along the fiber to evolve into a soliton. A part of the pulse energy

is dispersed away in the process. An input of the form

Uj = O+a) sech(s) (-~sas~),
2 2

at z=O will evolve asymptotically into a soliton given by

lu,(z ~ 00)1 =: (I + 2a)sech{(1 + 2a)s}

The pulse width associated with Eq. (1.2.28) is



are so short and in the femtosecond region, it is necessary to include the

higher-order nonlinear and dispersive effects. With these effects LSE

becomes

(12.31)

- 13-

The first, second, and the third terms on the right-hand side correspond to the

third order dispersion, the self-steeping effect, and the self Raman effect or the

effect of a finite response time of the nonlinearity, respectively. The third

order dispersion is originated from wavelength dependence of the

GVD[l·2.31]. The self-steeping of the light pulse results from th intensity

dependence of the group velocity[12.32J.

The major perturbation is the Raman effects or so-called soliton self

frequency shift (SSFS)[l·2.33-34 l. Raman effects cause a continuous downshift

of the mean frequency of pulses propagating in optical fibers. This is

particularly important for short pulses because the effect varies roughly with

the inverse fourth power of the pulse width. To understand intuitively the

SSFS, consider the Raman gain spectrum[1.2.35] in fused silica fibers. Because

of the finite slope down to zero frequency, the soliton can self-induce gain for

the lower-frequency part of its spectrum at the expense of the higher

frequency part. Therefore, the mean soliton frequency shifts because of a

frequency-dependent gain or loss.

The nonresonant Raman effect in fibers is equivalent to a time

dependent nonlinearity, and there are two components to the Kerr

nonlinearity n2. About four-fifth of the n2 is an electronic, instantaneous

nonlinearity caused by ultraviolet resonances, while about one-fifth of n2

arises from Raman-active vibrations. The imaginary part of this latter

4

2.0

N: 1, /3z<O
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1.0
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I-
U1
z 1.0w
I-

~ 0.5

0.8
>
I
U1 0.6
z
~04
z
- 02

O"",-,-,-,--.L-"-"-..w..."--,-~~

Fig. 1.2.3 Evolution of the pulse shape (upper plot) and the pulse spectrum
(lower plot) over a distance z=5zo for an lrutlally unchirped Gaussian pulse
propagating in the anomalous-dispersion regime of the fiber (~2<O) with
parameters such that N=l (after Ref. 1.2.28).



(1.2.32)

contribution corresponds to the Raman gain spectrum and is time dependent

with an average delay of -3 to 6 fs in fused silical1.2.361. The simplest way to

introduce Raman effects into the NLSE is to modify the nonlinear term to

describe a delayed response of the form[1.2.33)

lui' u ---. u(1)fdsf(s)lu(l- sll' .

gain coefficient increases linearly with increased frequency separation, which

also scales as the spectral width. The SSFS becomes very important for high

bit rate optical communication because the frequency shift due to the SSFS is

inversely proportional to the fourth power of the pulse width.

- 14-

The fourth power of pulse width results since the soliton's peak power scales

as T-2, the spectral width of the soliton is proportional to T-1, and the Raman

(1.2.36)u( 1 u 1 2+21 V 1 2+uv*)

1.2.4 Soliton Interactions

- 15-

The times interval TB between the neighboring pulses determines the

bit rate B of a communication system (B=l/TB). It is thus necessary to

determine how close two solitons can come without interacting with each

other. The same nonlinearity that bounds a single soliton also introduces an

interaction force between the neighboring solitons.

First we describe qualitative behavior of the nonlinear interactions.

The nonlinear term in the nonlinear Schrodinger equation (NLSE), IU!'u, is

important in terms of qualitative behavior. Let U be a pulse pair, u+v,

expand the nonlinear term, and extract the term relating u. This gives

The first and second terms are self and cross phase modulation (SPM and

XPM), respectively. The last term is a phase-sensitive interference term.

When we ignore the dispersive term, the nonlinear phase rotation on pulse

u is proportional to 1u 12+2 I v I 2+uv*. Since the SPM term cancels out the

GVD term of the NLSE, the frequency shift is proportional to

~(2Ivl' +uv') (1.2.37)

Let u=sech(t) and v=sech(t+D.t)ei'P which means that pulse v advances by D.t

and has phase of <p relative to pulse u. When D.t is large, we disregard the

term Iv 12 because its effect on the pulse u is small compared to the uv* term.

The frequency shift at the center of the pulse u is

(1.2.34)

(1.2.33)

(12.35)dvo/dz [THz/km] = 0.0436/-.' .

The function f(s) is real if there are no losses other than the Raman type, and

to ensure causality f(-I s 1)=0 while fdsf(s) = I to recover Eq. (1.2.18) for

sufficiently short delays (or long pulses). An exponential decay of the

nonlinear response is assumed and f(s) = Tn exp(-s!Tn). Here Tn is the response

time and we use an estimated value of 5.9 fs[1.2.371. For pulses much longer

than the response time (i.e. T> 100 fs) it is generally adequate to expand

1 u(t-s) I 2 in a Taylor series around t and keeping only the first-derivative

term. Then Eq. (1.2.32) is expanded as

U(I)fdsf(s)IU(1 - s)I' ---. u(I){lu(t)I' - Tn frlu(I)I'} .

Gordon[1·2.331 has derived analytic formulas to describe the shift of the

soliton center frequency as a function of distance in the fiber. He finds for

fused silica fibers that

dvo [Thz/ km] =_ la' }..'D JdQ. Q.'R(Q./2nc) ,
dz 16Jrcr~ sinh\nQ/2)

where A, D, c, and TO are in units of centimeters and picoseconds. The

function R is the Raman loss spectrum normalized to the peak value of 0.492

at 13.2 THz, and it can be approximated by a straight line R(v) =0.492 (v/13.2),

where v is in THz. For example, if we use TO=T/1.763, 1,.=1.5 /ffi1 and D=15

ps/(km nm), then with the linear approximation Eq. (1.2.34) reduces to
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Fig. 1.2.4 Evolution of a soliton pair along the fiber showing periodic collapse
due to mutual interaction. The parameters are N=l, 8=0, r=l, and qo=3.5 (after
Ref. 1.2.39).

Fig. 1.2.5 Evolution of a soliton pair under conditions identical to those of
Fig. 1.2.4 except that 8=n/4 so that solitons are not in phase at 1;=0 (after Ref.
1.2.39).

(1.2.38)

0.2.40)

0.2.39)

0.2.41)

(1.2.42)

u(O, 1) = sech(1-qo) + r sech[r (HqO)] ei8 .

exp(q-qo) = Icos(2 I; e-'Io) I

I;p = (n/2) exp(qo) .

follows. The amplitude of a soliton pair at the fiber input can be written in

the following normalized form,

Perturbation theory yields the same resu!t[1.2.40]. A more accurate expression,

valid for arbitrary values of qo, is given byl1.2.39]
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For an in-phase case, $=0, l\.w is greater than 0, which means u becomes

faster than its original speed because the carrier frequency is in the anomalous

dispersion region. This result in the generation of the attraction force. While

$=n, l\.w becomes less than 0, which means u becomes slower than its original

speed. This result in the generation of the repulsive force.

Quantitative behavior of the nonlinear interactions is described as

where r is relative amplitude, 8 is the relative phase, and qo is the initial

separation. qo is related to the bit rate by

This relation shows that q(l;) varies periodically along the fiber with

oscillation period

Soliton interaction can be studied by solving NLSE numerically with input

from Eq. (1.2.39). However, considerable physical insight is gained by using

the inverse scattering method with u given by Eq. (1.2.39). Such studiesIL2.38

391 show that interaction depends not only on the soliton separation qo but

also on the relative phase 8 and the relative amplitude r. In the specific case

of 8=0, r=l, and qo~l the separation q at any distance (normalized distance) I;

is given by[L2.38l



~ Jrsinh(2%)cosh(%) (1.2.43)
p 2Qo +sinh(2%)

Equation (1.2.41) is quite accurate for qa~3, as also found numerically[1.2.41J.

Figure 1.2.4 shows the evolution pattern[1·2.42! showing periodic collapse of a

soliton pair for qa=3.5, 8=0, and r=1.

The periodic collapse of neighboring solitons is undesirable from the

system standpoint. One way to avoid the interaction problem is to increase

the soliton separation such that Zp~LT, where LT is the transmission distance,

zp=zsp exp(qa) is the collapse distance, and zsp is the soliton period. Since

zplzsp=22,OOO for qa=10, such a separation is large enough for most

communication systems. The bit rate is then limited by Eq. (1.2.40), but can

approach 45 Gbitls if we use 2-ps solitons for data transmission.

There are several schemes through which the soliton separation can be

considerably reduced. It turn out that the attractive force between the soliton

is very sensitive to their relative phase 8 and the relative amplitude r. In fact,

it turns into a repulsive force for () ~ 0 so that the solitons eventually separate

apart even for relatively small values of 8. Figure 1.2.5 shows evolution

under conditions identical to those of Fig. 1.2.4 except that 8=1t/4 instead of

8=0. For the extreme case of 8=1t, the soliton separation q(1;) is governed by a

relation obtained from Eq. (1.2.41) by replacing the cosine function by the

hyperbolic cosine function[1.2·381. If the soliton pair has the same phase (8=0)

but different amplitudes, the interaction is still periodic but without

collapseI1.2.39J. Even for r=1.1, the separation does not change by more than 10

% during each period if qa~4. Clearly this technique can be useful for

increasing the bit rate or the transmission capacity. Soliton interaction can

also be modified by many other factors such as initial chirp[1.2·42-431, higher

order dispersion[1·2.44 I, and higher-order nonlinear effects[1·245-46]. When the
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pulse width is in a femto - picosecond region, soliton interaction is

significantly modified by higher-order nonlinear effects. The attractive force

becomes repulsive when the pulses begin to merge, because a bound 2-s01iton

splits into individual solitons traveling with different speeds due to soliton

self-frequency shift[1.2·45-46J. Another factor that must be considered is the

effect of loss and periodic amplification on soliton interaction. It is

found[1.2.421 that stable transmission can be achieved when neighboring

solitons are launched with unequal amplitudes.

1.3 General features of the Erbium-doped Optical Fiber Amplifier (EDFA)

1.3.1 Historical Background

Since the first observation of room-temperature laser action of Er3+:

glass in 1965 by Snitzer and Woodcock[1.3.1J, and the early investigation of

Nd 3+-doped fiber amplifiers[1.3·2] and diode-pumped lasers[1.3·3], recent

improvements of the modified chemical vapor deposition (MCVD)

process[1.3·4-5l offered the possibility of incorporating a large variety of rare

earth ions in low-loss silica glass fibers[1.3·6-71. Interest in Er3+ was stimulated

by the fact that its main laser transition near 1.5 llm falls into the low-loss

window of the optical fiber communications. The first room-temperature

CW laser action of Er3+:g1ass was made possible by the low-pump power

thresholds achievable in single-mode fibers[1.3·61. Figure 1.3.1 shows the laser

tuning range and fluorescence spectrum[1.3.6J. By using a Ti:sapphire laser at

980 nm for a pump source, high-power, tunable output near 1.5 llm was

obtained with more than 250 mW from 1.52 lJ.ffi to 1.57 lJ.ffi[1.3.8I.

Traveling-wave erbium-doped fiber amplifiers (EDFAs) were soon

investigated, and high gains (30-35 dB) were reported using pumps at 665
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1600

Fig. 1.3.1 lasing tuning range (broken line) and fluorescence spectrum (solid
line) of an ErJ~-doped fiber laser (after Ref. 1.3.6).
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nm l13.7l and 51,1, nm[1.3.91. Amplification of high-bit-rate (2 Gb/s) optical

signals in single or multiple channelsl1.3.10-111 showed that EDFAs can be

used in broad-band optical communication systems and, because of slow gain

recovery dynamics, are also immune to crosstalk effects l1.3.11I. Another

advantage is the insensitivity of the gain to signal polarization[1.3·101. As fiber

amplifiers can be designed to have negligible coupling loss to standard

communication fibers, high fiber-to-fiber gains (G ~ 30 dB) can be achieved,

which makes the EDFA attractive for a variety of system applications, i.e., as

preamplifiers, in-line repeaters, or power amplifiers.

Practical implementations of the EDFA require that semiconductor

laser diode (LD) sources be used for the pump. The first LD-pumped fiber

amplifier was achieved with a GaAlAs laser diode at 807 nm and net gains of

+6 dB using 15 mW were achieved[1.3.12J. The 807-nm pump band is

unfortunately inefficient, because of the concurrent effect of pump excited

state absorption (ESA)[1.3.13I. For comparison, the use of 980-nm ESA-free

pump band was shown to yield gains up to +15 dB for the same pump

power[1.3.141. The 980-nm wavelength can be generated with strained-layer

InGaAs LDsl13.151. The pump band near 1.48 !1ffi which is also free from ESA

was investigated by Snitzer et aLl13·161. Using a 1.48-!1ffi InGaAsP laser diode,

a gain of +12.5 dB with a 16-mW pump was reported[1.3·171, which represents

the first practical and efficient LD-pumped EDFA.

After that, intensive study of EDFAs was made for practical

applications and now EDFA is used for commercial telecommunication

systems in the world[1.3·18-21 1.

1.3.2 Basic Properties of EDFAs
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Fig. 1.3.2 Level scheme of Er3+ in silica glass. 'nr is the life time of the 41 11 /2

level for nonradiative decay to the 41 13/2 and '21 is the life time of the 41 13 / 2
for spontaneous emission (after Ref. 1.3.22).

Fig. 1.3.3 Absorption and emission cross section spectra for erbium-doped
fiber with a]umino-germano-silicate core (after Ref. 1.3.22).
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Physical Properties

The conventional optical fiber has a low-loss window between 1.5 and

1.6 J.I1l1, where the optical loss can be as low as 0.2 dB/km. The 1.52 - 1.57 J.I1l1

gain band of erbium coincides with this low loss window. The energy level

diagram of erbium-doped silica glass is shown in Fig. 1.3.2 and the emission

and absorption cross-sections for transitions between the 41 15/2 and 4113 /2

states are shown in Fig. 1.3.3[1.3.221. Amplification results from stimulated

emission from the 41 13 / 2 to the 4115 / 2 level. Each level includes a number of

sublevels whose degeneracy is lifted as a result of Stark splitting due to the

electric fields the Er ions experience in the glass matrix. This Stark splitting of

the different sublevels, which is represented schematically in Fig. 1.3.2, is

responsible for the broad cross section spectra of Fig. 1.3.3. The Stark-level

energies of the 411s/2 and 4113/ 2 manifolds were evaluated by spectroscopic

measurements of fluorescence and absorption in an erbium-doped fiber[1.3.23

241. Since the homogeneous broadening at room temperature of the 1..0=1.531

J.I1l1 laser line is approximately 49 em-I (or 11.5 nm)[1.3·251 and the splitting

between the individual Stark levels is 17-82 em-I, the laser transitions starting

from neighboring levels in the 41 15/2 and 4113/2 manifolds have significant

spectral overlap. The inhomogeneous broadening being also 49 em-I, a strong

overlap between the light waves emitted from ions belonging to different

atomic sites can be inferred. These facts explain the essentially homogeneous

behavior of aluminosilicate Er-doped fibers and the broad fluorescence spectra

observed at room temperature.

The spectral dependence of gain saturation is an important issue,

especially for applications involving wavelength division multiplexing. The

gain saturation exhibits a strong spectral dependence, showing more gain

compression at short wavelengths near 1.53 J.I1l1 than at longer wavelengths.
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This strong spectral dependence of gain saturation can be described by the

homogeneous model and the saturation charactersitics show little

dependence on the saturating wavelength[1.3.25-261. Spectral gain hole

burning is a strong effect at low temperatures[1.3.27-281, but at room

temperature it is quit weak[1.3.26] because the homogeneous linewidth

becomes comparable with the inhomogeneous linewidth. Various

techniques have been suggested to flatten the gain spectrum or to compensate

for spectrally dependent saturation[1.3·29-31].

Because of the very long lifetime of the Er3+ first excited state (,-10 ms)

the transients associated with gain saturation and recovery in the EDFA have

characteristic times on the order of 0.1 to 1 ms[1.3.32]. Thus, the intersymbol

interference in high bit rate systems and interchannel crosstalk in wavelength

division multiplexed systems will be damped out for frequencies above 1 kHz

and will be negligible for high bit rates characteristic of optical
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communications systems.

Basic Properties as an Amplifier

Figure 1.3.4 shows a block diagram of the EDFA. The pump source is a

1.48 !lffi Fabry-Perot type high power laser diode, which is coupled into an

erbium fiber through a WDM fiber coupler and a non-polarized optical

isolator. The WDM fiber coupler passes the 1.55 !lffi signal and the pump

beam into an erbium-doped fiber. The non-polarized optical isolator greatly

suppresses the laser oscillation of the EDFA. The spectral components can

effectively contribute to the generation of the population inversion of the

erbium ions[1.3.331. The combination of a relatively low concentration of

erbium ions and a longer fiber length results in a higher gain than can be

achieved with a high concentration and a shorter fiber length[1.3.34]. This low
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signal wavelength.

The gain coefficient g defined as dl,/dz = gl, is expressed from Eq. (1.3.2)

(1.3.1)

(1.3.2)

(1.3.3)

(1.3...)

(1.3.5)

(1.3.6)

(1.3.7)

(1.3.8)

d4 kJs +1 01
d::. Ip+(l+ks)ls+lpapp ,

dl k I - I -s s p _ paol
dz Ip+ (1 + ks)Is+ ISs'

Ip = Ipl(hvp/a~,),

Is = Is/(hvs /a:,) ,

normalized signal intensity I, at amplifier length z in the forward pumping

configuration are written as[1.3.91

where 0; and 0: are the absorption cross section at the pump wavelength

and the signal wavelength, respectively, p is the erbium concentration, hvp

and hvs are the photon energies of the pump and signal waves, respectively, 1:

is the fluorescence lifetime, and a is the background loss of the fiber. We

define the ra tio ks as 0; /0:, where 0; is the emission cross section a t the

which is rewritten as
_ go

g- l+lJl,., .

[
- 1 + 1 J-1

k I - Ig = 1+ I /(_P-) ~po·
s 1+k

s
lp +1 s'

_ I + 1
I =-p-
,., 1+k, '

Here

as

and

Since I,., and go are functions of the pump intensity, they change with a

decrease in the pump intensity along the amplifier length.

Typical advantages of the EDFA are a high gain of more than 30 dB,

doping can suppress the concentration quenching which reduces the

pumping efficiency. The 1.55 !J.m signal is fed to the input port and the

amplified signal exits from the output port. Optical amplifiers inevitably

suffer from amplified spontaneous emission (ASE) from the EDFA. The

suppression of ASE is one of the keys to the realization of a low noise

amplifier. In this case a narrowband optical filter with a passband of 1-3 nm

is installed, resulting in a high signal to noise ratio.
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low noise, wide bandwidth, polarization insensitive gain, and high saturation

output power. Because of these advantages the EDFA has three main

applications[1.3·351. The first is as a booster amplifier which is used to increase

the signal power input into a transmission fiber. This amplifier is installed

after the light source. For this application, a large saturation output

characteristic is required. The second application is as an optical repeater

which is used to amplify the attenuated signal and re-transmit the amplified

signal into the next transmission fiber. High power output is also required.

The third application is as a pre-amplifier to increase receiver sensitivity.

This is installed in front of a photo detector, where low noise characteristics

are required. EDFAs can be fully applied in these categories.

In the EDFA, the pumping light decays along the z axis because the

pump beam is absorbed when it propagates down in the EDFA. As a result, a

nonuniform population inversion occurs along the fiber, where the gain

coefficient and the saturation intensity Isat can be expressed as a function of z.

Below, we describe some basic aspects of the EDFA.

The signal gain variation along the fiber can be roughly estimated by

rate equation analysis. We define the pump intensity and signal intensity as

Ip and I" respectively. Then, the normalized pump intensity l p and the
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Fig. 1.3.5 Change in gain of EDFA as a function of the input signal power (a)
and change in gain of EDFA as a function of the input pump power (b).

(1.3.9)
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refractive-index difference, erbium concentration, and Al concentration were

The pump power Pp and the signal power Ps are expressed as Pp=lpAp

and Ps=IsAs, respectively, where Ap and As are the effective core areas for the

pump and signal waves. The saturation signal power Psat is given by

Figure 1.3.5(a) shows the gain G = p,0.' / p''" by solving Eqs. (1.3.1) and

(1.3.2) as a function of the input signal power p''", where the input pump

power is 59 mW. The length and the erbium concentration of the EDFA were

100 m and 92 ppm, respectively. The signal wavelength was 1.545 /lm. The

optical losses at the pump and signal wavelengths were 0.13 dB/m and 0.42

dB/m, respectively. The small-signal gain GO was 24.5 dB and the 3 dB

saturation input power P;';B was -15.2 dBm. Experimental data (open circles)

are also shown in this figure. For small-signal input levels the gain is

constant; but for moderate signal levels, the gain saturates with an increase in

the input signal power. Gain as a function of the input pump power Pp is

given in Fig. 1.3.5(b), where the open circles and the solid line represent

experimental results and the theoretical curve, respectively.

In order to realize a high gain amplifier with a low pump power, it is

important that the pump intensity is closely confined, so that an efficient

excitation is achieved. To achieve this, special attention has been paid to

structural optimization by doping erbium ions only into the center of the

fiber core, so that the high intensity part of the pump field interacts with the

erbium ions, resulting in efficient pumping. EDFA gain characteristics with a

high gain coefficient thus obtained are shown in Figs. 1.3.6(a) and (b). An

erbium-doped fiber with a high relative refractive-index ratio was used, in

which the erbium is doped only into the high-index core region. The glass

composition is Er:GeOz-SiOz-Alz03' The mode field diameter, relative
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4.8 J.illl, 1.67 O/C, 210 ppm, and 500 ppm, respectively. The gain coefficient at

1.553 llm was 4.8 dB/mIN as shown in Fig. 1.3.6(a). At 1.552 llm the pump

threshold was less than 2 mW and the gain coefficient was as high as 5.1

dB/mW as shown in Fig. 1.3.6(b). The saturation output power at 1.552 J.illl

was more than 30 mW for a pump power of 50 mW, so that the EDFA can

operate as a power amplifier, which is very useful for soliton

communication.

1.3.3 Application of the EDFA to Optical Soliton Communications

Figure 1.3.7 shows the relation between soliton pulse width and its

peak amplitude throughout propagation. The data for 10ss(f)=0.01 and 1.0 are

illustrated in Fig. 1.3.7(a) and (b), respectively. The upper half of the figure

shows pulse shape (amplitude) change along the propagation distance,

assuming sech(t) as an input pulse (i.e., exact N=l soliton). The lower half of

the figure shows the product of amplitude and pulse width. For Fig. 1.3.7(a)

(f=O.Ol), this product remains almost constant throughout propagation,

which means that perturbation theory is valid and the pulse propagates as an

1=1 soliton over a long distance. On the other hand, for a large f of 1.0 given

in Fig. 1.3.7(b), the amplitude decreases very rapidly, and therefore the pulse

width can not preserve the soliton state. This pulse cannot propagate as an

=1 soliton because of its small amplitude.

In long distance optical transmission systems, periodic amplification is

required to compensate for fiber loss. Figure 1.3.8 shows two types of

amplification scheme. One uses distributed amplifier (Fig. 1.3.8a) and the

other uses lumped amplifier (Fig. 1.3.8b). The former is suitable for soliton

transmission because it provides an artificial loss-free transmission line,

while the latter is very simple and easy to construct.
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Fig. 1.3.7 Relation between the soliton pulse width and its peak amplitude
during propagation. The upper half of the figure shows pulse shape
(amplitude) change along the propagation distance and the lower half of the
figure shows the product of amplitude and pulse width. (a) G=O.Ol, (b) G=1.0.

0.5
DISTANCE (XZsp)

(b)

The Raman amplifier (1.3.8 a-1) is a typical distributed amplifier. That

is, a conventional optical fiber itself becomes an amplifying medium through

the Raman process. An Erbium-doped fiber with a low Er ion concentration

can also be used as a distributed amplifier (1.3.8 a-2). In the Raman amplifier,

the pump intensity decreases due to the intrinsic fiber loss and pump

depletion. In an Er-doped fiber amplifier, the pump intensity decreases due to

fiber loss and absorption by Er ions. These amplifiers act as a pure distributed

gain medium only when the gain distributes uniformly. Hasegawa pointed

out that the decreases in pump intensity produce a periodic perturbation to
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the solitons, and either gain or loss dominates at certain positions. The

transmission loss of the soliton can only be compensated for by the overall

periodic Raman gainll.3.36l. When r is small, the soliton pulse behaves as

described in Fig. 1.3.7(a), and the pulse propagates as an N=l soliton over

many multiples of Zsp.

Based on this idea, long distance soliton transmission using periodic

amplification by Raman amplifier is proposedl1.3.3?1. Smith and Mollenauer

have demonstrated pulse transmission over more than 6000 km in a

recirculating 42-km fiber loop with a Raman amplifierl1.3.381. The conditions

of their system are L=41.7 km (loop length), Zsp=66 km, y=0.22 dB/km (fiber

loss coefficient for signal), and a=0.29 dB/km (fiber loss coefficient for pump).

The loop length L (amplifier spacing) is of the order of Zsp' In that case, even

though they use a Raman amplifier, it cannot be described as an ideal

distributed amplifier system. r at the input of the fiber becomes +0.58, at

which the perturbation theory cannot be applied.

On the other hand, laser diode (LD) amplifiers and erbium-doped fiber

amplifiers (EDFAs) can be used as lumped amplifiers for soliton

communication (Fig. 1.3.8b). An advantage of the lumped amplifier is its
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Fig. 1.3.8 Two types of amplification scheme used for long distance oplicaltransmission
systems. (a) distributed amplifier. (b) lumped amplifier.
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simple configuration, i.e., the amplifier region is clearly separated from the

transmission line. The LD amplifier is very compact and reliable, but it has

polarization dependent gain and slight fluctuation in the transmitting signal

pattern (patterning effect) due to the fast gain-recovery time which is

comparable to transmitting speed. In contrast, the EDFA has the excellent

characteristics of polarization insensitivity, high gain, low insertion loss, and

no pattern effect because of its very slow gain-recovery time. Since the EDFA

needs a pumping laser, it was very important to discover a compact and

efficient pumping source. akazawa et al. showed 12.5 dB gain could be

obtained by an EDFA pumped by an 1.48 J..lI11 distributed feedback laser diode

(DFB LD)[1.3·17], and the current gain thus achieved exceeds 45 dB[1.3.39J. It

was also demonstrated that picosecond and femtosecond solitons can be

amplified by the EDFA[1.3·40-Hl. Recently, the EDFA has been widely used for

optical amplification in the 1.5 lim region in addition to its optical soliton

application.

1.4 Outline of This Thesis

This thesis summarizes the results of the research on propagation

characteristics of femtosecond optical soliton in an EDFA and also generation

of femtoseocnd infrared pulse for the study of soliton propagation.

The thesis consists of 6 chapters. Chapter I proVides an overview of

soliton propagation in optical fibers and general features of an EDFA that are

important for understanding the propagation characteristics in an EDFA

discussed in chapters III-V. Chapter II describes our femtosecond infrared

light source which we have newly developed and used in our experiments in

later chapters. Chapter III describes amplification characteristics of

femtosecond pulses under various pumping condtions for EDFAs. Adiabatic
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and nonadiabatic amplification characteristics of a femtosecond soliton are

presented in an EDFA which consists of a short length of erbium-doped fiber

with a high doping concentration of erbium ions. Chapter IV describes

femtosecond soliton transmission characteristics in an ultralong distributed

EDFA (DEDFA) which consists of an 18 km erbium-doped fiber with a very

low doping concentration. Chapter V describes mutual interactions between

femtosecond solitons in a DEDFA. Propagation characteristics of a soliton

pair in a DEDFA are presented which are strongly modified by a higher-order

nonlinear effect, soliton self-frequency shift (SSFS), in a femtosecond region.

Chapter VI summarizes the results obtained through the studies and

describes the future of research on ultrashort optical nonlinear wave

propagation in optical fibers.
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CHAPTER II. FEMTOSECOND INFRARED (IR) LIGHT SOURCE

2.1 Introduction

In this chapter, we describe our femtosecond infrared light source

which we have newly developed and used in our experiments in this thesis.

Generation of ultrashort pulses in the wavelength region between 1.3 and

1.6 11m have aroused considerable interest in view of their applications in

time resolved spectroscopy and in optical communications. Subpico- and

femtosecond pulses in the near infrared region have been generated so far

from a synchronously pumped infrared dye laser[2.l], and from a soliton

laser I2 .2l . Thes methods generate the pulses at high repetition rates but with

low energies and narrow spectral tunability. Tunable infrared subpicosecond

pulses have been obtained by difference frequency generation(DFG)12.3l or

parametric amplification[2.4l by using a white-light subpicosecond

continuum. Although these techniques allow the generation of tunable

ultrashort pulses with a high peak power, the repetition rate is low.

Stimulated Raman scattering is also useful to generate subpicosecond

continuum pulses around 2.4 IlmI2.5J. 97 fs pulses at a rate of 50 MHz have

been obtained at 1.5 Ilffi by miXing a femtosecond dye laser and a picosecond

YAG laser I2.61. Although high repetition rate, infrared femtosecond pulses

are generated with this method, the power of the generated pulse is low.

Then, we have succeeded in generating high peak-power, high

repetition-rate, tunable subpico- and femtosecond pulses in the 1.4-1.6-llm

region by miXing a 1.064 Ilffi Id:YAG laser pulse and a visible subpicosecond

pulse from a cavity dumped, synchronously pumped dye laser[2.7J. Pulses as

short as 94 fs with a peak power of S.4 kW have been obtained with a KTP

crystal at a rate of 3.S MHz. Recently, high power, femtosecond infrared

-48-

pulses are easily obtained by using an optical parametric oscillator pumped by

mode-locked Ti:Ab03 laserI2.81 .

2.2 Experimental Setup

The experimental arrangement is shown in Fig. 2.1. A cavity dumped,

synchronously pumped dye laser supplies 600-6..0 nm subpicosecond pulses

at a repetition rate of 3.S MHz. The dye laser consists of six mirrors, two dye

jets, four Brewster-angled prisms, an adjustable spatial filter, and a double

pass cavity dumper[2.9J. The laser was pumped by a frequency-doubled cw

Nd:YAG laser with 1.35 W average power, SO ps width and 76 MHz repetition

rate. The gain medium was a mixture of Rh6G(O.7x]0-3 mol/I) and Kiton

Red S (KRS)(J.2x]0-3 mol/I). The mixed saturable dyes DODCl(l.2x]0-4 mol/I)

and DQOCI(1.9x10-4 mol/I) in ethylene glycol were used to obtain stable

mode-locked pulses.

The visible subpicosecond pulses from the cavity dumped dye laser were

combined collinearly by dichroic mirror with a 1.064-llm pulse from a

Nd:YAG laser. The cw modelocked power from the YAG laser was 20 Wand

it was reduced to ]S W after frequency-doubling in KTP. The visible

subpicosecond pulse and 1.064-1lffi pulse were directed through a 4 em focal

length lens into a nonlinear crystal. Temporal overlap of the two pulses was

obtained by adjusting the variable delay. First, the delay was roughly adjusted

by using a fast photodiode. Fine adjustment was maid to optimize the output

power of the generated infrared pulses. A half-wave plate was installed in

each optical path of the two pulses in order to change the polarization

directions. The polarization of the 1.064-llm pulse was linearized with a

Glan-Thompson prism. After passing an attenuator, a telescope, and the

prism, 1.064-llm power coupled into the crystal was 5-6 W. The infrared
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2.3 Experimental Results and Discussion

were used for DFG. These nonlinear crystals are the most widely used crystals

- 51-

The KTP crystal was 3.4 mm long and was cut so that its z axis made an

angle of 76· to the face normal. We adopted type II collinear phase-matching,

that is, E(lqR) and E(lcF) were of orthogonal polarization, where E(lclR) and

E(AF) are the electric fields of the generated infrared pulse and the

fundamental pulse (1..=1.064 llm) of the Nd:YAG laser, respectively. The

polarization of the visible subpicosecond pulse from the dye laser was

orthogonal to the polarization of the generated IR pulse.

The Li b03 crystal was 3 mm long and was cut so that its optic axis

made an angle of 61· to the face normal. In the case of LiNb03, the phase

matching was type 1, that is, E(lqR) and E(AF) had the same polarization. The

polarization of the visible subpicosecond pulse was orthogonal to those of the

generated IR pulse and the 1.064-11m pulse. The BBO crystal used in the

experiment was 5 mm long and was cut so that its optic axis made an angle of

23· to the face normal. We adopted type I collinear phase-matching.

The visible input pulse into the KTP crystal was 129 fs and the average

power was 65 mW at a repetition rate of 3.8 MHz. The oscillation wavelength

was 614 nm and the full width at half-maximum (FWHM) of the spectrum

was 3.1 nm. The average power of the 1.064-llm pulse was 5.6 W at a

repetition rate of 76 MHz, and the pulse width was 100 ps.

mirror.

pulses generated by DFG were separated from the two input pulses by dichroic

for second harmonic generators.

Three kinds of nonlinear crystals, KTP, LiNb03, and B-BaB204 (BBO)

1.501.44 1.46 1.48

WAVELENGTH (nm)

1.42
(b)

YAG LASER

CAVITY DUMPED
DYE LASER
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+-146 fs
LlT' 94 fs

o 400

TIME DELAY (fs)

Fig. 2.1 Experimental setup for the generation of femtosecond infrared pulses by
difference frequency generation(DFG). AIT. is the attenuator; 1../2, the half-wave
plate; G, Glan-Thompson prism; D.M., dichroic mirrors; F, Filter; AOYE' AF and AIR are
the wavelengths of the dye laser, of the Nd:YAG laser and of the generated infrared
pulses, respectively.

Fig. 2.2. (a) Autocorrelation trace and (b) frequency spectrum of the generated
infrared pulse in KTP.
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Fig. 2.3. Measured (0) and calculated (line) KTP phase-matching angle versus

dye laser wavelength (A-DYE)· Idler wavelength is 1.06-1 J.U11.

Fig. 2.4. Frequency spectrum of the generated infrared pulse by DFG with a
LiNb03 crystal.

The output of the infrared OR) pulse thus obtained is shown in Fig. 2.2.

The autocorrelation trace of the generated IR pulse is shown in Fig. 2.2(a).

The FWHM of the trace is 146 fs, which corresponds to a pulse width of 94 fs

by assuming a (sech)2 intensity profile. The average output power was 3 mW

at a repetition rate of 3.8 MHz. The peak power was as high as 8.4 kW. The

spectrum of the generated IR pulse is shown in Fig. 2.2(b). The wavelength of

the IR pulse was 1.45 J.U11 and the FWHM of the spectrum was 24 nm. Pulses

with a duration of 94 fs and a spectral width of 24 nm give a time-bandwidth

product of 0.32, which means that the pulses are transform limited.

In the generation of femtosecond IR pulses by DFG, pulse broadening

due to group velocity dispersion (GVD) in the nonlinear crystal should be

considered. For KTP, the calculated values of GVD at 614 nm and at 1.45 ).l.m

are 1.6 fs/nm mm and 6.4x10-2 fs/nm mm, respectively. These values are so

smaIl that the pulse broadening due to GVD is negligible at both wavelengths.
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The angle-tuned phase-matching curve was investigated by tuning the

wavelength of the visible subpicosecond pulses from the dye laser. The result

is shown in Fig. 2.3. The phase-matching angle in Fig. 2.3 is the value of 8 at

4>=0, where 8 and 4> are polar coordinates referring to z axis and x axis,

respectively. By rotating a birefringent filter in the laser cavity, the

wavelength of the visible pulses was tuned from 600 nm to 640 nm,

corresponding to the generated IR wavelength from 1.4 J.U11 to 1.6 ).l.m. The

circles in Fig. 2.3 show the measured phase-matching angles corresponding to

the visible pump wavelengths. The Sell meier equations of the H.

Vanherzeele et a1.12.l01 were used to calculate the phase-matching angle

variation with changes of the visible pump wavelength, which is given by a

solid curve. It is clearly seen that both agree weIl and infrared pulses between



Since the LiNb03, ~ is calculated as 400 fs/mm at Ic1R=1.43 llJIl. The interaction length I

of the input pulses is limited by the aperture length la which is defined as,

1.4 llJIl and 1.6 llJIl are obtained within an angle variation of 2·

refractive index of KTP is 1.8, the actual rotation angle is 3.6·

Ultrashort infrared pulses were also obtained in the LiNb03 crystal by

DFG. The visible input pulse into the Li b03 crystal was 190 fs and the

la= (rr)1/2 wo/p, (2.1)

average power was 100 mW at a repetition rate of 3.8 MHz. The oscillation

wavelength was 610 nm. The average power of the 1.064-llJIl pulse was 5.6w

at a repetition rate of 76 MHz, and the pulse width was 100 ps.

The spectrum of the generated lR pulse is shown in Fig. 2.4. The

wavelength of the IR pulse was 1.43 llJIl and the full width at half maximum

of the spectrum was 14 nm. In the present experiment the LiNb03 crystal was

optically damaged by the visible subpicosecond pulse. The average output

power was 30 liW at a repetition rate of 3.8 MHz. Although we used an

autocorrelator which had a high sensitivity sufficient for the measurement of

the pulses from laser diodes, the power of the generated IR pulse was still

below the sensitivity of the autocorrelator. Therefore, an autocorrelation

trace of the generated IR pulse could not be obtained. However, we have

confirmed with an ultrafast photodetector that the IR signal is a very short

pulse. The pulse width was limited by the picosecond response time of the

detector.

The generated IR pulse width is roughly estimated as follows. In the

subpicosecond DFG in the LiNb03 crystal, the group-velocity mismatch

between the visible subpicosecond pulse and the generated IR pulse during

the propagation cau es a large temporal broadening of the generated IR

pulse[2.1l1. The group-velocity mismatch ~ was calculated by using the

Sell meier equations of Hobden et aI.l2.12] ~ is defined as ~ = IVg-1(lcDYE) - vg-1

(I,m) I, where Vg(l'DYE) is the group velocity at the pump wavelength and

vg(lI.JR) is the group velocity at the wavelength of the generated IR pulse. For
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where WQ is the Gaussian beam spot radius and p is the walk-off angleI2.13I .

The walk-off angle of the optically damaged LiNb03 is calculated to be 3.9x10-2

rad (2.2" ) at 1.43 llJIl as we will refer below. Taking wo =50 llJIl, the aperture

length is 2.3 mm and the interaction length I of the input pulses is 2.3 nlnl.

By using the values of ~=400 fs/mm and 1=2.3 mm, the pulse width of the

generated IR pulse is roughly estimated to around 0.9 ps.

For LiNb03, the calculated values of group velocity dispersion (GVD) at

610 nm and 1.43 linl are 3.0 fs/nm mm and 0.14 fs/nm mm, respectively.

These values are so small that the pulse broaderung due to GVD is negligible

at both wavelengths. Therefore, the pulse duration of the generated lR pulse

is longer than the input visible pulse due to the group-velocity mismatch and

is roughly estimated to around 0.9 ps. The measurement of the pulse width

of the generated IR pulse is our future investigation by using a more sensitive

autocorrelator than that used in the present experiment.

In the subpicosecond down-conversion with Li Tb03 there is a problem

of optical damage. The crystal burn density of LiNb03 is reported to be 50-140

MW / cm 2[2.14I. The LiNb03 crystal was optically damaged by the visible

subpicosecond pulse in the present DFG experiment. This optical damage

causes the visible light to diverge and also the beam quality to be decreased.

When the Li b03 crystal is illuminated by intense light, the extraordinary

index of refraction in the illuminated region decreases by as much as 10-3,

while the change of the ordinary index is much smallerI2.1SJ. According to

the Ref. 2.15, the effect is attributed to the drifting of photoexcited electrons
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(2.2)

out of the illuminated region followed by their retrapping near the beam

periphery. The space-charge field between these retrapped electrons and the

positive ionized centers in the illuminated region causes the change of

refractive indices via the electro-optic effect of the crystal.

In the present experiment, the visible pulse propagates in LiNb03 as an

extraordinary ray, and the 1.064-J.UTl pulse and the generated IR pulse

propagate as ordinary rays. Thus, only the visible pulse is an extraordinary

ray and is affected by the optically induced change of refractive index in

LiNb03 caused by the visible subpicosecond pulse. In the present experiment,

we estimate that the damage threshold of the LiNb03 crystal for the visible

subpicosecond pulse is 100-200 MW / cm 2 When the power of the visible

pulse was just above the damage threshold of the LiNb03 crystal, the optical

damage grew with time. On the other hand, the damage reached its steady

state as soon as the crystal was illuminated by intense visible pulses which we

used in the present DFG experiments. The optical damage in the Li b03

crystal was irreversible. The damage threshold of Li b03 is lower than the

other nonlinear crystals such as KTP or ~ - Ba B204 (BBO). It is

disadvantageous for nonlinear use that the damage threshold of Li b03 is

low.

Infrared pulses between 1.4 J.UTl and 1.6 flm are obtained with an angle

variation of 5· . Since the refractive index of LiNb03 is 2.2, the actual rotation

angle is as large as 11· which is much larger than that for KTP. Therefore, a

large realignment is required to change the IR wavelength from 1.4 J.UTl to 1.6

flm.

Ultrashort pulses were also obtained in the BBO crystal by DFG. The

input pulses into the nonlinear crystal were 75 mW, 260 fs pulses at 608 nm,

and 6 W, 100 ps pulses at 1.064 J.UTl. The phase-matching angle was 21.0· or
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the pump pulse at 608 nm. The average power of the generated IR pulses at

1.42 flm was 50 flW at a repetition rate of 3.8 MHz.

Since the power of the generated IR pulse was below the sensitivity of

the autocorrelator, an autocorrelation trace of the generated IR pulse could

not be obtained. However, the generated IR pulse width is roughly estimated

as follows. The group-velocity mismatch ~ is calculated to be 54 fs/mm at

AIR=1.42 flm by using the Sellmeier equations of K. Kato.l2.161 Since ~ (= 54

fs/mm) is very small, the pulse width of the generated IR pulse can be

estimated to be almost the same as the input visible pulse width after passing

through the 5 mm long BBO crystal. For BBO, the calculated values of GVD

at 608 nm and at 1.42 flm are 0.54 fs/nm mm and 1.6xlO-3 fs/nm mm,

respectively. These values are so small that the pulse broadening due to GVD

is negligible.

The peak power of the generated IR pulse, PIR, at the difference

frequency is given in the small gain limit at phase matching as follows,

W7Rd;jJl;jfPFPOYE

I1/RI1FI1 OYEcO
C3

where PIR, PF and POYE are the peak powers in the crystal at the wavelengths

of IQR, AF and AOYE, respectively. nlR, nF and nOVE are the refractive indices at

AIR, AF and I,OYE, respectively. deff is the effective nonlinear coefficient and

leff is the useful crystal length.

KTP is a positive biaxial crystal of orthorhombic symmetry class mm2,

deff - d24 sin(8PM)· Here, d24 =7.6xl0-12 m/vp· 171 and 8PM, the phase

matching angle at <1>=0, is 76.9· at 614 nm. Therefore, deff -7.4xlO-12 m/v.

LiNb03 is a negative uniaxial crystal of the triclinic symmetry class 3m, deff

d31 sin(8PM)· Here, d31 = (5.82±0.70)xlO-12 m/v 12.181 and the phase-matching

angle 8PM of the optically damaged LiNb03 is 60.4· at 610 nm. Therefore, deff
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Another limitation on the useful crystal length lies in the group-velocity

mismatch between the pump pulse and the generated lR pulse in the crystal.

In this case, group-velocity mismatch between the pump pulse and the 1.064

lJlTl pulse is less important for determining the useful crystal length, because

- 5.1x10-12 m/v. This value is smaller than the value of deff for KTP, which is

7.2xlO-12m/v. BBO is a negative uniaxial crystal of trigonal symmetry class 3,

deff - dll COS(8PM). Here, dll=1.6x10-12 m/v [2.191 and 8PM=21.0· Therefore,

deff - 1.5xlO-12 m/v and the value of deff for BBO is the smallest of the three.

The useful crystal length is limited mainly by two effects in generating

femtosecond IR pulses by DFG. One is the Poynting vector walk-off or the

aperture effect. The aperture length la is defined by, la =(n)1/2 wo/p, where

Wo is the Gaussian beam spot radius and p is the walk-off angle. Calculated

walk-off angles for KTP, BBO, and LiNb03 are shown in Figs. 2.5 and 2.6. For

KTP, the walk-off angle is 2.3x10-2 rad at 1.45 11m. Taking Wo =50 lJlTl, la

becomes 3.9 mm. The aperture length la is longer than the KTP crystal length

of 3.4 mm. Therefore, the limitation of the useful crystal length by the

aperture effect is negligible in this case.

The walk-off angle for BBO was calculated with the use of the

Sell meier equations of K. KatoI2.161, and was 5.1x10-2 rad at 608 run. Taking

Wo =50 lJ.I11, la becomes 1.7 mm. The aperture length la is shorter than the

BBO crystal length of 5 mm. Therefore, the useful crystal length is limited to

1.7 mm by the aperture effect. For LiNb03, the walk-off angle of LiNb03 is

3.8x10-2 rad (2.2' ) at 1.43 lJlTl. When Li b03 is optically damaged and the

extraordinary refractive index decreases by 1.2xlO-3 12.151, the walk-off angle is

3.9x10-2 rad (2.2' ) at 1.43 lJlTl. Taking Wo =50 lJlTl, the aperture length for the

optically damaged Li Tb03 crystal is 2.3 mm and the useful crystal length is

limited to 2.3 mm by the aperture effect.



3

4r-----,---......----r---......--....---....-... the pulse width of the 1.064-~ pulse is 100 ps and is much longer than the

pulse width of the visible pump pulse. The useful crystal length leff is

limited by[2.41,

1.4

AIR (,u m)

1.5 1.6

leff ~ l~ (= 1:/~), (2.3)
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where 1: is the pulse width of the pump and ~ is the group velocity mismatch.

~ is defined as ~ = Ivg-1 (AOYE) - vg-1 (AIR) I, where vg(l'DYE) is the group

velocity at the pump wavelength and Vg(llIR) is the group velocity at the

wavelength of the generated IR pulse. Calculated group-velocity mismatches

for KTP, BBO, and Li b03 are shown in Figs. 2.5 and 2.6.

For KTP, ~ is calculated to be 39 fs/mm at AIR =1.45 !lm. Then the

useful crystal length l~ is calculated to be 3.3 mm for the pump pulse with 1:

=129 fs, and is almost equal to our crystal length. Since the aperture length la

is 3.9 mm, the useful crystal length leff for KTP is 3.3 mm. For BBO, ~ is 54

fs/mm at }'IR=1.42~. The useful crystal length I~ is calculated to be 4.8 mm

for the 260-fs pump pulse. Since the aperture length la is 1.7 mm, the useful

crystal length Jeff is 1.7 mm. For Li b03, ~ is calculated as 400 fs/mm at

}'IR=1.43~. Then the useful crystal length I~ is calculated as 0.5 mm for the

190-fs pump pulse. Since the aperture length la is 2.3 mm, the useful crystal

length leff is 0.5 mm.

By using Eq. (2.2) with the value of the useful crystal length leff

discussed above, the generated IR power can now be calculated. Calculated

ratio of the IR power for KTP and for Li b03 gives PIR (LiNb03)/PIR (KTP)

=7.1x10-3 The experimental value was estimated to be 1.1x10-3. The large

difference between the calculated ratio and the experimental one may be

mainly due to the optical damage of the LiNb03 crystal. Li b03 is less

suitable than KTP for DFG with femtosecond pulses, because of the large

.
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Fig. 2.6. (a)Calculated walk-off angles p of LiNb03 (solid line) and KTP (dashed
line) crystals as a function of dye laser wavelength. (b)Calculated group
velocity mismatches ~ of LiNb03 (solid line) and KTP (dashed line) crystals as
a function of dye laser wavelength.
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value of the group velocity mismatch 13 and the low threshold power of the

optical damage.

Calculated ratio of the IR power for KTP and for BBO gives PI R

(BBO)/PIR (KTP) =7.7x10-3. The experimental value was estimated to be

6.0xlO-3 and was almost the same as the calculated value. In the case of BBO,

deff for BBO is about 1/5 of that for KTP and leff for BBO is about 1/2 of that

for KTP. Hence, the power of the generated IR pulse with BBO is much

smaller than that with KTP because the output peak power is proportional to

(deff x leff )2, as shown in Eq. (2.2).

2.4 Conclusion

Tunable subpicosecond infrared pulses have been generated in the 1.4

1.6 11m region by mixing a 1.06 11m Nd:YAG laser pulse and a visible

subpicosecond pulse from a cavity dumped, synchronously pumped dye laser.

Three kinds of nonlinear crystal, KTP, Li b03, and I3-Ba B204(BBO)

were used for DFG. It is found that KTP is the most suitable crystal of the

three for femtosecond DFG. Pulses as short as 94 fs with a peak power of 8.4

kW have been obtained with a KTP crystal at a rate of 3.8 MHz.

Because of the large value of the group velocity mismatch 13 and the

low threshold of the optical damage, LiNb03 is less suitable than KTP for DFG

with femtosecond pulse. However, LiNb03 is a suitable crystal for DFG with

ps pulses, because the value of deff for Li b03 is almost as large as that for

KTP and the cost of the Li b03 crystal is lower than that of the KTP crystal.

BBO is a less suitable nonlinear crystal than KTP for femtosecond

difference frequency generation because of the smaller effective nonlinear

coefficient deff and the larger walk-off angle p than those for KTP.
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CHAPTER III. AMPLIFICATIO CHARACTERISTICS OF A

FEMTOSECOND SOLITON IN AN ERBIUM-DOPED

OPTICAL FIBER AMPLIFIER (EDFA)

3.1 Introduction

Recent progress on erbium-doped fiber amplifiers (EDFA) has been

very rapid since they show a great potential for opening a new field in high

speed optical communication[3.1-31. Their typical advantages are a high gain

of more than 30 dB at a 1.5 11m region, low noise, wide bandwidth,

polarization insensitive gain, and high saturation output power. Among

these excellent characteristics, the wideband property, greater than 30 nm, is

very useful not only for high speed communication, but also for amplifying

ultrashort pulses including optical solitons.

akazawa et al. have reported picosecond (9-20 ps) - subpicosecond

(0.7-0.9 ps) soliton amplification using EDFAs[3A-51, in which the soliton

period was much longer than the length of the EDFA (3-5 m) and the peak

power of the amplified pulse reached as rugh as 96 W. It should be noted that

the EDFA gain is determined by the average input power, not by the peak

power, since the gain recovery time is of the order of milliseconds. Zhu et al.

reported the application of an erbium-doped fiber to the coupled-cavity mode

locking of a KCI:Ti femtosecond laser I3 .61, and Ainslie et aI.l3.7] and

Khrushchev et al.[3.8J reported the amplification of femtosecond soliton

pulses. Dianov et al. reported the change in the frequency spectrum of the

amplified femtosecond soliton as the pulse propagates down the EDFA, in

which the center wavelength of the soliton pulse was set at the 1.54 lJ.ffi

region I3.9J . If the full bandwidth of approximately 30 nm can be utilized, a 100

fs pulse could be amplified.
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In this chapter, we describe amplification characteristics of femtosecond

pulses under various pumping conditions for EDFAs[3.10-12]. ection 3.2

shows that a femtosecond pulse can be amplified in an EDFA. Section 3.3

describes adiabatic and nonadiabatic amplification characteristics of a

femtosecond soliton in an EDFA. Adiabatic soliton narrowing occurs due to

the optical gain. By increasing the pump power to the EDFA a considerable

soliton narrowing takes place with the soliton self-frequency shift (SSFS)13.13]

which is enhanced by the gain narrowing effect. In section 3.4, wavelength-

dependent amplification characteristics of a femtosecond soliton are

described. And we show our conclusion of chapter III in section 3.5.

3.2 Amplification Characteristics of Femtosecond Pulses in an EDFA

Figure 3.1 shows the experimental setup. Femtosecond infrared pulses

in the 1.5 lJ.ffi region are generated by using difference frequency mixing in a

KTP crystal as shown in chapter II. The pulse repetition rate is 3.8 MHz and

the output pulse has a width of 250 fs with peak powers of 2 - 4 kW.

These femtosecond pulses are coupled into an EDFA through a 1.48

1101/1.55 11m WDM fiber coupler. The EDFA is pumped by InGaAsP laser

diodes[3141. The length of the erbium fiber is 3-5 m and the doping

concentration of erbium ions is 1900 ppm. A1203 with a concentration of 500

ppm was co-doped to increase optical gain bandwidth. Figure 3.2 shows the

absorption spectrum of the erbium fiber. As shown in Fig. 3.2, there are two

peaks at 1.534 lJ.ffi and 1.550 lJ.ffi wruch correspond to the transitions between

the Stark components of the 41 15/2 and 41 13/2 manifolds as described in Sec.

1.3.2. The optical loss was 8.9 dB/m at 1.552 lJ.ffi. The zero group velocity

dispersion, spot size, and cut-off wavelength are 1.45 11m, 3.5 11m, and 1.28 11m,

respectively. Since the group velocity dispersion at 1.552 11m is 6.4 ps/km nm,
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Fig. 3.2 Absorption spectrum of an erbium-doped optical fiber.

Gain characteristics for 266 fs input pulses are shown in Fig. 3.3. The

peak power of the pulse and the repetition rate are 31 Wand 3.8 MHz. The

average input power was 30 ll-m (-15.2 dBm). Figure 3.3(a) is the input

spectrum and (b) is the output spectrum at a pump power of 20 mW for the

EDFA. (c) and (d) are input and output pulse waveforms corresponding to (a)

and (b), respectively. It should be noted that one division is 206 fs in (c) and

323 fs in (d). In trace (a), the center wavelength of the pulse is 1.551 lJ.Ill which

is one of the EDFA gain peaks. The spectral width 1:.), is 10.3 nm and the

FWHM of the pulse waveform from (c) is 266 fs. Hence, the pulse width

bandwidth product, I:.TI:.V, is 0.32-0.34, which means that the pulse is a

transform-limited sech waveform.
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the N=I soliton peak power for 250 fs input is approximately 120 W, which can

be easily generated by the present difference frequency mixing technique. The

pulse width and the spectrum of the amplified output solitons are monitored

using an autocorrelator with a resolution of less than 100 fs and a spectrum

analyzer.

When erbium fibers about 100 m long with a doping concentration of

100 ppm or 20 m long with a concentration of 470 ppm are used for the EDFA,

the self-frequency shift becomes quite large and the continuum spectrum

broadens to 1.75 lJ.Ill from 1.55 ll-m. In this case, the spectral component of the

soliton has already moved outside the EDFA gain profile, so high gain is not

obtained. The key to achieving efficient femtosecond pulse amplification is to

use a shorter erbium fiber with a relatively high doping concentration of

between 1000 ppm and 2000 ppm.

From trace (b), the input pulse was successfully amplified and a gain of

9 dB was obtained for a pump power of 20 mW. The amplified spectrum is

accompanied by a small pedestal in the shorter wavelength region around
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~
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Fig. 3.1 Experimental setup for femtosecond pulse amplification in an
erbium-doped fiber amplifier (EDFA).
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Fig.3.3 Gain characteristics of EDFA for 266 fs input pulses at 1.551lJ.ffi. (a) is
the input spectrum of the 266 fs pulse and (b) is the spectrum of the amplified
pulse. (c) and (d) are the corresponding input and output waveforms,
respectively.
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1.535 ll-m, which is due to the existence of a gain peak at that wavelength in

the EDFA. It is also noted that the spectral width of the output pulse is 9.3 nm

which is a little narrower than that of the input pulse. This is attributed to

the fact that the EDFA has a parabolic gain profile at around 1.552 ll-m, so that

the input spectral profile is modified when it is amplified. For convenience,

an amplified spontaneous emission (ASE) profile is shown in (b) by a dashed

line. According to trace (b) and output photo (d), !HD.V is equal to 0.31 - 0.32,

which means that the output pulse is a transform-limited sech pulse. When a

non-transform-limited pulse with a broader spectral width and the same

pulse width is coupled into the EDFA, the output pulse also remains at 250 fs

and the spectral width is limited around 9-10 nm. These results indicate that

a strong spectral shaping exists at around 1.552 llln, so that non-transform

limited pulses can be converted into transform-limited pulses by active

spectral windowing.

Here, we discuss the soliton property of the input pulse. The group

velocity dispersion (GVD) at 1.552 llln is 6.4 ps/kmnm and the pulse width of

266 fs gives an N=I soliton peak power, PN=I, of 120 Wand a soliton period,

Zsp, of 4.4 m. Since the gain is 9 dB for an input peak power of 31 W, this

produces output pulses with a peak power of about 260 W. Based on a gain

coefficient of 3 dB/m (9 dB gain for an erbium fiber length of 3 m), 1=1

soliton is excited at around 2 m from the fiber end. This means that the EDFA

can amplify femtosecond soliton pulses. When the pump power is further

increased, the SSFS appears and the carrier wavelength of the input soliton

starts to move toward a longer wavelength region, so that the gain can not be

measured exactly.

Figure 3.4 shows the gain spectrum of the erbium doped fiber at the

pump power of 25 mW, where the input signal is a cw beam emitted from a

323 fslOrv
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sa tura tion.

single-wavelength laser diode and the input signal power was -15.2 dBm. The

gain bandwidth around 1.55 llITl is about 18 nm which is large enough to

amplify the 266 fs pulse. Figure 3.5 shows gain changes at 1.552 llITl of the

EDFA as a function of pump power, where the input signal is a cw beam

emitted from a single-wavelength laser diode. As seen, the gain for an

average input power of -15.2 dBm is about 8.5 dB for a pump power of 20 mW,

which corresponds to the condition of the present femtosecond pulse

amplification. If the pulse repetition rate is of the order of 100 Hz, the gain

will be greatly increased since the gain recovery time of the erbium ions is of

the order of milliseconds. When the repetition rate is larger than a few

hundred kHz, the characteristics can be completely described by the average

input power. For an average input power of - 10 dBm (0.1 mW ave.), the gain

for a pump power of 20 mW decreases to 6.5 dB, which is due to gain

In summary, we have shown that the femtosecond pulses can be

amplified in an erbium-doped optical fiber amplifier. A gain of 9 dB has been

obtained for input pulses with a peak power of 30 W, an average power of 30

!lW (-15.2 dBm), and a pulse width of 260 fs.

3.3 Adiabatic and onadiabatic Amplification of a Femtosecond Optical

Soliton

Changes in the pulse width of the output soliton and nonsoliton

pulses as a function of the pump power are given in Fig. 3.6, where the

symbols • ,0, and 0 correspond to the peak powers (the average powers) of

30 W (27 !lW), 55 W (50 !lW), and 219 W (200 !lW ), respectively. The input

pulse width was 240 fs, the erbium fiber length was 3 m and the center

wavelength of the input pulse was 1.557 !lm. A pulse width of 240 fs and a
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(mW)
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Fig.3.5 Changes in EDFA gain at 1.552 llITl as a function of pump power.
The input signal is a cw beam emitted from a single-wavelength laser diode.

Fig. 3.4 Gain spectrum of a 3 m-Iong EDFA. The input signal is a cw beam
emitted from a single-wavelength laser diode. The pump power is 25 mW
and the input signal power is -15.2 dBm.
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Fig. 3.6 Changes in output soliton width as a function of the EDFA pump
power. The input pulse width was 240 fs. For pump powers smaller than 5
mW, the EDFA acts as a loss medium, so that the output power is too small to

measure the pulse width with an autocorrelator. Symbols .,0, and 0

correspond to the peak powers (the average powers) of 30 W (27 ~W), 55 W
(50 ~W), 219 W(200 ~W), respectively.
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GVD of 6.8 ps/kmnm at 1.557 lill1 give an N=I soliton peak power of IJO W

and a soliton period, Zsp, of 3.3 m. When the input peak pow r was as low as

30 W (.) which corresponded to an N=0.J6 soliton, no pulse shortening or

pulse spectrum changes occur, although the EDFA gain for an average input

power of 27 ~W was 9 dB for a pump power of 25 mW. This is because the

propagation distance as a =1 soliton was too short in the erbium fiber.

When the input peak power was 55 W ( 0 ) which corresponded to an =0.63

soliton, a small amount of soliton narrowing from 240 fs to 206 fs was

observed, since the peak power of the propagating pulse was already in the

N=I soliton power regime.

Drastic changes in the output pulse width were observed for an input

peak power of 219 W (0), corresponding to an N=I.2-I.3 soliton. The soliton

width decreases linearly with an increase in the pump power (the optical

gain). When the average input power for the soliton input was 200 ~W (- 7

dBm), the gain was approximately 5 dB ( a gain coefficient of 1.67 dB/m) for a

pump power of 19-20 mW because of gain saturation. When the pump power

was 20-24 mW, the pulse narrowing stopped and the pulse width was 74 fs.

With a slow scan autocorrelator, the value of 74 fs measured in the fast scan

mode was estimated to be 60 fs. It is clearly seen in Fig. 3.6 that adiabatic

soliton narrowing occurs with an increase in the gain as long as the gain is

moderate.

Figure 3.7 and 3. show how the spectrum and the waveform of the

output soliton pulse change for the symbol 0 shown in Fig. 3.6. The dashed

profile in Fig. 3.7(a) is the spectral profile of the 240 fs input soliton pulse with

a center wavelength of 1.557~. The FWHM of the spectrum was 12.7 nm

and the L'>VL'>1 product of the input pulse was 0.37. Waveform of the input

soliton is shown in Fig. 3.8(a-1). The pulse width became 203 fs for an EDFA
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Fig. 3.8 Adiabatic soliton narrowing and enhanced soliton self-frequency
shift controlled by the pump power to the EDFA.. Photo (a-l) is an input
soliton pulse. Photos (a-2)-(c) correspond to output spectra Fig. 3.4(a)-(c),
respectively.
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Fig. 3.7 Adiabatic soliton narrowing and enhanced soliton self-frequency
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(c) is log-transformed into (d).
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However, no further

pump power of 7-7.5 mW where the gain was zero, indicating the pump

threshold. In this case, the spectrum broadened to 13.5 nm as shown by the

solid line in Fig. 3.7(a), where !!.V/'H was 0.34. The waveform of the output

soliton is shown in Fig. 3.8(a-2). This pulse shortening is due to an excitation

of the =1.2-1.3 soliton. By increasing the pump power to 13 mW,

corresponding to a gain coefficient of 0.83 dBlm, the output soliton width

shortened to 142 fs as shown in Fig. 3.6 and the spectrum broadened to 21.3 nm

as shown in Fig. 3.7(b). The waveform of the output soliton is shown in Fig.

3.8(b). Here, !!.V/'H was 0.37, which means that the output pulse was almost

transform-limited. For a pump power of 25 mW, corresponding to a gain

coefficient of 2.3 dBlm, the output spectrum changed as shown in Fig. 3.7(c),

which is log-transformed in Fig. 3.7(d). The spectral broadening observed in

Fig. 3.7(b) disappeared. The spectrum component at 1.557 lffi1 is rather less and

two new peaks have appeared; One is at 1.535 lffi1 which is another gain peak

of the EDFA and the other is at 1.576 lffi1 which is due to the soliton self

frequency shift (SSFS). The SSFS causes a shift of the soliton carrier

wavelength toward longer wavelengths. For Fig. 3.7(c), the corresponding

pulse width was 60 fs in a slow scan mode. Fig. 3.8(c) shows the waveform of

the output. Such a pulse compression is of considerable practical importance

as it can be used to amplify and compress femtosecond pulses simultaneously.

When the pump power was further increased, pedestal components appeared

on the wing of the amplified soliton pulse as shown in Fig. 3.9 and a further

shift of the spectrum due to the SSFS was observed.

pulse shortening was observed.

An interesting feature exists in the transition process between Fig.

3.7(b) and Fig. 3.7(c). The physics behind Fig. 3.7(b) can be explained by the

adiabatic soliton narrowing. When the gain is less than a few dB, the system
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Fig. 3.9 Autocorrelation trace of the output pulse for a pump power of
28 mW.
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Fig. 3.10 Transient behavior of the trapped soliton with adiabatic narrowing.
Changes in soliton width and frequency as a function of distance
(Perturbation theory).
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is adiabatic, where the soliton pulse narrows adiabatically without the red

shift of the spectrum due to the SSFS. In Fig. 3.7(c), the EDFA gain of 7 dB no

longer acts adiabatically, so that the input soliton amplitude is simply

increased and the pulse compression due to the nonlinear effect exceeds the

pulse broadening due to the GVD, resulting in a further shortening of the

pulse width. The situation is in another words the excitation of higher-order

solitons which cause large pulse compressionI3.]S] as shown in section 1.2. In

this case, the SSFS occurs strongly because of the considerable shortening of

the pulse width even if the EDFA gain is bandwidth limited.

Using the perturbation theory for the N=I solitonI3.]7l as a rough

analysis at the first step, the soliton intensity ( or inverse of the width) 211 and

the frequency shift 2/; for a perturbed soliton with gain and SSFS can be

described as[317,]8]

(3.1)

(3.2)

Here, G is the normalized field gain coefficient given by G=gZO, Zo is the

normalized distance, g is the gain per unit length, Wg is the gain bandwidth, 10

is the normalized input pulse width given by lin/1.76, q is the normalized

propagation distance given by Z/ZO,l n is the finite response time of the

nonlinear refractive-index n2 or the Raman processI3 .]7,3.13]. The first,

second, and third terms in the r.h.s. of Eq. (3.1) represent adiabatic soliton

narrowing, gain decrease due to the gain dispersion, and gain decrease due to

the soliton frequency shift, respectively. The first and second terms in Eq. (3.2)

are the frequency pulling effect toward the center of the gain bandwidth and
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the SSFS. It has been shown that the soliton pulse has a steady-state carrier

wavelength which satisfies d/;/dz=013.]7,]81. In addition, from Eg. (3.1), there

exists a steady-state soliton amplitude caused by balancing the adiabatic gain

narrowing and the gain dispersion with the SSFS. The pulse width change

0/211) and the frequency change 2/; as a function of the distance are given in

Fig. 3.10 by solving Eqs. (3.1) and (3.2), where lin=250 fs, D=5 ps/kmnm, ZO=3.16

m, wglo=3, I n/l0=4xI0-2, g=0.19 mol (-5 dB for 3 m), and G=gZO=0.6. As can be

clearly seen a steady state 1/211 and 2/; exist when the soliton propagates down

the erbium fiber. The dashed lines in Fig. 3.10 show the changes in the pulse

width and the frequency when the gain is independent of the frequency, that

is, a flat gain. As can be seen, the pulse width decreases monotonously and

the frequency strongly shifts toward longer wavelengths by the SSFS. These

numerical results indicate that bandwidth-limited amplification can suppress

the soliton self-frequency shift.

At 3.0 m, soliton narrowing to about 0.371in and a frequency shift of 2/;=

- 0.26 occur, which means a frequency change 8w=0.09wg. Since lin is 250 fs,

0.371in becomes 93 fs which roughly agrees with the 80-90 fs output pulse

width that we observed. It should be noted that complete adiabatic soliton

narrowing occurs when G « l.

It is not clear from the perturbation theory how a large gain

nonadiabatically modifies the input solitons. To analyze this, a perturbed

nonlinear Schrodinger equation given by

(3.3)
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Fig. 3.11 Transient behavior of the trapped soliton with adiabatic narrowing.
Changes in output soliton width at 3 m as a function of the gain coefficient
(Direct calculation of the nonlinear Schrodinger equation).
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in Fig. 3.12(a)-(d), where (a)-(d) refer to g=I.O dB/m, 1.5 dB/m, 2.0 dB/m, and

2.5 dB/m, respectively. The dashed profile is the input spectrum of the soliton

and the FWHM of the input spectrum is 1/3 of the gain bandwidth. In Fig.

3.11 and 3.12(a), the adiabatic narrowing of the soliton is clearly seen, in which

the center frequency of the soliton does not change. It should be noted that a

propagation distance of 3 m is comparable to the soliton period. The gain of 2

dB/m for 3 m shown in Fig. 3.12(c) produces G=0.73, which means that the

was computer-run. The output soliton width as a function of the optical gain

is given in Fig. 3.11. Here A=1.0 and 1.2, the fiber length is 3.0 m and other

parameters are the same as those in Fig. 3.10. As shown in Fig. 3.11, for the

A=1.2 soliton input, the pulse shortening is offset, as is well known from the

initial value problem of the nonlinear Schrodinger equation[3.161. For a gain

of 5 dB (1.67 dB/m, 3 m) at A=1.2, the pulse narrowing is approximately 1/2.6

of the input soliton, which agrees with our experimental result shown in Fig.

The corresponding spectrum changes for the A=1.2 soliton are shown
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3.6.

condition is no longer adiabatic. Here the nonadiabatic gain contribution

becomes larger, resulting in the further shortening of the soliton and the

large frequency shift due to the SSFS. That is why small humps appear on the

wing of the spectrum in Fig. 3.12(c). Figure 3.13 shows the linear plot of Fig.

3.12(c). As can be seen in Fig. 3.13 which corresponds to total gains of 6 dB, a

numerical result qualitatively agrees with the corresponding experimental

result shown in Fig. 3.7(c), although the center-peak wavelength in Fig. 3.13 is

1.55 /.Un because the input signal is 1.55 /.UTI in numerical calculation.

Figures 3.14 shows the evolution of a soliton in the range z=0-4 m for

an amplifier gain of 2.5 dB/m. In the range z=0-3 m the most noteworthy

feature of Fig. 3.14 is the pulse compression. The pulse width is reduced by



approximately a factor of 4.1 at z=3 m. Beyond z=3 m the pulse shifts to the

right side, and a new pulse begins to form. The shift is due to the SSFS and

results from a transfer of pulse energy toward longer-wavelength

components that travel slower than the original pulse in the anomalous

dispersion regime. Figure 3.15 shows the pulse spectra corresponding to the

waveforms in Fig. 3.14. Considerable spectral broadening occurs beyond z=2.5

m. In the range z?:3m the large frequency-downshift due to the SSFS is

observed, and the spectral component around 1.55 ~m builds up which

corresponds to the new pulse beyond z=3 m in Fig. 3.14.

According to the numerical analysis by G. AgrawaI13.191, when the

amplifier gain is very large, for example, 20 dB per dispersion length, the

input pulse splits into many subpulses, each of which evolves toward a

chirped solitary wave[3.201 with a width of T, / -J3. In this case the generation

of many subpulses is caused by the gain dispersionI3.191. In an experiment

with a net gain of 21.5 dB the autocorrelation trace of the output pulse

indicated splitting of the 180-fs input pulse into at least five separate

pulses[3.81 as shown in Fig. 3.16, which qualitatively agrees with the

numerical analysis by G. Agrawal.
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In summary, we have shown adiabatic and nonadiabatic amplification

characteristics of a femtosecond optical soliton in an EDFA. When the gain is

moderate, we have experimentally observed adiabatic narrowing of a

femtosecond fundamental soliton. By increasing the amplifier gain to

nonadiabatic region, pulse compression by as much as a factor 4 has been

observed by using 240-fs pulses. In this case the frequency of the soliton

strongly shifts toward longer wavelength region outside the EDFA gain

bandwidth. Therefore, when the gain is very high, the process of the

femtosecond soliton amplification is stopped by the SSFS. It should be noted
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Fig. 3.13 Linear plot of the spectrum corresponding to Fig. 12 (c) refer to gain
coefficients of 2.0 dB/m.

Fig. 3.12 Changes in the spectrum of the calculated output solitons. (a)-(d)
refer to gain coefficients of 1.0, 1.5, 2.0, and 2.5 dB/m, respectively.
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Fig. 3.16 Autocorrelation trace of the output pulse after 4 m of erbium-doped
fiber amplIfIer where the optical gain is 21.5 dB. (after Ref. 3.8).4
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1.3

Fig. 3.15 Evolution of a calculated soliton spectrum corresponding to the
waveforms in Fig. 3.14.

Fig. 3.14 Evolution of a calculated soliton waveform in the range z=0-4 m for
an amplifier gain of 2.5 dB/m. The input pulse is an A=1.2 soliton with a
pulse width of 250 fs.



that we have to develop a method for suppressing the SSFS in order to realize

strong amplification of femtosecond optical soliton.

Fig. 3.17 Amplification characteristics of EDFA using 210 fs pulses at 1.535
~.(a) is the input spectrum of the 210 fs pulse and (b) is the autocorrelation
trace of the input pulse. (c) and Cd) are the frequency spectrum and the
autocorrelation trace of the output pulse. The base line is shown by an arrow.
The fiber length is 5 m.
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3.4 Wavelength-Dependent Amplification Characteristics of a Femtosecond

Optical Soliton in an EDFA

Figure 3.17 shows input and amplified output soliton characteristics

through the EDFA when the center wavelength of the input pulse is 1.535 ~

which is at one of the gain peaks of the EDFA. The length of the erbium

doped fiber is 5 m. Figure 3.17Ca) shows the frequency spectrum of the input

pulse. Its spectral width is 1l.S nm. Figure 3.17Cb) shows the autocorrelation

trace of the input pulse. The full width at half maximum CFWHM) of the

trace is 320 fs, which corresponds to a pulse width of 210 fs for a sech2 pulse

shape. The time-bandwidth product is 0.31, which means that the input pulse

is transform-limited. The input peak power is 120 Wand the average power

is 99 ~W C- 10 dBm). The input pulse is an =1.1 soliton. The soliton period

Zsp is 4.6 m and is comparable to the erbium-doped fiber length.

Figures 3.17Cc) and Cd) show the frequency spectrum and the

autocorrelation trace of the output pulse when the pump power is 29 mW

which corresponds to 7.3 dB gain at 1.535~. So the amplification process is

nonadiabatic. Here the soliton self-frequency shift CSSFS) occurs and the

soliton carrier wavelength is shifted to 1.56~. When this happens, the

autocorrelation trace of the output pulse changes as shown in Fig. 3.17Cd).

The base line is shown by an arrow. The pulse width narrows to SO fs and

large pedestal components appear on the wings of the soliton pulse due to the

fact that the spectral component has been split into two at 1.535 ~ and 1.56

~. The wing component in Fig. 3.17Cd) could result from the amplification

of the non-soliton component at 1.535 ~ after the frequency downshift of
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Fig. 3.18 Changes in frequency spectrum and pulse waveform for 470 fs input
pulses at 1.530 llJTl. (a) and (b) are the frequency spectrum and the waveform
of the input pulse. (c) and (d) are the frequency spectrum and the waveform
of the output pulse. The fiber length is 3 m. The dashed line in (c) shows an
amplified spontaneous emission (ASE) profile.
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Amplification characteristics for an input soliton pulse at 1.530 ~m

with a broader pulse width of 470 fs is shown in Fig. 3.18(a) - (d). The erbium

doped fiber length is 3 m. The spectral profile in 3.18(a) is of an input soliton

with a center wavelength of 1.530 llJTl, whose waveform is given in 3.18(b).

The pulse width is 470 fs. The gain bandwidth at 1.535 llJTl is broader than the

bandwidth of a 470 fs pulse, so that the 470 fs pulse can be amplified within

the bandwidth. The input peak power is 50 W (average power of 90 ~W; 

10.5 dBm). The input pulse becomes an N=1.7 soliton. Zsp is 24 m.

Figure 3.18(c) and (d) show the frequency spectrum and the

autocorrelation trace of the output pulse for a pump power of 25 mW which

corresponds to 4-5 dB gain at 1.53 llJTl. Since the fiber length of 3 m is about

the input soliton due to the SSFS. This situation is considered to be similar to

the soliton pulse evolution at 1.55 llJTl numerically shown in Figs. 3.14 and

3.15. When an 80 fs pulse at 1.56 llJTl with a sech2 pulse shape is transform

limited, its spectral width is 32 nm. Hence the output pulse width of 80 fs is

considered to result from a spectral component approximately between 1.54

llJTl and 1.57 llJTl. It should be noted here that the amplification characteristics

in 3-m long EDFA was almost the same as that in this case except that the

soliton wavelength was shifted to 1.55 llJTl due to the SSFS.

For the 210 fs input pulse at 1.535 llJTl, it is important to note that the

frequency of the output pulse always changed toward a longer wavelength at

any pump power. That is, adiabatic soliton narrowing without the frequency

shift was not observed at any pump power, although it was observed at 1.557

llJTl as described in Sec. 3.3. Since the optical gain at 1.535 llJTl is smaller than

that at around 1.55 llJTl for the 5-m long EDFA, the frequency of the 210 fs

soliton shifts toward a gain peak at 1.55 llJTl due to the frequency-pulling effect

and the SSFS.



O.IZsp, the amplification process is nonadiabatic. As shown in 3.18(c), the

center wavelength is 1.533 llJ11, shifting toward a gain peak at 1.535 llJ11. The

FWHM of the spectrum is 6.2 nm. The dashed line in 3.18(c) shows an

amplified spontaneous emission (ASE) profile. As shown in 3.18(d), the

output pulse width is slightly shortened to 460 fs and the pulse waveform has

no pedestal components. The pulse width of 460 fs and the spectral width of

6.2 nm gives a time-bandwidth product of 0.36, which means the output pulse

is almost transform-limited. The gain is about 5 dB.

l! should be noted here that the soliton narrowing induced by the

optical gain was not observed for the 470 fs pulses at 1.53 llJ11, although the

pulse compression from 240 fs to 80-90 fs was observed at 1.557 ~m for the

same gain of 4-5 dB as described in Sec. 3.3. This is because the fiber length of

3 m corresponds to only O.IZsp for the 470 fs soliton at 1.53 llJ11 and the

soliton narrowing due to the gain does not occur, while the same fiber length

is about Zsp for the 240 fs soliton at 1.557 llJ11.

The frequency shift from 1.530 llJ11 to 1.533 llJ11 in Fig. 3.18(c) is mainly

due to the frequency-pulling effect toward the center of the gain bandwidth

and not the SSFS. According to the Eq. (1.2.35) in Sec. 1.2, the frequency shift

due to the SSFS is proportional to t-4 , where t is the pulse width. Therefore,

the frequency shift for the 470 fs pulse in this case should be much less than

] /15 smaller than the shift of ]9 nm for the 240 fs pulse as shown in Fig. 3.7(c),

because the output pulse width in Fig. 3.7(c) narrowed from 240 fs to 60 fs.

Since the SSFS is small, efficient amplification is attained at 1.530 llJ11.

Amplification characteristics of the EDFA at other wavelengths are

investigated using a femtosecond soliton pulse. Figure 3.19 shows the

amplification characteristics of an input pulse with a wavelength of 1.564 llJ11,

which is the long wavelength tail of the gain profile at 1.552 llJ11. The spectral
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profile in 3.19(a) is of an input soliton with a center wavelength of ].564 llJ11.

The length of the erbium-doped fiber is 3 m. The pulse width of the input

pulse is 250 fs. The input peak power is ]50 Wand the input average power is

0.14 mW ( - 8.5 dBm). The input pulse is an N=1.2 soliton. Zsp is 4.8 m.

For a pump power of 19 mW(-4 dB gain), the output soliton spectrum

changes as shown in Fig. 3.19(b). The peak wavelength of the output pulse is

1.56] ~m and is shifted to the shorter wavelength. This is due to the

frequency pulling effect toward the gain peak. A new spectral peak at ].584

llJ11 appears, which is due to the SSFS. Since the 250 fs input pulse is much

shorter than the 470 fs pulse at 1.530 llJ11, the frequency shift due to the SSFS

for the former pulse is much larger than that for the latter. In addition, a new

spectral peak appears at 1.54 llJ11, which is considered to be due to a gain peak

at 1.535 llJ11.

Figure 3.19(c) shows the autocorrelation trace of the output pulse. The

output pulse width narrows to 90 fs and pedestal components appear on the

wings of the soliton pulse. Since a sech2 shaped, transform-limited pulse at

1.56 llJ11 with a width of 90 fs has a spectral width of 28 nm, the output pulse

width of 90 fs is mainly attributed to spectral components roughly between

1.56 llJ11 and 1.59 llJ11. By further increasing the pump power, further spectral

shift is observed because of the gain enhanced SSFS. In contrast, by decreasing

the pump power, the frequency shift due to the SSFS is reduced and the

spectral component at 1.54 llJ11 becomes small.

In summary, the amplification characteristics of erbium-doped optical

fiber amplifiers have been investigated using femtosecond soliton pulses

with various wavelengths. 0 adiabatic soliton narrowing was observed for

the 210 fs pulse at 1.535 llJ11 at any pump power but the SSFS occurs, while the

adiabatic soliton narrowing without the frequency shift was observed at 1.557
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~. This should be due to the frequency-pulling effect toward the optical

gain at 1.55~. The output pulse width narrowed from 210 fs to 80 fs by the

optical gain, which is similar to the observed pulse compression at 1.557 ~

by the EDFA gain. On the other hand, the 470 fs soliton pulse was efficiently

amplified without the SSFS by the optical gain at 1.535 ~m, where the gain

bandwidth is broader than the bandwidth of the input pulse. Here the pulse

compression due to the optical gain was not observed because the Er-fiber

length corresonded to only O.lZsp. The gain is about 5 dB for a pump power

of 25 mW.

Fig. 3.19 Amplification characteristics of 250 fs input pulses at 1.564~. (a) is
the frequency spectrum of the input pulse and (b) is the output spectrum. (c)
is an autocorrelation trace of the output pulse. The fiber length is 3 m.
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3.5 Conclusion

ln this chapter we have shown the amplification characteristics of a

femtosecond pulse in an erbium-doped optical fiber amplifier. A gain of 9 dB

has been obtained in an EDFA for input pulses with a peak power of 30 W, an

average power of 30 J.l.W (- 15.2 dBm), and a pulse width of 260 fs.

When the input peak power is increased in the soliton power regime,

interesting features peculiar to the optical soliton have been observed in the

amplification process of the femtosecond pulses. When the gain is moderate,

we have experimentally observed adiabatic narrowing of a femtosecond

fundamental soliton at 1.55 J.l.m. By increasing the amplifier gain to

nonadiabatic region, pulse compression by as much as a factor 4 has been

observed by using 240-fs pulses. This feature is very interesting since the

pulse width of the output soliton can be fully controlled by changing the

pump power. However, at the same time the frequency of the soliton

strongly shifts toward longer wavelength region outside the EDFA gain

bandwidth due to the SSFS. Therefore, when the gain is very high, the

amplification process of the femtosecond soliton is stopped by the SSFS.
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We have also investigated amplification characteristics of femtosecond

soliton pulses with various wavelengths. No adiabatic soliton narrowing was

observed for the 210 fs pulse at another gain peak of 1.535 IIDl at any pump

power but the SSFS occurs. This should be due to the frequency-pulling

effect toward the another optical gain peak at 1.55 ~m. The output pulse

width narrowed from 210 fs to 80 fs by the optical gain, which is similar to the

observed pulse compression at 1.557 IIDl by the EDFA gain. On the other

hand, the 470 fs soliton pulse was efficiently amplified without the SSFS by

the optical gain at 1.535 ~m, where the gain bandwidth is broader than the

bandwidth of the input pulse.

It is important to note that the SSFS prevents from the efficient

amplification of femtosecond soliton pulses by using an EDFA. Since the

frequency shift N due to the SSFS is proportional to DIIT' as described in Eq.

0.2.26) in Sec. 1.2, the following should be necessary for the efficient

amplification of the very short optical soliton;

1. dispersion parameter 0 is small,

2. fiber length I is short,

3. soliton pulse width T is relatively broad.

In order to realize the condition 1, we need to prepare an erbium doped fiber

which zero dispersion wavelength is close to the input soliton wavelength.

For satisfying the condition 2 we have to prepare the erbium doped fiber with

a relatively high doping concentration which can supply high optical gain in

a short fiber. Because of the condition 3, it is difficult to efficiently amplify

ultrashort femtosecond soliton pulses by using an EDFA. Of course, the pulse

width range is also limited by the EDFA gain-bandwidth.

On the other hand, strong pulse compression in the amplification

process accelerated the SSFS as described in Sec. 3.3. In order to suppress the
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strong pulse compression, the erbium fiber length should be much shorter

than the soliton period Zsp. Since Z,p ~ T'ID, conditions 1 and 3 in the above

is useful for increasing Zsp. Therefore, the above three conditions are also

useful for suppressing the pulse compression and the following acceleration

of the SSFS in amplifying a femtosecond soliton pulses.
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CHAPTER IV. TRA SMISSION CHARACTERISTICS OF A FEMTOSECO D
SOLITON IN A DISTRIBUTED EDFA (DEDFA)

4.1 Introduction

With a view to the realization of ultrahigh speed optical

communication, it has become more important to investigate ultrashort

pulse propagation in long optical fibers I4.1-21. In order to maintain soliton

energy over long distances, it is important to compensate for fiber loss with

optical amplifiers. Concerning about loss compensation, there are two types

of long distance soliton transmission method. One is suitable for a lumped

amplifier system. This method was realized by using EDFAs and its stability

has been experimentally and theoretically proved, confirming it as a major

method suitable for a lumped amplifier system[4.3-71. Recently, field

experiment of soliton transmission by this method has been succeeded with

the use of dispersion-allocation techniquef4 .8l which enables us to use an

already installed fiber cable for commercial systems to transmit optical

solitons[4.9-10].

However, this method using a lumped amplifier system has a

restriction that the repeater spacing should be less than or comparable to the

soliton period. This is because nonsoliton components are generated when

the repeater spacing is longer than the soliton period and the nonsoliton

components prevent a long distance soliton transmission I4 .6J .

On the other hand, high bit-rate communication above 100 Gbit/s with

a single carrier wavelength requires ultrashort optical pulses which pulse

widths are in the subpico-femtosecond region. Since the soliton period is

proportional to the square of the pulse width, the soliton periods for

subpico-femtosecond pulses become very short. Therefore, the lumped
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amplifier technique is not suitable for high bit-rate communication above 100

Gbit/s.

The other method is the distributed amplifier technique which can

compensate for the fiber loss, resulting in an artificial loss-less transmission

line except for the accumulation of amplified spontaneous emission (ASE) in

the amplifierl4.lJ-J3J. In this case, the concept of repeater spacing is irreJevant

and very short soliton pulses can be transmitted at a high bit-rate with the aid

of adiabatic soliton trapping in an active transmission linel4.14-181. Nakazawa

et a1. have reported the picosecond (20 ps) soliton transmission characteristics

of an 18.2 km long, distributed EDFA (DEDFA), at a repetition rate of 5

GHzl4J31.

In order to realize high speed optical communication systems with a

bit-rate above 100 Gbit/s and a single carrier wavelength, the soliton pulse

width shouJd be in the subpico- femtosecond region. However, such short

soJitons are unstable and eventually disperse because of the increase in

additionaJ perturbative terms such as soliton self-frequency shiftl4.19-201 and

third-order dispersionl4.21-221. Several results on femtosecond soliton

amplification in EDFAs l4.23-251 have been reported. To realize terabit/s

systems with a single carrier wavelength, it is important to investigate

femtosecond soliton transmission characteristics in an ultralong DEDFA.

In this chapter, we describe femtosecond soliton transmission over 18

km in a dispersion-shifted, DEDFA. In section 4.2, we describe our

experimental setup for a soliton transmission over a long distance. In section

4.3, we show gain distribution along the 18.2 km-long distributed erbium

doped fiber both experimentally and analytically. Experimental results on

femtosecond soliton transmission in an 18.2 km-Iong DEDFA are described in

section 4.4. Changes in transmission characteristics with different pumping
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configurations are also shown in section 4.5. And we show our conclusion of

chapter IV in section 4.6.

4.2 Experimental Setup

The experimental setup is shown in Fig. 4.1. Femtosecond pulses in the

1.5 lJ.ffi region are generated by difference frequency mixing in a KTP crystal,

as shown in chapter J1. In the 1.5 lJ.ffi region, the output pulse has a width of

250 fs with peak powers of 2-4 kW.

The experimental setup for measuring the amplification characteristics of

an ultralong DEDFA is shown on the right hand side of Fig. 4.1. The

femtosecond pulses are coupled with the pump light through a 1.48 l1m/1.55

l1m wavelength-division-multiplexing (WDM) fiber coupler. The

femtosecond pulses and the pump light are coupled into an erbium-doped

fiber after passing through a polarization-insensitive optical isolator. The

isolator was installed to suppress laser oscillation. The pumping source is

1.48 lJ.ffi InGaAsP laser diodes[4.261. Here, we adopt three types of pumping

scheme, that is, forward, backward, and bi-directional pumping (forward and

backward pumping) configurations. The power ratio of forward to backward

pumping in the bi-directional pumping configuration is 0.7:1. The amplified

output pulse is detected with an autocorrelator and an optical spectrum

analyzer.

An 18.2 km-Iong EDF was fabricated by the VAD method with the

solution doping technique, in which a dehydration process using Cb plays an

important role in making low-loss distributed fiber by removing excess loss

due to OH absorptionl4121. The glass composition was Er:Ge02-Si02 with a

doping concentration of about 0.5 ppm. The fiber had a dual-shape core

structure. The mode field diameter, cut-off wavelength, and zero dispersion
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wavelength were 7.7 J.lffi, 1.2 J.lffi, and 1.49 J.lffi, respectively. The group

velocity dispersion at 1.551 J.lffi was 3.8 ps/km/nrn.

The gain changes as a function of signal wavelength and pump power

are shown in Fig. 4.2(a) and (b), respectively. The input average power in Fig.

4.2(a) was 22 !J.W(-16.6 dBm) and the total pump power was 33 mW. The

maximum gain at 1.535 J.lffi was 18 dB and that at 1.551 J.lffi was 15 dB for a

total pump power of 33 mW. The - 3 dB gain bandwidth at 1.535 J.lffi was

about 4.8 nrn and that at 1.551 J.lffi was 7.2 nrn. As shown in Fig. 4.2(b), the

gain threshold for input signal powers between 22 !J.W (-16.1 dBm) and 60 !J.W

(-12.2 dBm) was given at a total pump power of as low as 14 mW. The signal

wavelength was 1.551 J.lffi. Although a larger gain saturation occurs for a

signal power of - 12.2 dBm (open circle) than for one of - 16.6 dBm (closed

circle), a gain of more than 10 dB can be obtained for a pump power of 30

mW. These high gain and wide-band characteristics enable us to amplify

femtosecond solitons.

Figure 4.3 shows gain changes at 1.551 J.lffi in the EDFA as a function of

pump power, where triangles, circles, and squares correspond to forward,

backward, and bi-directional pumping, respectively. The input signal was a

cw beam emitted from a Single-wavelength laser diode. The average input

power of the signal was 60 !J.W (-12.2 dBm). This average power corresponds

to the input average power in the experiment. The threshold pump powers,

which give zero net gain, in the three pumping configurations are 14-16

mW. As seen, the gain for backward pumping is almost the same as that for

bi-directional pumping. However, the gain for forward pumping is 2.5-3 dB

lower than that of the other two pumping configurations for the measured

pump power. This is due to signal gain saturation.

- 105-



20

- 106-

A. Gain-Distribution Measurements Using Optical-Time-Domain

Reflectometry

4.3 Gain Variation along the Erbium-Doped Fiber

An investigation of the gain variation along the fiber is important for

the analysis of femtosecond soliton transmission characteristics in a OEOFA.

The changes in optical gain as a function of distance along a OEOFA can be

measured using optical-time-domain reflectometry (OTOR)!4.27-28J. We used

a commercially available optical-time-domain reflectometer with a

correlation function. The average launched power for the OTOR was -38

dBm which was lower than the input power of -12.2 dBm, so the unsaturated

gain distribution could be measured over long distances. Figure 4.4 shows the

OTOR signals at 1.55 lJ.ID for pump powers of 0, 16, and 34 mW, where the

dot-dashed, solid, and dashed lines correspond to forward, backward, and bi

directional pumping, respectively. At a pump power of 0 mW, shown by the

solid line in Fig. 4.4, the fiber loss was 2.3 dB/km. This agrees with that

obtained by the conventional transmission method. When the pump power

was as low as ]6 mW, the gains at 18.2 km with forward pumping and

backward pumping were 0-1 dB and the gain with bi-directional pumping

was 4 dB. It should be noted that the changes in gain along the fiber are quite

different for forward pumping and backward pumping. With forward

pumping, the gain increased up to 10 km and reached 5.5 dB. A decrease in

gain was observed from 10 km to 18 km owing to intrinsic loss. On the other

hand, a loss medium was created up to 8 km with backward pumping, and a

gain medium was formed from 8 km to 18 km.

When the pump power was as high as 34 mW, the gains at 18.2 km

with forward pumping and backward pumping increased to 13 dB and the

gain with bi-directional pumping was about 15 dB. The signal was amplified
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Fig. 4.2 Gain characteristics of 18.2 km-long dispersion-shifted, distributed
erbium-doped fibre amplifier.
(a) Wavelength dependence of the gain (Input power - 22 llW, pump power
=33 mW (Forward=13 mW, Backward=20 mW)).
(b) Gain at 1.551 lJ.ID vs. pump power ( °:-12.2 dBm input, • :-16.6 dBm
input). The power ratio of forward to backward pumping was 0.7:1

Fig. 4.3 Gain changes at 1.551 lJ.ID in an 18.2 km EDFA as a function of pump
power. The input signal with an average power of -12.2 dBm is a cw beam
emitted from a single-wavelength laser diode. D., 0, and 0 correspond to
forward, backward, and bi-directional pumping, respectively.
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(4.1)

(4.2)

(4.3)

(4.4)

half of the EDFA.

from the early stage of the EDFA in all pumping configurations. The

discrepancies between the zero levels of the OTDR signal at the input end

may be caused by the high pump power. The signal gain per unit length with

backward pumping is smaller than that with forward pumping in the first
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B. Rate Equation Analysis of Gain Distribution

The signal gain variation along the fiber can be roughly estimated by

rate equation analysis. We define the pump intensity and signal intensity as

II' and I" respectively. Then, the normalized pump intensity 11' and the

normalized signal intensity J, at amplifier length z in the forward pumping

configuration are written as[4.291

d1p __{ k/, + I poa +a}1
dz - 11' + (1 + k, )1, + 1 p P

d1, { kip -1 u}1
di= Ip+(I+k,)/,+lpa,-a ,

11' =lp/(hvplo~r)

1, =1,/(hv,lo:r)

where a; and a~ are the absorption cross section at the pump wavelength

and the signal wavelength, respectively, p is the erbium concentration, hvp

and hvs are the photon energies of the pump and signal waves, respectively, 1:

is the fluorescence lifetime, and a is the background loss of the fiber. We

define the ratio ks as a: la~ ,where a: is the emission cross section at the

signal wavelength. The pump power Pp and the signal power Ps are

expressed as Pp = IpA p and Ps = lsAs, respectively, where Ap and As are the

effective interaction areas for the pump and signal waves. It should be noted

that p a;., represents the optical loss per unit length. The optical losses at the
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Fig. 4.4 OTDR signals for an 18.2 km distributed erbium amplifier. Dot
dashed, solid, and dashed lines indicate forward, backward, and bi-directional
pumping, respectively. The average launched power for the OTDR is -38
dBm.

Fig. 4.5 Calculated signal gain variation along 18.2 km EDFA without the
SSFS effect. Dot-dashed, dashed, and solid lines indicate forward, backward,
and bi-directional pumping, respectively. The input signal power is -38 dBm.



pump and signal wavelengths and the background loss were taken from the

experimental results.

The signal gain along the fiber given by G(z) =P, (z)j p''" is calculated

numerically by using Eg. (4.2) in the forward pumping configuration, where

P,'" is the input signal power. The results for pump powers of 16 mW and 34

mW are shown with dot-dashed lines in Fig. 4.5, where the input signal

power is -38 dBm. The value of ks is approximately unity. The signal gain in

the other pumping configurations are calculated in the same way, and the

results are also shown in Fig. 4.5. The dot-dashed, solid, and dashed lines

correspond to the forward, backward, and bi-directional pumping

configurations, respectively. As shown in Fig. 4.5, the calculated gains at 18.2

km for a pump power of 16 mW are 0 dB with forward pumping and

backward pumping and 4 dB with bi-directional pumping. These values

agree with the experimental results shown in Fig. 4.4. The signal gain with

forward pumping increases up to 10 km and a decrease in gain is observed

from 10 km to 18 km. With backward pumping, on the other hand, a loss

medium is formed up to 8 km and a gain medium is created from 8 km to 18

km. These values agree with the experimental results shown in Fig. 4.4.

When the pump power is as high as 34 mW, the signal is amplified from the

early stage of the EDFA in all pumping configurations, as shown in Fig. 4.5.

The gains at 18.2 km for all three pumping configurations agree within

experimental error with the experimental results shown in Fig. 4.4.

Figure -1.6 shows the calculated gain distribution for an input signal

power of -]2.2 dBm which is the input power of the femtosecond soliton

pulse in the present experiment. The dot-dashed, solid, and dashed lines

correspond to forward, backward, and bi-directional pumping, respectively.

The pump powers are 16 mW and 38 mW. As shown in Fig. 4.6, the gains at
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Fig. 4.6 Calculated signal gain variation along 18.2 km EDFA without the
SSFS effect. Dot-dashed, dashed, and solid lines indicate forward, backward,
and bi-directional pumping, respectively. The input signal power is -]2.2
dBm.
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18.2 km for a pump power of 16 mW are 0-3 dB for the three pumping
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configurations, which agrees with the experimental results shown in Fig. 4.3

where the threshold pump powers are 14-16 mW. With forward pumping,

the gain increases up to 10 km and reaches about 5.5 dB. Thus, in the first half

of the EDFA the signal power increases and the signal pulse narrows as a

result of soliton narrowing, which enhances the soliton self-frequency shift

(SSFS)[4.17-181. With backward pumping, on the other hand, a loss medium is

created up to 8 km and a gain medium is formed from 8 km to 18 km.

Therefore, with backward pumping, the signal power first decreases and the

signal pulse broadens adiabatically. However, in the latter half of the EDFA,

the signal power increases because of the optical gain and the broadened

signal pulse begins to narrow as a result of soliton narrowing.

When the pump power is as high as 38 mW, the signal is amplified

from the early stage of the EDFA in all three pumping configurations. The

gains at 18.2 km for the three configurations agree with the experimental

results shown in Fig. 4.3. With forward pumping, a loss medium is created

near the far end of the EDFA even for a pump power as high as 38 mW, as

shown in Fig. 4.6. It should be noted that the gain with backward pumping is

odB or a little lower near the input end of the EDFA for a pump power of 38

mW.

4.4 Transmission Characteristics in an 18 krn-Long DEDFA

In this section, we describe femtosecond soliton transmission over 18

km in a dispersion-shifted, DEDFA. The DEDFA was pumped by a bi

directional pumping configuration to generate uniform gain distribution.

Femtosecond soliton transmission characteristics are shown in Fig. 4.7,

where the soliton wavelength was 1.551 ~ and the soliton pulse width was

Fig. 4.7 Soliton transmission characteristics for 454 fs soliton.
(a) -l5-l fs input soliton waveform (autocorrelator output)
(b) Output soliton waveform (433 fs)
(c) Input soliton spectrum
(d) Output soliton spectrum
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Fig. 4.8 Amplification characteristics for 260 fs near soliton pulse.
(a) 260 input soliton waveform (autocorrelator output)
(b) Output solIton waveform (471 fs)
(c) Input soliton spectrum
(d) Output soliton spectrum

454 fs with an autocorrelator. One division of Fig. 4.7(a) and (b) is 640 fs,

corresponding to 416 fs for a sech pulse. The normalised soliton amplitude, A,

was approximately 1.2, corresponding to an average power of 60 llW. Fig. 4.7

(a) is an input soliton waveform and Fig. 4.7(c) is the spectral profile of the

input soliton. f", is approximately 6.2 run, so that MtiA -0.35. The soliton

pulses transmitted over 18. 2 km are shown in Fig. 4.7(b) and (d). Fig. 4.7(b) is

the output waveform obtained for a total pump power of 38 mW which

corresponds to a cw gain of 15 dB (0.8 dB/krn). The output soliton width is

433 fs which is slightly narrower that the input. This is due to soliton

narrowing. Interesting features can be observed in the spectrum of the output

soliton. In the longer wavelength region, a soliton self-frequency shift (SSFS)

was observed. When we increased the soliton peak power further, this

frequency shift was strongly enhanced. f,A of the output spectrum is

approximately 6.1 run, so that tiT.tiA -0.33. The gain for this soliton was as

high as 10-11 dB. No soliton trapping appeared at this EDFA gain bandwidth.

The spectral peak which appeared at 1.535 llID was due to ASE, which did not

produce any pulse components.

Transmission characteristics for shorter pulses at a lower power level

are shown in Fig. 4.8, where the average power was - 35 llW, corresponding

to A=0.67. The most important investigation in this experiment was to know

how short a pulse can be transmitted over 18 km. Thus, the input pulse,

which was almost at a soliton power level, was set as short as 260 fs as shown

in Fig. 4.8(a), corresponding to a peak power of 35.4 W. The spectrum is

shown in Fig. 4.8(c), where til, of the input spectrum is approximately 9.5 run,

so that tiT.f,A -0.31. The output pulse waveform and the spectrum are shown

in Fig. 4.8(b) and (d), respectively, in which the total pump power was 38 mW.

The output pulse width was broadened up to 471 fs. From the output
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spectrum, we also observed a small SSFS and ASE at 1.535 lJlTl· The D.!.. of the

output spectrum is approximately 5.5 run, so that InD.!.. -0.32. Although the

gain could not be evaluated exactly since the input width is different from the

output width, it was more than 10 dB. When we increased the peak power of

the 260 fs soliton pulse, further SSFS appeared. In our experiment, shorter

pulses of about 200 fs were always broadened up to around 400 fs. This may be

attributed to the limited gain bandwidth of 7-8 run which depends on the

input average power due to gain saturation.

The change in the output pulse width for different input power levels

is shown in Fig. 4.9, where the signal wavelength was 1.551 lJlTl and the input

pulse width was 405 fs. The total pump power was 33 mW. An interesting

feature observed here is that Fig. 4.9 represents the inherent nature of soliton

propagation. The transverse axis represents average input power, and also

the corresponding soliton number A. A soliton can be formed when A>0.5.

As seen in the figure, when A is less than 0.5, enormous pulse broadening

appears, which is due to the group velocity dispersion. The nonlinearity is

too weak to maintain the pulse width. Around A-0.63 the output pulse

width was almost the same as the input pulse width. When the input peak

power is further increased (A=0.63-A=1.5), the change in the output pulse

width is almost flat around 500 fs, but is gradually broadened with an increase

in the input A number. This is due to the excitation of the SSFS in the early

stage of the DEDFA.

4.5 Changes in Transmission Characteristics with Different Pumping

Configurations

In this section, the transmission and amplification characteristics of

femtosecond soliton pulses are described for various pumping conditions.

Fig. 4.9 Change in the output pulse width as a function of the different soliton
intensity. The soliton pulse width is 405 fs, the wavelength is 1.551 !-tm, and
the total pump power is 33 mW (Forward=13 mW, Backward=20 mW)



TABLE I

SUMMARY OF EXPERIMENTAL RESULTS

The input pulse was a transform-limited 440 fs pulse for all three pumping

configurations. The full width at half maxjmum (FWHM) of the input pulse

spectrum was 5.6 nm. The center wavelength was 1.551 IIDl which was one of

the gain peaks of the EDFA[4.14I. The peak power of the input pulse and the

repetition rate were 36 Wand 3.8 MHz. The average input power was -12.2

dBm (60 !lW), The group velocity dispersion (GVD) of the fiber was 3.8

ps/km/nm at 1.551 !lm. The 440 fs pulse width gave an N=l soliton peak

power PN=l of 27 Wand a soliton period Zsp of 20 m. The input pulse became

an N=1.1-J.2 soliton. The gain for a cw input signal with an average power of

-12.2 dBm was 12-15 dB for a pump power of 38 mW as shown in Fig. 4.7.

Therefore, the gain per soliton period of 20 m was about 0.013-0.017 dB. This

means that the EDFA gain in the present experiments can be described as an

adiabatic perturbation.

Our results, which are described in detail below, are summarized in

Pumping
Configuration

Forward

Backward

Bi-directional

(Forward

and Backward)

Gain in the Spectral Components Pump Power
First Half of Corresponding to (mW)
the EDFA Autocorrelation Signal

low SSFS :QO

high 1.55 1IDl, SSFS ?30

low SSFS -20

medium SSFS -40

low SSFS -20

high 1.55 !lm, SSFS ?30

4,-------------.

Fig. 4.10 Typical output spectrum with forward pumping. The pump power
is 30 mW.

Table I. In the forward pumping configuration, the output pulse width was

determined by the SSFS component for a pump power below 20 mW, where

the gain in the first half of the EDFA was low. An amplified spontaneous

emission (ASE) was formed at 1.55 1IDl, which did not produce a pulse.

When the gain was high by increasing the pump power above 30 mW, the

output pulse width was mainly determjned by the original 1.55 !lm spectral

component, where an output pulse corresponding to the SSFS component

also existed.

In the backward pumping configuration, the output pulse width was

also determined by the SSFS component when the gain in the first half of the

EDFA was low by setting the pump power as low as 20 mW. Although an

ASE was also generated at 1.55 1IDl, no pulse was formed. For a pump power

of as high as 40 mW, the output pulse width was still determined by the SSFS

>
I-
Ui
dJ 2
I
Z

°1.50 1.55
WAVELENGTH ()lm)

1.60
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component for backward pumping but by the 1.55 IlJT1 spectral component for

forward pumping. T!Us is because the gain near the input end of the EDFA

with backward pumping is still 0 dB or a little negative even for a pump

power as !Ugh as 40 mW, as shown in Fig. 4.6. At 1.55 1lJT1, the ratio of an ASE

to the signal in the backward configuration was larger than that in the

forward configuration. When the pump power further increases in the

backward pumping configuration, the output pulse width will be determined

by the original 1.55 IlJT1 spectral component.

In the bi-directional pumping configuration, the output pulse width

was determined by the SSFS component when the gain in the first half of the

EDFA was low. When the gain was high by setting the pump power above 30

mW, the output pulse width was mainly determined by the original 1.55 IlJT1

component, as with forward pumping. The output pulse corresponding to

the SSFS component also existed. The details are described in the following

subsections A-C.

A. Forward Pumping

Figure 4.10 shows typical changes in the spectrum of the output soliton

in the forward pumping configuration. Here the pump power is 30 mW.

The spectral component at 1.551 IlJT1 is dominant and a new spectral peak due

to SSFS appears at 1.59 llm. With forward pumping, the signal pulse is

adiabatically amplified from the early stage of the EDFA, as shown in Fig. 4.6.

Based on the perturbation theory for the =1 soliton,l4.251 the soliton pulse is

shortened to apprOXimately ] /0 +21'.), where perturbation I'. for the gain

medium is given by 21'.=Gp/OOloglOe). Gp is the power gain in dB. The pulse

which is shortened by soliton narrowing causes a large SSFS, since the

frequency shift due to SSFS is proportional to T-4, where T is the pulse

- 120-

widthI4.181. It is necessary to correct the spectrum, especially for wavelengths

longer than 1.57 1lJT1, because of the wavelength dependence of the coupling

ratio of the fiber coupler w!Uch is connected to the output end of the 18.2 km

erbium-doped fiber. The coupling ratio at 1.59 IlJT1 is 46 %. Therefore, the

spectral component at 1.59 IlJT1 at the output end of the erbium-doped fiber is

about 2.2 times larger than that shown in Fig. 4.10. T!Us correction is required

throughout the paper when the wavelength is longer than 1.57 1lJT1.

The new spectral component at around 1.535 IlJT1 is an ASE, which does

not produce pulse components. The output pulse width broadened from 440

fs to 700 fs. Changes in the output pulse width as a function of pump power

are summarized in Fig. 4.] 1. Here, the triangles on the solid line correspond

to forward pumping in an ]8.2 km EDFA and the triangles on the dashed line

correspond to that in a 9.4 km EDFA. In the 9.4 km EDFA the input pulse was

an N=1.6 soliton and had a width of 370 fs. When the pump power was

increased, the output pulse width decreased in both EDFAs.

It is important to note here that the output pulse width is mainly

determined by the original 1.55] llm spectrum component for pump powers

above 30 mW. By using a bandpass filter with a bandwidth of 29 nm, it is

possible to select only the 1.55] llm spectral component or the SSFS

component. Then, we found that the autocorrelation signal of the 1.55] llm

spectral component was much larger than that of the SSFS component. On

the other hand, only the autocorrelation signal of the SSFS component was

obtained for a pump power of around 20 mW. By further increasing the

pump power, the gain at 1.55] IlJT1 increased and the output soliton pulse

width was shortened by the soliton narrowing, as shown by the triangles in

Fig. 4.11. Since the pump power was insufficient over ]8.2 km, there was

little soliton narrowing.
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Fig.4.11 Output pulse width changes in an 18.2 km EDFA as a function of
pump power. 11, 0, and 0 indicate forward, backward, and bi-directional
pumping, respectively. Triangles on a dashed line correspond to forward
pumping in a 9.4 km EDFA.

It is important to note in Fig. 4.11 that the pulse broadening in the 9.4

km EDFA is smaller than that in the 18.2 km EDFA at the same pump power.

Although the input pulse widths are different, a clearer difference can be

found between the output pulse widths. This is because an absorptive region

is formed in the far end of the 18.2 km EDFA as shown in Fig. 4.6 and the

pulse intensity decreases, resulting in pulse broadening due to group velocity

dispersion.
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B. Backward Pumping

Figure 4.12 shows changes in the spectrum of the output solitons in the

backward pumping configuration. When the pump power is 14 mW, the

FWHM of the spectrum narrows from 5.6 nm to 3.9 nm as shown in Fig.

4.12(a). The dashed line in this figure shows the spectrum of the input pulse.

The output pulse width broadens to 690 fs. Since the threshold pump power

with backward pumping is 14-15 mW as shown in Fig. 4.3, the soliton pulse

in the EDFA for a pump power of 14 mW is dispersive, and eventually it

broadens due to the GVD of the erbium fiber. The pulse is broadened as a

result of adiabatic broadening so that the spectrum is also modified. The

another possible explanation of the spectral narrowing is that the spectral

profile is modified since absorption saturation may occur only at the spectral

peak of the pulse. The new spectral component at around 1.535 !J.I11 is an

ASE, which does not produce pulse components.

By increasing the pump power to 16 mW, the center wavelength shifts

to 1.555 !J.I11 due to SSFS as shown in Fig. 4.12(b) and the pulse width narrows

to 400 fs. Figure 4.13 shows its autocorrelation trace. The output power was

almost the same as the input power. Thus, a Jossless transmission of 440 fs

soliton pulses over 18.2 km has been achieved for a pump power of as low as

50
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Fig. 4.12 Changes in the spectrum of the output pulse with backward
pumping. Spectra (a)-(c) correspond to pump powers of 14, 16, and 40 mW,
respectively. The dashed line in (a) shows the spectrum of the input pulse.

16mW

16 mW with backward pumping. When the pump power is increased to as

high as 40 mW, the spectral peak shifts further to 1.592 ~ as shown in Fig.

4.12(c) and the output pulse width broadens to 590 fs.

Changes in the output pulse width and in the frequency shift due to

SSFS with backward pumping are summarized with open circles in Figs. 4.11

and 4.14, respectively. By using a bandpass filter as with forward pumping, it

was found that for a pump power of above 16 mW, the autocorrelation signal

of the SSFS component was much larger than that of the spectral component

at 1.551~. Most of the spectral component at 1.551 ~ is composed of an

ASE. When the pump power is increased, the frequency shift increases as

shown in Fig. 4.14 and the center wavelength is beyond the EDFA gain

bandwidth. Here the lower-frequency edge of the gain bandwidth

corresponds to a frequency shift of 1.6 THz for a pump power of 16 mW. The

increase in the GVD value at the center wavelength of the frequency shifted

40 mW.

soliton pulse requires broader pulses to maintain the same soliton power.

Therefore, the output soliton pulse width broadens with increases in the

pump power, as shown in Fig. 4.11.

Pulse broadening stops when the pump power is further increased to

40 mW. Here, the output pulse width is determined by the SSFS component

at 1.59~. Due to the increase in the pump power, the spectral component

within the gain bandwidth is efficiently amplified in the early stage of the

EDFA as we can see from Fig. 4.16, resulting in an increa e in the amplitude

of the SSFS component. Thus soliton narrOWing at 1.59 ~ is greater than at

lower pump powers and pulse narrowing occurs at a pump power of around

1.601.55
WAVELENGTH (~m)

(e)

10 ,...-------------,
40mW

1.60

1.55 1.60
WAVELENGTH (~m)

1.55
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14mW

(b)
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>
I-

~1
W
I-
~

640 fs/DIV

C. Bi-Directional (Forward and Backward) Pumping

Fig.4.13 Typical autocorrelation trace of the output pulse. This trace is of an
output pulse when the pump power is 16 mW with backward pumping.
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10.----------------,

Fig. 4.14 Changes in the frequency shift due to SSFS as a function of pump
power. 6,0, and 0 indicate forward, backward, and bi-directional pumping,
respectively.

pulse to maintain the same soliton power.

As shown by the squares in Fig. 4.11, when the pump power is around

20 mW, the output pulse width in the bi-directional pumping configuration

broadens as the pump power is increased. In the pre ent case, it was found

that the output pulse width was determined by the SSFS component. This is

due to the fact that for a low pump power, the gain in the early stage of the

EDFA is low as shown in Fig. 4.6. The output pulse width broadens with

increases in the pump power, since the increase in the GVD value at the

center wavelength of the frequency shifted soliton pulse requires a broader

On the other hand, when the pump power was higher than 30 mW,

the autocorrelation signal of the 1.551 J.UTl spectral component was larger than

that of the SSFS component, since the gain in the early stage of the EDFA is

high for a pump power of above 30 mW as shown in Fig. 4.6. The output

pulse width narrows with an increase in the pump power, since the optical

gain reduces the pulse width as a result of soliton narrowing.

Figure 4.15 shows a typical output pulse spectrum for a high pump

power. The total pump power is as high as 38 mW (Forward 15 mW,

Backward 23 mW). The 1.551 J.UTl spectral component is efficiently amplified

and the peak wavclength of the SSFS component shifts to 1.592 J.UTl. The

output pulse width changes to 480 fs. Here the gain for the spectral

component at 1.551 J.UTl is about 11 dB, which is smaller than the gain of 15 dB

for the cw beam because of SSFS.
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Fig. 4.15 Output spectrum at 38 mW pump power with bi-directional
pumping.

)\.) l
1.55

WAVELENGTH ()..Lm)
1.60

D. Soliton Self-Frequency Shift in the 18.2 km DEDFA

Figure 4.14 shows changes in the frequency shift due to SSFS as a

function of pump power. Triangles, circles, and squares show the frequency

shift in the forward, backward, and bi-directional pumping configurations,
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respectively. As shown in Fig. 4.14, the frequency shift increases as the pump

power increases for all pumping configurations. However, the frequency

shift saturates when the pump power exceeds 20 mW. SSFS is linearly

accelerated when the soliton spectrum is in the EDFA gain bandwidth, where

the lower-frequency edge of the bandwidth corresponds to a 1.6 THz frequency

shift for a pump power of 16 mW. When we increase the pump power, the

frequency shift occurs in the early stage of the fiber and the soliton frequency

is beyond the gain bandwidth of the EDFA. After that, the gain does not

enlarge SSFS. Therefore, the frequency shift is not a linear function of the

pump power.

When the pump power is below 30 mW, the frequency shift in the

forward pumping configuration is much larger than that in the backward

pumping configuration. The frequency shift M due to SSFS for the N=l

soliton is expressed as[4.181

(4.5)

where I is the propagation distance and 1: is given by 1/211 where 211 is the

amplitude of the soliton. As shown in Fig. 4.6, when the pump power is as

low as 16 mW, the signal pulse with forward pumping is first amplified and

the amplified signal pulse which is shortened by soliton narrowing causes a

large SSFS in the first half of the 18.2 km EDFA. On the other hand, with

backward pumping, the signal power first decreases and the signal pulse

broadens, because the gain in the first half of the EDFA is negative as shown

in Fig. 4.6. In the latter half of the EDFA, the signal power increases along the

fiber and SSFS occurs. Therefore, when SSFS occurs, the soliton pulse with

forward pumping is shorter than that with backward pumping. Furthermore,

since the propagation distance in the forward pumping configuration, where

effective SSFS occurs, is longer than that in the backward pumping

- 128-

configuration, the total frequency shift with forward pumping is larger than

that with backward pumping.

At higher pump powers, effective amplification can be realized in the

first half of the erbium-doped fiber, even when the backward pumping

configuration is adopted. This reduces the difference in frequency shift

between forward pumping and backward pumping.

As shown by the present experimental results, SSFS occurs strongly

when a femtosecond soliton pulse propagates in the DEDFA. These results

indicate that the femtosecond soliton pulses are very weakly trapped in the

EDFA gain bandwidth of 1.55 J..lITI, and therefore it may not be possible to use

the bandwidth limitation of the gain profile for soliton stabilizationl4 .14,16J.

In soliton communication systems, SSFS causes large frequency fluctuations

of the solitons and they are translated into pulse position jitter after

propagation along a fiber. Therefore, SSFS imposes stringent limitations on

the maximum data rates[4.301. When the pump power is above 30 mW with

bi-directional pumping, the output pulse width is determined by the 1.55 J..lITI

spectral component not by the SSFS component. Femtosecond soliton

transmission may be possible with DEDFAs by eliminating the SSFS

component with an optical bandpass filter which only transmits the 1.55 J..lITI

signal component.

4.6 Conclusion

We have experimentally investigated femtosecond optical soliton

transmission characteristics in a dispersion-shifted, distributed erbium-doped

fibre amplifier as long as 18.2 km. Solitons (A=0.7-1.2) with a pulse width of

about 450 fs have been transmitted. However, a femtosecond soliton is very

weakly trapped in the EDFA gain bandwidth of 1.55 11m and the soliton self-
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frequency shift inevitably occurs. When the soliton width was reduced to 260

fs, the output pulse width always broadened up to around 470 fs because of

the gain bandwidth of the DEDFA.

By changing the pumping configuration, the transmission characteristics

of femtosecond optical solitons have been investigated in details. With

backward pumping, a lossless transmission of 440 fs solitons at 1.55 J.ill1 has

been realized with a pump power of 16 mW. Here the output pulse width is

determined by the spectrum modified by the soliton self-frequency shift. On

the other hand, in a bi-directional pumping configuration, 440 fs soliton

pulses have been transmitted for a total pump power of 38 mW, where the

output pulse width is determined by the original 1.55 J.ill1 spectrum. It should

be noted here that in the forward pumping and the bi-directional pumping

configurations, there are two output pulses when the pump power is above

30 mW. One is a frequency-downshifted pulse due to the SSFS and the other

corresponds to the original 1.55 J.ill1 spectrum. And the autocorrelation signal

of the former is much smaller than that of the latter because of the optical loss

outside the gain bandwidth of the DEDFA. A new pulse at 1.55 J.ill1 may be

generated by the amplification of the non-soliton component at 1.55 J.ill1.

Finally, when the pulse width shortens to a femtosecond region a

strong SSFS becomes a big problem in the realization of a long-distance

transmission of an optical soliton with a DEDFA, as similar to the

amplification process of a femtosecond optical soliton in an EDFA as

described in chapter Ill. In order to reduce the SSFS in a long-distance

transmission of a femtosecond optical soliton, we should use a DEDFA with a

small dispersion and also have to develop other methods to suppress the

SSFS
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CHAPTER V. FEMTOSECOND SOLITON I TERACTIONS IN A
DISTRIBUTED EDFA (DEDFA)

5.1 Introduction

With a view to the realization of ultrahigh speed optical communication,

it has become more important to investigate ultrashort pulse propagation in

long optical fibers[5.1-2l. Distributed erbium-doped fiber amplifiers (DEDFAs)

offer the very attractive prospect of achieving ultralong lossless transmission

lines[5.3-4 l. We have reported the femtosecond soliton transmission

characteristics of an 18.2 km-Iong DEDFA[5.5-6]. Optical solitons have attracted

a lot of attention as information carriers in ultrahigh speed optical

communication. However, nonlinear interaction between solitons may

result in a significant reduction in the bandwidth of a soliton-based optical

communication system[5.7-14]. Therefore, it is important to investigate

mutual interactions between ultrashort solitons in a DEDFA as a step forward

the realization of ultrahigh speed optical soliton communication. The

soliton self-frequency shift (SSFS) is a dominant factor in femtosecond soliton

transmission because it is inversely proportional to 1:4 (1:: pulse width)[5.15-16J.

Since 1: is directly related to the soliton amplitude, fluctuation in the latter

may cause significant changes in the femtosecond soliton-soliton interaction

as a result of the SSFS.

In this chapter, we describe nonlinear interaction between femtosecond

solitons in a DEDFA. Section 5.3.1 describes femtosecond soliton interaction

with adiabatic gain narrowing. Section 5.3.2 shows that a small sub-pulse

which is coherently added to or subtracted from a soliton pulse greatly

modifies the soliton-soliton interaction, as a result of the SSFS. This study is

very important because sub-pulses or small amplitude fluctuations are easily
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Fig. 5.1 Experimental setup for femtosecond soliton interaction in a DEDFA.

Fig. 5.2 Femtosecond soliton interaction in a 1 km DEDFA. The triangles and
cIrcles represent DEDFA optical gains of 0 and 5-6 dB, respectively. The
closed. (open) tnangles and CIrcles correspond to in phase (out of phase)
condItIOn.

5.2 Experimental Setup

The experimental setup for soliton interaction is shown in Fig. 5.1.

Femtosecond pulses were generated in the 1.5 llm region by difference

frequency mixing in a KTP crystal, where a visible femtosecond pulse from a

cavity dumped, synchronously pumped dye laser was mixed with a 1.064 llID

pulse from a Nd:YAG laser. Two 1.55 llID femtosecond pulses were generated

with a Michelson interferometer. The length of one of the interferometer

arms was varied by using a stepping motor with a resolution of 0.05 llID· This

resolution was quite sufficient to allow precision control of the relative phase

between the two solitons. The pulse pairs and the pump light were coupled

into a DEDFA through a 1.48 llID/1.55 llID wavelength-division-multiplexing

fiber coupler. The pumping source was 1.48 llID InGaAsP laser diodes. After

passing through the DEDFA the soliton pulse pairs were detected with an

autocorrelator and an optical spectrum analyzer. The DEDFA was 1-10 km

long and the erbium ion doping concentration was 0.5-2.8 ppm. The mode

field diameter at 1.55 llID was 7.3-7.7 llID and the zero dispersion wavelength

was 1.49-1.50 llID·
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5.3 Femtosecond Soliton Interaction in a DEDFA

5.3.1 Femtosecond Soliton Interaction with Adiabatic Gain Narrowing

generated by optical pulse reflection at the surfaces of optical components or

by detuning the laser cavity. In section 5.3.3, it is shown that when the input

femtosecond soliton pair is in phase, the SSFS is greatly accelerated through

soliton interaction. And we show our conclusion of chapter V in section 5.4.



SSFS.

On the other hand, when the input pulse pair was out of phase, the

output pulse separation for a gain of 5-6 dB was larger than that for a gain of 0

dB at Gin values of less than 3-4 ps, although the pulse width narrowed to 290

fs. In order to analyze femtosecond soliton interactions with the SSFS effect,

we computer-ran a perturbed nonlinear Schrodinger equation given by

An experimental result of femtosecond soliton-soliton interaction in a

DEDFA is shown in Fig. 5.2, in which output pulse separation (Gout) is plotted

as a function of input soliton pulse separation (Gin) under in phase (4)=0) and

out of phase (ql=1t) conditions. The input pulses were =1.0-1.1 solitons with

a width of 450 fs and a wavelength of 1.550).illl. The DEDFA was 1 km long,

which corresponded to about 40 soliton periods, and the erbium ion doping

concentration was 2.8 ppm. The first soliton collision was observed at Gin=2.8

ps under a 4>=0 condition when the optical gain of the DEDFA was 0 dB, as

shown by the closed triangles. Here we define Gc as Gin at which the first

collision occurs. Under the 4>=1t condition, soliton pulse repulsion was

observed as shown by the open triangles.

When the optical gain was increased to 5-6 dB under the 4>=0 condition,

the two solitons coalesced at around Gin=2.1 ps, as shown by the closed circles.

Since the soliton period is 26 m, the optical gain per soliton period is 0.1-0.2

dB. This means that the gain of the DEDFA is adiabatic for soliton

amplification. Thus, Gc decreased to 2.1 ps when the optical gain was

increased, where the output pulse width narrowed to 290 fs as a result of the

adiabatic soliton narrowing. This narrowing may be useful for reducing the

soliton interaction. The output wavelength changed to 1.555 ).illl due to the
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Numerical results of a femtosecond soliton-soliton interaction are shown in

3-4 ps.

It should be noted that the noninstantaneous response of the nonlinear

medium, that is SSFS, causes amplitude asymmetry between the two solitons

when their tails overlap. When 4>=1t, the amplitude of the front soliton may

decrease slightly because of the noninstantaneous response of the nonlinear

medium, which makes the frequency downshift of the front soliton smaller

than that of the rear soliton. Therefore, the output pulse separation between

the front and rear solitons increases. When the optical gain is increased and

the pulse widths of the two solitons are narrowed by the adiabatic soliton

narrowing, this difference between the frequency downshift of the front and

rear solitons increases, resulting in a larger output pulse separation.

Fig. 5.3, in which Gout is plotted as a function of Gin under a 4>=1t condition.

Here we use a l n value of 5.9 fs and the fiber length is 800 m. The input pulses

are =1 solitons with a width of 450 fs, which corresponds to our

experimental condition. The closed triangles in Fig. 5.3 show that two

solitons repel each other under a 4>=1t condition when the optical gain is 0 dB.

As shown with the closed circles in the figure, the Gout values for a gain of 6

dB are larger than those for a gain of 0 dB at Gin values of less than 3 ps. These

numerical results agree well with the present experiment. The open triangles

and open circles correspond to values of Gout for a gain of 0 dB and 6 dB,

respectively, when the SSFS is not included in the calculation. A numerical

calculation without including the SSFS shows that under a 4>=1t condition,

Gout is reduced by the adiabatic soliton narrowing when the optical gain

increases. Therefore, it is concluded that when the optical gain increases, the

SSFS causes an increase in output pulse separation at Gin values of less than

(5.1)
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Fig. 5.3 Numerical results of femtosecond soliton interaction under out of
phase condition. The triangles and circles represent DEDFA optical gains of 0
and 6 dB, respectively. The closed triangles and circles correspond to
numerical results including the SSFS and the open ones correspond to those
including no SSFS.
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with the circles in Fig. 5.4. When the power of the rear soliton pulse was

increased by 13 % compared with that of the front soliton pulse, Oout became

about 1.3 ps larger than Ojn in spite of the Ojn values in the measurement, as

Here we show that a small difference between the amplitudes of two

solitons in the femtosecond region causes a large change in Oout due to the

SSFS. Figure 5.4 shows the change in Oout as a function of Ojn when the

amplitudes of two solitons are different. The input pulses were N=1.2

solitons with a pulse width of 550 fs and a wavelength of 1.551 !ill1. The fiber

length was 1 km and the optical gain was 2-3 dB. The output pulse width was

reduced to about 400 fs by the adiabatic gain narrowing, where the output

wavelength was 1.552-1.553!ill1. The power of the front soliton pulse was the

same in all cases. In this experiment Ojn was so large that there was negligible

nonlinear interaction between two solitons with equal amplitudes, as shown

shown by the triangles in Fig. 5.4. On the other hand, when the power of the

rear soliton pulse was decreased to a level 13 % below that of the front soliton

pulse, 00ut became about 1.3 ps smaller than Ojn, as shown by the squares in

Fig. 5.4. The results in Fig. 5.4 were independent of the relative phase

between the two solitons because of the larger separation.

The experimental results can be explained by the SSFS. From the

perturbation theory, when an amplitude perturbation I'> is applied by coherent

addition or subtraction, the soliton amplitude changes to 1±21'> (+ ; coherent

addition, - ; coherent subtraction). Therefore, the soliton pulse width changes

to (1±21'»-1 Since the frequency shift due to the SSFS is proportional to ,-4,

the amplitude perturbation I'> causes a frequency shift M ~ (1±21'»4 =' (1±81'».

Therefore, when the pulse width is in the femtosecond region, a small

amplitude perturbation causes a large frequency shift due to the SSFS. When

the amplitude of the rear soliton pulse is larger than that of the front soliton,
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Fig. 5.4 Changes in Oout for a soliton pulse pair with different amplitudes.
The DEDFA is 1 km long.

.: equal amplitudes

.: the power of the rear soliton pulse is 13 % greater than that of the
front pulse.

• : the power of the rear soliton pulse is 13 % less than that of the front
pulse.
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the frequency downshift of the rear soliton pulse is larger than that of the

front soliton, resulting in an increase in output pulse separation between the

front and rear solitons, as shown by the triangles in Fig. 5.4. On the other

hand, when the amplitude of the rear soliton pulse is smaller than that of the

front soliton, the frequency downshift of the rear soliton pulse is smaller than

that of the front soliton, resulting in a decrease in output pulse separation

between the front and rear solitons, as shown by the squares in Fig. 5.4. Thus,

a small difference between the amplitudes of two solitons causes an increase

or decrease in the output pulse separation because the frequency shifts of the

soliton carrier are different due to the SSFS.

5.3.2 Significant Modification of Femtosecond Soliton Interaction in a Gain

Medium by Small Sub-Pulses

Experimental results of femtosecond soliton-soliton interactions are

shown in Fig. 5.5, in which Oout is plotted as a function of Oin under $=0 and

$=rr conditions. The input pulses were 1=1.0-1.] solitons with a width of 440

fs and a wavelength of 1.550 /lffi. The DEDFA was 1 km long and the doping

concentration was 2.8 ppm. Large differences were observed between the in

phase Oout (closed triangles) and out of phase Oout (open triangles) at around

Oin=2,4, 10 ps, when the gain was 0 dB. Here the output wavelength was 1.551

/lffi, and the output pulse width was 440 fs which was the same as that of the

input. When the pump power was increased to provide a gain of 5-6 dB, it

was clearly seen that soliton-soliton interactions at around Oin=4 ps and 10 ps

are strongly enhanced, as shown by the circles. In addition, the output

wavelength was shifted to 1.558 /lffi due to the SSFS, and the output pulse

was shortened to 280 fs due to the optical gain. The experimental results can

be also understood by an interaction between two solitons with different

- 143-



Fig. 5.6 An autocorrelation trace of an input pulse with sub-pulses.

amplitudes. A slight change in the soliton amplitude in the femtosecond

region causes a large frequency shift due to the SSFS. Such a small difference

in soliton amplitude can easily be caused by the sub-pulses, which are

coherently added to or subtracted from the original solitons.

In order to confirm whether or not sub-pulses truly exist after a main

pulse, we carefully investigated the input pulses. Figure 5.6 shows the tail of

an autocorrelation trace of an input pulse, in which we can clearly see sub-
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pulses at intervals of about 4 ps (sub-pulse 1) and 10 ps (sub-pulse 2) from the

main soliton pulse. These intervals agree with the Oin values for which large

differences between the in phase Oout and the out of phase Oout were observed

as shown in Fig. 5.5. The full width at half maximum (FWHM) of the traces

for sub-pulse 1 and sub-pulse 2 are 1 ps and 0.7 ps, respectively. The intensity

of sub-pulse 1 is as small as about 1 % that of the main soliton pulse. These

sub-pulses were generated by the surface reflection of the optical components

in the femtosecond laser system. It is important to note that, without the sub

pulses, Oout was exactly equal to Oin at around Oin=4 ps and 10 ps. The changes

in output pulse separation at oin=4 ps and 10 ps in the present case are

attributed to the existence of sub-pulses 1 and 2 which coherently overlap

with one of the two solitons. The Oin range in which Oout changes due to sub

pulse 1 is larger than that for sub-pulse 2, as shown in Fig. 5.5. This is because

the pulse width of sub-pulse 1 is larger than that of sub-pulse 2. It should be

noted here that the difference between the results shown in Figs. 5.2 and 5.5

for Oin values in the 0-6 ps region is due to the absence of subpulses in the

results shown in Fig. 5.2.

In order to analyze the interactions between femtosecond solitons with

sub-pulses, we computer-ran equation (5.l). Figure 5.7 shows 00ut as a

function of Oin when there are 0.7 ps and 0.45 ps-wide sub-pulses at an

20
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Fig. 5.5 Femtosecond soliton interaction in a 1 km DEDFA. The triangles and
circles represent DEDFA optical gains of 0 and 5-6 dB, respectively. The
closed (open) triangles and circles correspond to an in phase (out of phase)
condition.
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interval of 4 ps and 10 ps, respectively, from the main soliton pulse. This

corresponds to our experimental condition. Thus, the sub-pulse which exists

behind the front soliton pulse and the rear soliton pulse overlap at the input

end of the DEDFA for Oin=4 ps and 10 ps. The input pulses are =1 solitons

with a pulse width of 450 fs. The fiber length is 1 km which corresponds to

about 40 soliton periods. The triangles in Fig. 5.7 show a soliton interaction

when the electric field of a sub-pulse is as small as 2 % that of the main

soliton pulse. As shown with the closed triangles in this figure, when the

rear soliton pulse and the sub-pulse are in phase, 00ut increases at around

oin=4 ps and 10 ps. On the other hand, when the rear soliton pulse and the

sub-pulse are out of phase, Oout decreases. When there is no sub-pulse, 00ul is

equal to Oin at around Oin=4 ps and 10 ps. Thus, it is concluded that a very

small, coherent sub-pulse causes a strong soliton interaction. It is also shown

in Fig. 5.7 that the Oin range in which Oout changes due to a 0.75 ps-wide sub

pulse is larger than that for a 0.45 ps-wide sub-pulse. By increasing the

amplitude of the sub-pulse to 5 % that of the soliton pulse, the change in the

output pulse separation at around Oin=4 ps increases greatly as shown by the

circles in Fig. 5.7. This is because the larger amplitude perturbation due to the

sub-pulse causes a larger difference in the frequency shift between two

solitons. These numerical calculations of soliton interactions with sub-pulses

agree well with the experimental results shown in Fig. 5.5-

It should be noted that a small change in the soliton amplitude in the

femtosecond region causes a large frequency shift due to the SSFS. As shown

in Fig. 5.8, when the rear soliton pulse and a sub-pulse are in phase and the

soliton amplitude is increased coherently, the frequency downshift of the rear

soliton pulse is larger than that of the front soliton, resulting in an increase in

output pulse separation between the front and rear solitons. On the other
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Fig. 5.8 Schematic representation of soliton interaction with small sub-pulses

under both in phase (<1>=0) and out of phase (<I>=rt) conditions.

Fig. 5.7 Femtosecond soliton interaction with a 0.7 ps-wide sub-pulse at oin=4

ps and a 0.45 ps-wide sub-pulse at Oin=10 ps in a lossless transmission line.
The triangles and circles represent field intensity ratios of the sub-pulse to the
main soliton pulse of 2 and 5 %, respectively. The closed (open) triangles and
circles correspond to an in phase (out of phase) condition.
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Fig. 5.9 Soliton interaction in a 9.4 km DEDFA with a 0.4 ps soliton.
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hand, when the rear soliton pulse and a sub-pulse are out of phase and the

soliton amplitude is decreased slightly, the frequency downshift of the rear

soliton becomes smaller than that of the front soliton and output pulse

separation decreases. The closed triangles and circles at around (Jin=4 ps and

10 ps in Fig. 5.5 correspond to a condition in which the main (rear) soliton

pulse and sub-pulse are in phase. The open triangles and circles correspond

to an out of phase condition. The interaction at (Jin of less than 2 ps as shown

in Fig. 5.5 is an ordinary soliton-soliton interaction without sub-pulses, in

which <jJ is the relative phase between the two solitons. It is also important to

note that the modification of the soliton interaction by sub-pulses is greatly

increased by amplifying the sub-pulse and main (rear) soliton pulse.

5.3.3 Soliton Self-Frequency Shift Accelerated by Femtosecond Soliton

Interaction

In this subsection, we show that the SSFS is greatly accelerated through
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soliton interaction when the input femtosecond soliton pair is in phase.

Frequency spectra and autocorrelation traces of the input and output soliton

pair are shown in Fig. 5.9, under in phase and out of phase conditions in a 9.4

km DEDFA. The erbium ion doping concentration was 0.5 ppm. The mode

field diameter at ].55~ was 7.7 ~ and the zero dispersion wavelength was

1.49~. The soliton period was 20 m, which means that the fiber length was

as long as 470 soliton periods. The input pulses were N=0.8 solitons with a

width of 410 fs and a wavelength of 1.550~. The total pump power was 24

mW (forward; 12 mW, backward; 12 mW) and the gain was about 9 dB. (Jin

was set at 1.0 ps, which wa 2.4 times the input pulse width.

The frequency spectrum and the autocorrelation trace of the output pulse

pair under an in phase (<jJ=0) condition are shown in Fig. 5.9(b). The peak
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wavelength of the output pulse shifted to 1.579 ll-m due to the SSFS,

corresponding to a frequency shift of 3.6 THz. The new spectral component at

1.535 ll-ffi is an amplified spontaneous emission (ASE). The photograph in

Fig. 5.9(b) shows an autocorrelation trace of the output pulse pair. Although

there were two output pulses, only the frequency downshifted pulse

component with the higher peak power was detected with the autocorrelator.

This was because the separation of the two output pulses was greater than the

autocorrelator scan range (-50 ps). The output pulse width broadened to 480

fs. This pulse broadening may be due to the increase in the group velocity

dispersion (GVD) at the center wavelength of the frequency shifted soliton or

the limitation of the gain bandwidth, because the increase in the GVD value

requires broader pulses to maintain the same soliton power.

When the input pulse pair was out of phase (<1>=1t), the frequency

spectrum and the autocorrelation trace of the output pulse pair changed as

shown in Fig. 5.9(d). The peak wavelength of the output pulse changed to

1.553 ll-ffi corresponding to a frequency shift of 0.4 THz, which was much

smaller than that under the in phase condition. The photograph in Fig. 5.9(d)

shows an autocorrelation trace of the output pulse pair. Although there are

two output pulses, only one pulse component was detected with the

autocorrelator. This was because the separation of the two output pulses was

greater than the scan range of the autocorrelator as a result of the repulsive

force between the solitons. The output pulse width broadened to 480 fs. This

pulse broadening may be due to the initial pulse broadening caused by the

excitation of N=0.8 solitons or the limitation of the gain bandwidth.

Here it is important to note that when one of the interferometer arms

was blocked, we did not observe the large frequency shift seen in the

frequency spectrum of the output pulse pair under a <1>=0 condition. Figure

5.10 shows the frequency spectra and the autocorrelation traces of the input

and output pulses when one of the interferometer arms was blocked. As

shown in Fig. 5.10(b), the peak wavelength of the output pulse changed a little

to 1.552 ll-ffi and no large SSFS was observed with an output pulse width of

460 fs.

The frequency shift of the output pulses is shown in Fig. 5.11 as a function

of the relative phase between two solitons in a 9.4 km DEDFA. As shown in

Fig. 5.11, the soliton frequency shift was a periodic function of the relative

phase with a period of 21t and was maximized at <1>=0 (in phase) and

minimized at <1>=1t (out of phase). It is important to note that the SSFS was

negligible when one of the interferometer arms was blocked. Thus, it is

found that a collision between femtosecond solitons greatly accelerates the

SSFS.

In order to analyze femtosecond soliton interactions in a lossless

transmission line, Eq. (5.1) was again computer-run. Figure 5.12 shows

waveforms and spectra of output pulse pairs under a <1>=0 condition. The

input pulses are N=l solitons with a pulse width of 400 fs. The input pulse

separation is set at 3'in, where 'in is the input pulse width. When the input

pulse pair is in phase, soliton interaction (collision) occurs at around Z/Zsp=6

as shown in Fig. 5.12, where Zsp is the soliton period. When soliton

interaction occurs, the output pulse narrows and the spectral width broadens.

Pulse narrowing due to the soliton interaction greatly accelerates the SSFS,

because the frequency shift is proportional to ,-4. The SSFS is clearly seen in

the longer wavelength region. The narrower soliton with a higher intensity

at Z/Zsp=20 has a longer wavelength carrier, and two solitons propagate with

different frequencies. After the interaction, the output pulse separation
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Fig. 5.13 Femtosecond soliton interaction with the SSFS under a <I>=1t
condition in a lossless transmission line.
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increases along the fiber because of the different group velocities, as shown at

Z/Zsp=20 in Fig. 5.12.

On the other hand, when the input pulse pair is out of phase, output

pulse separation increases as shown in Fig. 5.13, because of the repulsive force

between the two solitons. In this case, the frequency shift due to the SSFS at

Z/ Zsp=20 is much smaller than that under an in phase condition. The

numerical analyses shown in Figs. 5.12 and 5.13 agree well with the present

experimental results.

5.4 Conclusion

Femtosecond soliton interactions have been investigated in a distributed

erbium-doped fiber amplifier (DEDFA). In the femtosecond region, a slight

difference between the amplitudes of the two solitons causes a significant

change in the soliton-soliton interaction as a result of the SSFS. The

noninstantaneous response of the nonlinear medium, that is SSFS, causes

amplitude asymmetry between two adjacent solitons and also modifies the

soliton interaction. lt is shown that a small sub-pulse, which is coherently

added to or subtracted from a soliton pulse, greatly modifies the soliton

soliton interaction in a DEDFA. This effect is significantly increased by the

optical gain. lt is also shown that when the input femtosecond soliton pair is

in phase, the SSFS is greatly accelerated through soliton interaction.
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CHAPTER VI. CO lCLUSIO

The thesis described early research work on the propagation

characteristics of a femtosecond optical soliton in an active gain medium,

erbium doped optical fiber amplifier (EDFA), including the development of a

femtosecond infrared light source. The obtained results are summarized as

follows:

(1) We have developed a high peak-power, infrared femtosecond light

source. Tunable femtosecond-subpicosecond infrared pulses have been

generated in the 1.4-1.6 !lIn region by mixing a 1.06 !lIn Nd:YAG laser pulse

and a visible subpicosecond pulse from a cavity dumped, synchronously

pumped dye laser.

Three kinds of nonlinear crystal, KTP, LiNb03, and ~-BaB204(BBO)

were used for difference frequency generation (DFG). It is found that KTP is

the most suitable crystal of the three for femtosecond DFG. Pulses as short as

94 fs with a peak power of 8.4 kW have been obtained with a KTP crystal at a

rate of 3.8 MHz. Because of the large value of the group velocity mismatch ~

and the low threshold of the optical damage, LiNb03 is less suitable than KTP

for DFG with femtosecond pulses. BBO is less suitable than KTP because of

the smaller effective nonlinear coefficient deff and the larger walk-off angle p

than those for KTP.

(2) We have shown the amplification characteristics of a femtosecond

pulse in an EDFA. The gain bandwidth of the EDFA is large enough to

amplify a femtosecond pulse. A gain of 9 dB has been obtained in an EDFA

for input pulses with a peak power of 30 W, an average power of 30 ~W (

15.2 dBm), and a pulse width of 260 fs.

When the input peak power is increased in the soliton power regime,

interesting features peculiar to the optical soliton have been observed in the
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amplification process of the femtosecond pulses. When the gain is moderate,

we have experimentally observed adiabatic narrowing of a femtosecond

fundamental soliton at 1.55 llm. By increasing the amplifier gain to

nonadiabatic region, pulse compression by as much as a factor 4 has been

observed by using 240-fs pulses. This feature is very interesting since the

pulse width of the output soliton can be fully controlled by changing the

pump power. However, at the same time the frequency of the soliton

strongly shifts toward longer wavelength region outside the EDFA gain

bandwidth due to a higher-order nonlinear effect, that is, a soliton self

frequency shift (SSFS). Therefore, the SSFS prevents from the efficient

amplification of femtosecond soliton pulses by using the EDFA.

(3) Transmission characteristics of a femtosecond soliton have been

investigated in a dispersion-shifted, distributed erbium-doped fibre amplifier

as long as 18.2 km. Solitons (A=0.7-1.2) with a pulse width of about 450 fs

have been transmitted. However, a femtosecond soliton is very weakly

trapped in the EDFA gain bandwidth of 1.55 llffi and the soliton self-frequency

shift in vitably occurs.

lt has been found that the transmission characteristics of a femtosecond

optical soliton depend strongly on the pumping configurations. With

backward pumping, a lossless transmission of 440 fs solitons at 1.55 llffi has

been realized with a pump power of 16 mW. Here the output pulse width is

determined by the spectrum modified by the soliton self-frequency shift. On

the other hand, in the forward pumping and the bi-directional pumping

configurations, there are two output pulses when the pump power is above

30 mW. One is a frequency-downshifted pulse due to the SSFS and the other

corresponds to the original 1.55 llffi spectrum. And the autocorrelation signal

of the former is much smaller than that of the latter because of the optical loss
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outside the gain bandwidth of the DEDFA. A new pulse at 1.55 llffi may be

generated by the amplification of a non-soliton component at 1.55 llffi.

When the pulse width shortens to a femtosecond region a strong SSFS

becomes a big problem in the realization of a long-distance transmission of an

optical soliton with a DEDFA, as similar to the amplification process of a

femtosecond optical soliton in an EDFA.

(4) Femtosecond soliton interactions have been investigated in a DEDFA.

In the femtosecond region, a slight difference between the amplitudes of the

two solitons causes a significant change in the soliton-soliton interaction as a

result of the SSFS. The noninstantaneous response of the nonlinear

medium, that is SSFS, causes amplitude asymmetry between two adjacent

solitons and also modifies the soliton interaction. lt is shown that a small

sub-pulse, which is coherently added to or subtracted from a soliton pulse,

greatly modifies the soliton-soliton interaction in a DEDFA. This effect is

significantly increased by the optical gain. It is also shown that when the

input femtosecond soliton pair is in phase, the SSFS is greatly accelerated

through soliton interaction.

As summarized above, when the pulse width shortens to a

femtosecond region the soliton self-frequency shift strongly occurs in both

amplification and transmission processes and should play an important role

in the realization of ultrahigh speed optical communication using ultrashort

optical soliton with the EDFA. Recently very short pulses with a pulse width

of picosecond - subpicosecond are used for ultrahigh speed optical

transmission experiment with time division multiplexing (TDM) and/or

wavelength division multiplexing (WDM) techniques. The present work
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opens new research field of propagation of an ultrashort optical nonlinear

wave in optical fibers.
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