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Abstract

We present an experimental and theoretical study of passively
mode-locked fibre soliton lasers. Our theoretical analysis based on per-
turbation theory describes the soliton interactions which occur when
pulse bunches form. Our results indicate that the non-soliton com-
ponent emitted by the propagating solitons causes small changes of
the central frequency of individual solitons and the strength and sign
of this interaction between the solition and dispersive waves depends
on their mutual phase as well as on the soliton position within the
soliton bunch. For a certain phase difference between the solitons and
non-soliton component the interaction force becomes repulsive for all
solitons within a soliton bunch and results in an almost uniform dis-
tribution of the pulses inside the laser cavity. The pulses are then
locked in their temporal positions by acoustic effects.

We also demonstrate that the laser performance could be further
imporoved by the use of a MQW saturable absorber in combination
with the nonlinear amplifying loop mirror. In this instance the MQW
sample acts not only as a fast saturable absorber but also as a passive
phase modulator. We experimentally demonstrate that such a laser

is capable of generating 500 fs pulses at repetition rates exceeding 2
GHz. '



I. Introduction

Erbium doped fibres are almost ideal as the basic component for lasers
and amplifiers operating near 1550 nm which is the wavelength of lowest fibre
loss and where the combined effect of negative group velocity dipersion and
Kerr nonlinearity gives rise to the possibility of generating optical solitons.
That is why fibre lasers capable of producing of ultra-short nonlinear optical
pulses have been the subject of considerable interest over the past several
years.

There are two approaches in the development of short pulse fibre lasers.
The first method is a traditional one and comes from ”classical” laser physics
and is based on the incorporation of an amplitude or phase modulator in the
laser cavity in order to achieve mode-locking. The second method is based on
the use of passive mode-locking techniques. The fundamental idea of passive
mode-locking is to provide additional loss for the low-intensity radiation by
incorporating of intensity-dependent component into the laser cavity.

Two main types of passively mode-locked lasers have been demonstrated.
The first type exploits the Kerr nonlinearity of optical fibres [1-13] while the
second one is based on multi-quantum well (MQW) semiconductor structures
acting as fast saturable absorbers [14-18].

Historically the first example of a passively mode-locked fibre laser was
the so-called figure of eight laser [1-3] which uses the nonlinear switching char-
acteristics of a nonlinear amplifying loop mirror (NALM) to achive mode-

locking. The simplest type of passively mode-locked fibre lasers is a ring
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configuration [3-10] where the effect of cross-phase modulation between or-
thogonally polarized eigen-modes results in a different state of polarization
for low- and high-intensity components and the incorporation of a polarizer
into the laser cavity causes the required loss difference to suppress low-level
radiation and to achieve mode-locking. The similar idea has been aslo ex-
ploited in linear configuration [4,11-13].

Mode-locking based on fibre nonlinearity in combination with negative
dispersion results in the generation of optical solitons i.e. transform- limited
pulses with a strong relationship between the temporal width of the pulse
and its energy. The pulsewidth is defined by the laser cavity parameters (pri-
marily by the length and intracavity dispersion) and this leads to the funda-
mental difference between conventional mode-locked lasers and soliton lasers:
a change in the pump power of a conventional laser results in a modification
of the parameters of the generated pulses (peak intensity, pulsewidth etc)
but any alterations in the pump power of soliton lasers changes the number
of propagating pulses leaving the parameters of the individual pulses largely
unchanged.

This remarkable feature of the soliton laser is the result of the specific
output characteristics of fibre soliton lasers: the output radiation consists
of a number of soliton pulses and a nonsoliton component. The number of
circulating pulses is defined by the ratio of the stored intracavity energy to
the soliton energy. Generally this ratio is not an integer and this results in

the formation of the non-soliton component which plays the role of a buffer:



any excess of stored intracavity energy (caused for example by small fluctua-
tions of pump power) translates into the nonsoliton component. The energy
quantization effect [3] of FSLs results in excellent stability of the duration
and energyv of the individual pulses, but also leads to pulse repetition rate
instabilities which for many applications is unacceptable. One solution is to
operate the laser with just a single pulse inside the cavity but this gener-
ally leads to low repetition rates (~ 5 MHz) and correspondingly low output
power unless short cavities of a few metres length are used [19-21]. Other
techniques involving additional sub-cavities [22], extra-cavity feedback [23]
or intracvity modulation [24] have been demonstrated, enabling higher har-
monic mode-locking and higher output powers to be obtained; however, these
techniques would appear to be difficult to implement in practical systems.
The purpose of this paper is to analyse and identify the main effects
affecting soliton dynamics inside the passively mode-locked fibre cavity with
the aim to provide a guide for the design and optimization of passively mode-

locked fibre lasers operating in the GHz regime.

II. Femtosecond fiber ring lasers.

2.1 Experimental configuration and results

The laser configuration is shown in Fig.1 and is similar to that described
elsewhere [9]. The laser cavity comprises 4 m of Er/Yb codoped fibre, a length
of standard telecom fibre (chromatic dispersion D = 17 ps/nm -km at 1550

nm), a polarization dependent isolator and two sets of polarization controllers



to set the appropriate state of polarization required for self-starting mode-
locking. Tyvpically with 300 mW of pump power from a conventional sou.rce
operating at 1064 nm we obtained 33-30 mW of laser output power. At
such pump powers the mode-locking self-starts at practically any position of
polarization controllers PC2 provided PC1 is suitably set. To reduce pump
power amplitude noise an external feedback circuit was used that kept pump
power fluctuations to below 1%.

The laser pulsewidth depends on the cavity length and dispersion and for
60 m length it was 1.4 ps. Fig.2 shows a typical laser spectrum indicating
the presense of a non-soliton component in the form of a frequency-shifted
narrow-band peak. As we show below, this non-soliton component plays sig-
nificant role in the laser capability to operate in a harmonically mode-locked
regime. The point of the ”"second threshold * or "mode-locking threshold”
corresponds to an output power of several milliwatts and the energy quan-
tization effect results in formation of some 100 pulses running inside the
cavity.

The most common regime of operation of a passively mode-locked soliton
fibre laser is with an ill-defined repetition frequency with sometimes compli-
cated pulse motion as described in [4]. However at certain positions of the
PCs the laser produced "tightly bunched” pulses. If the position of PC1 is
then suitably adjusted (leaving the position of PC2 is unaltered) the pulse
bunch breaks up into a stable temporal pattern. The transformation from the

bunched pulse regime to the stable harmonic pattern occures over a period



of several seconds with respect to the change in position of PC1. Observing
the dynamics of the process on an ocsilloscope this transient regime is char-
acterised by a temporal stretching of the original pulse bunches at a speed
of 10ns/s (or 2 m/s in convenional units) until the whole time domain is
occupied. This is then followed by a gradual rearrangement of pulse separa-
tion until a stable harmonic pulse train is formed. The laser repetition rate
can be easily changed by changing the pump power (and hence intracavity
energy).

One of the most important characteristics of harmonically mode-locked
lasers is time jitter. The time jitter can be measured by analysis of the rf
spectrum of the laser output intensity [23]. Generally this spectrum consists
of a main peak sitting on a broad pedestal. Knowing the intensity and
bandwidth of the pedestal one can deduce the time jitter of the laser. Fig.3
shows the time jitter dependence as a function of the repetition rate frequency
for a laser cavity fundamental frequency of 5.8 MHz and pulsewidth of 0.8
ps. The graph shows a strong oscillatory behaviour and a general tendency
for the jitter to decrease at frequencies around 500 MHz. The lowest jitter of
1.1 ps (100 - 550 Hz) was observed at the frequency of 526 MHz. A similar
oscillatory dependence (with maxima at the same frequencies) was observed
when the pump power feedback loop was switched off, but the lowest time
jitter was then around 10 ps. Note also that the same general behaviour was
also observed for several other different cavity lengths.

By changing the length of the laser cavity we were able to study the jitter



for different pulsewidths and noticed that the shorter the pulses the lower was
the time jitter. The lowest jitter of 600 fs (100 -330 Hz) was obtained for 0.7
ps pulses at a repetition rate of 463 MHz in a laser cavity with a fundamental
frequency of 11.0 MHz (z.=18 m). The third order RF spectrum at 1388 MHz
is shown in Fig.4. The ratio of jitter to pulse separation is 3-107*. Further
reduction of the cavity length did not result in an improvement of the time
jitter, but at a rather short cavity length ( z. = 8.6 m) we found that the
laser tended to operate at the same harmonic frequency of 139 MHz in a very
broad range of pump power: the change of pump power level simply caused
a change in the fraction of the non-soliton component without breaking-up

the harmonic mode-locking.

2.2 Repetition rate self-stabilization in all-fibre soliton lasers

To understand the physical effects behind the complicated motion of
pulses inside the laser cavity from the one hand and remarkably low time
jitter from other hand let us look upon experimental facts and observations:

- regimes of tightly bunched pulses and harmonic mode-locking are equally
stable and transition from one regime to another is initiated by alteration of
* the polarization ‘controllers position;

- alteration of the polarization controller position results in a change of
the laser gain and consequently the phase between the soliton and dispersive
wave; |

- in the spectral domain the main difference between the two regimes is in



intensity of the spectral side-bands, however it is impossible to say a priori
whether a higher or lower intensity of non-soliton component corresponds to
a certain regime:

- stable harmonic mode-locking has never been seen when the pulse spec-
trum was accompanied by multiple spectral side-bands;

- the slow motion in the transient regime corresponds to a normalized
frequency difference between adjacent pulses of Q ~ 1073;

Thus to analyze behaviour of solitons inside the laser cavity one needs
to take into account a nonsoliton component generated by the propagating
pulses. The soliton and the accompanying non-soliton component can be
presented in the form of a fundamental soliton 1,(¢) and small perturbation
§9(t) i.e.

¥(z,1) = val2, 8) + 89(t), (1)
where
Us(z,1) = nsechln(t — 7s)]expi(Qst — ¢). (2)

To consider the interaction between the solitons and non-soliton compo-
nent we assume that in the steady state regime each soliton within a bunch
comprising N pulses is accompanied by a non-soliton component, which be-
ing essentially a'dispersive wave has an amplitude A and temporal width
much longer than the soliton width. In other words a non-soliton compo-
nent generated by a particular soliton is overlapping with several neighbour-

ing solitons. To find analytically the result of the interaction between the



solitons and non-soliton components we also assume that (i) the initial time-
separation between solitons is large enough to neglect the interaction between
solitons, (ii) the time interval between adjacent solitons is approximately con-
stant within the pulse bunch and (iii) all non-soliton components are broad
enough so that each soliton interacts with all non-soliton components within
the bunch. (Note that these assumptonions do not affect basic conclusion in
any significant way).

The perturbation for the n-th soliton §1,(t) within the bunch comprising

N solitons can be written in the form:

k=N
§n(t) = Aexp(jQ) Z expj((k — n)TQ + dg—n) (3)

where Q is the frequency offset between the soliton and non-soliton com-
ponent, ¢;_; is the phase difference between #-th soliton and a non-soliton

component originated by the j-th soliton. Applying perturbation theory {26]

we obtain s
87, = Re / (2, )6 (t)dt =
k=N
: r«sechiQ-s;—Q) > cos((k — n)TQ + di-nl, (4.a)
k=1
and

400
60, = Im / s (t)tanh(t)8tn(¢)dt =

Am(Q+ Qs)sechﬂ&iﬂ ki‘f cos[(k — n)TQ + ¢r—n) (4.9)
k=1



In Eq.(}) ¢4—n is the phase difference between the k-th soliton and the disper-
sive wave from the n-th soliton. In the experession for é9),. ¢; is the phase
between the (n-1)-th soliton and the n-th non-soliton component. From
Eq.1.b one can find the relative frequency difference (or relative velocity)

80 (n) = 80, — 604y of two adjacent solitons

0,)

§Q(n) = 247(Q + Qs)sech@;—sin(é —nTQ+ ¢,)sin(¢- — @) (5)

where ® = NTQ/2, ¢y = (¢—n + dn-n)/2.

The last expression clearly indicates the different velocity of individual
solitons within the pulse bunch. Moreover the velocity difference between the
adjacent pulses is not a constant across the bunch and depends on soliton po-
sition as well as on the phase difference between the solitons and non-soliton
component ¢,. To some extent the influence of the non-soliton component
on the soliton behavior can be treated as a long-range soliton interaction,
when parameters of a soliton changed not by an overlapping field of an ad-
jacent soliton but by its non-soliton component. Eq.5 also suggests that
the "long-range repulsion force” (62 > 0) could be converted to ”long-range
atraction” (6Q < 0) provided an appropriate phase difference ¢ is set.

Thus to distribute tightly bunched pulses over the laser cavity one has to
ensure §2(n) > 0 for any n which can be done by a suitable adjustment of
polarization controllers.

Typically the non-soliton component contains around 10% of the total

energy and has a pulsewidth of about 500 ps [27]. From Eq.5 we can estimate
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the velocity difference incurred by the non-soliton component as equal to 1073
which agrees well with the experimentally observed picture.

When the solitons are nearly uniformly distributed along the laser cavity
the electrostrictional effects become dominant not only because of weakening
of the long range interaction force (due to less overlapping between a soliton
and the adjacent non-soliton components) but also due to enhahcement of the
acoustically driven change of the refractive index. The theory of the refractive
index change driven by electrostriction has been developed in a number of
papers [28-30]. Briefly stated when a soliton propagates along an optical
fibre the intense electric field generated in the fibre core distorts the fibre
material and produce an acoustic wave. The acoustic wave causes density
changes in the fibre which change the refractive index for the following pulses
and imposes phase modulation. The acoustic wave travels radially outwards
from the core and is reflected from the cladding boundary back towards the
core. The round-trip time of the acoustic waves is ~ 20 ns. The refractive
index change induced by a single soliton is very small and is about 107!}
corresponding to a normalized frequency shift of 107 which is much less
than that induced by the non-soliton component.

However the, cylindrical structure of the fibre can act as a resonator for
acoustic waves excited at the appropriate natural eigenfrequencies of the
fibre. The refractive index perturbation is thus considerably enhanced when
the waves are periodically excited at these frequencies. The enhancement

factor can be estimated from a simple model of a resonantly driven damped
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harmonic oscillator and is of the order of 7,./T, where 7., is the damping
constant of the oscillator and T is the resonant period. Since 7,, and T are of
the order of microseconds [29] and nanoseconds, respectively, the refractive
index change is thus increased by a factor of 103 at resonant frequencies near
500 MHz.

Following methods developed in [28] we can obtain the expression for the

refractive index change induced by an infinite pulse train

_ p ,0e., IoT,
nt) = ~ 12 3,) Tr(r)as ™
sin(Qgt) + exp(=TT) sin[Qx(T — t)] (6)
1 4+ exp(—=2TT) — 2exp(—IT) cos(%T)

where p is the fibre density, € is the dielectric constant, T' is the acoustic

> BiCi exp(=TIT)
Ok

k

damping coeflicient, I is the pulse intensity, By, C are constants describing
the overlap of acoustic, F(r) is transverse field distribution and light fields
and Q; is the k-th acoustic eigenfrequency. From Eq.6 one can see that
whenever Q,T is close to 27 the denominator of the k-th term in the sum-
mation becomes small and the magnitude of refractive index perturbation
increases. In this situation only one term dominates the summation and én
varies approximately sinusoidally.

Fig.5 plots the peak refractive index perturbation induced by a continuous
stream of solitons as a function of repetition rate. The graph demonstrates
that the peak perturbation has a complicated dependence on frequency and
varies over almost 3 orders of magnitude with a peak value of ~ 107°. The

reason for this behaviour is because resonances can occur not only at the
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cigenfrequencies but also at frequencies Q. which satisfv to the condition
0, = mQ,. where m is an integer. Tig.6 shows the temporal variation of
én for the tenth acoustic frequency which is verv close to sinusoidal. The
pulses are situated under positive peaks of the curve. This imposes a phase
modulation on the pulses which acts to stabilize the repetition rate.

Thus the theoretical consideration shows that the nonsoliton component
plavs a kev role in the formation of stable pulse pattern. From the analysis we
can suggest that the elimination by some means of the non-soliton component
could result in better performance and easier repetition rate self-stabilization
of fibre lasers. One possible way to achieve this it is the use of a MQW fast

saturable absorber.

III1. Soliton fibre laser with hybrid saturable absorber

IT1.1 Experimental configuration and results

The configuration of the laser is shown in Fig. 7. A NALM is formed
between the output ports of a 60/40 coupler and includes ~ 100 metres of
standard telecom fibre, a polarisation controller and a 2 metre long Er/Yb
codoped fibre amplifier pumped by a miniature Nd:YAG source providing 200
mW of launched pump power at 1064 nm. An InGaAs/InP MQW saturable
absorber and Bragg reflector stack is butted to the input port of the NALM.
The MQW consists of 82 periods of 6.5 nm thick InP and 7.8 nm thick
InGaAsj An isolator is spliced to the other port of the NALM to prevent

feedback into the loop.
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The laser has two regimes of operation. In the first regime, square pulses
are generated at the fundamental cavity frequency of 1.8 MHz for almost
any position of the polarisation controller. The duration of the pu_lses can
be varied from ~ 10 ns down to ~ 300 ps by varving the pump power to the
amplifier while the peak power of the pulses is fixed by the power required
for switching in the NALM.

The second regime of operation is reached by adjusting the polarisation
controller to set the correct phase bias in the NALM for soliton pulses to be
generated. When the laser entered this regime of operation it was found that
passive stabilization of the soliton repetition rate occurred with the repetition
rate at harmonics of the fundamental frequency. Once the correct bias in the
loop has been set the laser remains stable for several hours and after being
switched off will self start in the passive harmonically modelocked regime.
By using polarisation maintaining fibre in the loop it may be possible to fix
the phase bias in the NALM and remove any need for polarisation control.

Output spectra for the soliton regime of operation taken at a repetition
rate of 230 MHz are shown in Fig.8. Fig.8a shows a spectrum taken from
the spare port on the WDM in the NALM. The spectral width is 1 nm
~indicating a pulsewidth of 2.5 ps. The spectrum also demonstrates 20 dB
suppression of the spectral sidebands commonly seen in fibre soliton lasers.
This is attributable to the combined intensity discrimination of both the
NALM and the saturable absorber. In the NALM the low intensity non

soliton component which gives rise to the sidebands is switched out of the
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laser. Anyv remaining non soliton radiation is then further suppressed by
the action of the saturable absorber. Fig.8b shows a spectrum taken from
the spare port of the NALM. This clearly shows that the soliton part of the
spectrum has been switched back into the laser by the NALM while the non-
soliton radiation is rejected from the laser cavity. (Note that the spectrum of
non-soliton component agrees well with that calculated in [31] for the average
soliton model).

A typical RF spectrum of the laser output intensity measured on a fast
photodiode is shown in Fig.9. The main peak occurs at the pulse repetition
rate while the smaller peaks are separated by the fundamental cavity fre-
quency of 1.8 MHz. The spectrum demonstrates that adjacent modes of the
laser are suppressed by over 40 dB and so once the laser is operating it is
unlikelyv to switch between modes. The timing jitter of the pulses measured
using RF spectra [23] is typically around 10 ps.

The presence of the NALM in the cavity fixes the peak power of the pulses
to give the correct nonlinear phase difference required for switching of the
pulses. In the soliton regime of operation this also fixes the pulsewidth and
quantizes the energv of the pulse which allows the pulse repetition rate to be
easily tuned by adjusting the pump power to the amplifier. By varying the
pump power launched into the amplifier from the mini-YAG we were able to
tune the pulse repetition rate in the range ~ 100-400 MHz. To obtain higher
repetition rates from the laser the mini-YAG was replaced by a high power

YAG, and the length of standard telecom fibre with high dispersion was
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replaced with ~ 300 m of dispersion-shifted fibre with zero dispersion around
1540 nm. An output from the laser cavity was provided by a 70/30 conplér
just after the amplifier with 70% of the light being coupled of the cavity.
The decrease of the cavity dispersion resulted in the pulsewidth reduce to
less than 300 fs. Using this configuration we were able to achieve repetition
rates of up to 2.085 GHz which corresponds to the 369th harmonic of the
fundamental laser frequency of 5.6 MHz. The RF and optical spectra are
shown in Figs.10 and 11 respectively. The optical spectrum shows strong

suppression of the spectral sidebands.

I11.2 MQW-structure as a passive phase modulator

The inclusion of the MQW saturable absorber into the laser cavity results
in not only easier self-starting and cleanear pulses but also provides a passive
phase modulation stabilizing the laser repetition rate.

To demonstrate this let us consider again a fibre laser with M pulses
circulating inside the cavity with time interval T between them (for the sake
of simplicity we assume that T is constant). For the saturable absorber we
adopt a model of a three level system [32] as shown in Fig.12, where level 1
corresponds to the valence band and levels 2 and 3 are situated at the bottom
and at upper states of the conductivity band. When pulses come through a
MQW sample theyv excite free carriers to level 3 which then come down to
level 2 with time constant 75 and then relax to the level | with time constant
7,. We can present the time dependence of the MQW refractive index in the

form
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nit. Ty =ng— No(£. T)An — N3(¢, T)An' (7)

where 1, is the undisturbed value of the refractive index, N; are normalized
density of free carriers (i.e. Ny 4+ Ny + N3 = Ny = 1) and An, An’ are
normilized refractive index coefficients for levels 2 and 3 respectively. The
T-dependence of the free carrier density reflects the fact that the refractive
index of the MQW depends on the laser repetition rate.

Assuming that the saturation intensity is significantly lower than the
soliton intensity and that 7, >> 73 =~ 7 [32] we can conclude that the
refractive index seen by anv pulse from the laser is determined by the free
carrier population at levels 2 and 3. (Note also that if free carrier life-
time of level 3 is much shorter than the pusewidth then the refractive index
of the MQW is independent of repetition rate). Thus to find the temporal
dependence of refractive index one has to find population density dependence
on the repetition rate. This can be done if we consider the following set of

kinetic equations

Nl = 1VQ - 1V2 - /Vg

Ao _ N2 Ns
dt To T3

leg _ IV3
TS (8)

73
When the laser operates in the harmonic regime the pulse stream incident

on the absorber can be treated as infinitely long and population density can
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be written as

Z e\p'—[—_ﬂl][(ﬂ(t —kT)-0(—(k+1T)] - exp(—l_i)—
-1 —exp(—— i L mt)]@(t — kT) (9.a)
N;3(t) = exp(—_i) + [l —exp(— Tz i— exp|— —t—_—m—Tl}@(t —mT) (9.b)

™

73

where ©(t — mT ) is the Heaviside function.

Thus each pulse coming through the saturable absorber sees the repetition

rate dependent refractive index

. T
n(T)=ng— Anexp(——) + (An = An")]l —exp(—

T2

T, T
See(=-) =
T
— Anexp{——) (10)
)
A time varving refractive index modulates the phase of the pulses and

change the pulse carrier frequency by

\ _ Zawo dn PRBIIAY () T

C dt lt=T c T2 Ta

S0 2ep(- Ljjen(- 1))
73 72 73
e (1)

T2 T2

~

where wy 1s the carrier frequency, z, is the thickness of the saturable absorber
and c is the speed of the light. Eq.11 shows that Aw < 0 which decreases the
group velocity of the pulses and provides a repulsive force between the pulses.

In a harmonically mode-locked laser this keeps the pulses apart and stops
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pulse bunches forming. The time dependence of Aw means that a delayed
pulse is slowed down less than a premature pulse which shows that the pha.se
modulation provided by the saturable absorber is capable of retiming the
pulses and stabilizing the repetition rate.

It is more intuitive to express the temporal variation of the refractive
index in the more convinient form of a sinusoidally varying phase modulator.
This suggests defining an effective modulation depth in terms of the sat-
urable absorber parameters An and T'/7; to reflect the changes in strength
of modulation with pulse spacing. Since we are approximating equation (7)
by a sinusoidal function it is important that the first derivatives of the two
functions are similar for t & T where phase modulation of the pulses occuré
so that the frequency shifts given by Eq.(11) are approximately the same.
Considering the form of the first derivative of Eq.(11) we can present an

expression in the form

2(8) = o — An e:\'p(—T/Tz)[3 _ cos(2—7rt—)] _
2 T
= ng + Angyy cos(Q—;E) (12)

where the definition of n{ ensures that n(T) = n/(T). From the defini-
tion of An.;; it can be seen that for large values of T/7, the strength of
the modulation is small but increases as the ratio T'/7, decreases. This is
demonstrated in Fig.13 where n(t) and n/(t) are plotted for comparison for
the values T/7=1 and 2.5 with ng = 3.0 and Ang=0.1. For T/m=0.5 the

effective modulation depth is Ang;;=0.02 while for T/7=2.5 it is reduced to
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An.;r=0.001 and it can be seen that in both cases the two curves are quite
similar at the modulation peak justifving the approximations made above.
To measure lifetime of the carriers in our sample we performed a
pump/probe experiment where the transmission of a weak pulse through
a sample of the MQW was measured as a function of the time delay from an
intensive probe pulse generated by the laser at grequency of 1.8 MHz. This
vielded a lifetime for he absorption of the MQW of 1543 ns. (Note that we
actually require the lifetime of the refractive index but since both processes
depend upon the density of free carriers in the semiconductor the lifetime
for the absorption and refractive index will be similar). The carrier lifetime
is of the same order of magnitude as the soliton pulse spacing observed in
the laser which further confitms that the MQW sample acts not only as a

saturable absorber but also as a passive phase modulator.

IV. Time jitter in passively mode-locked fibre lasers

There are several sources of time jitter in mode-locked fibre lasers: pump
power fluctuations, various thermal effects, and noise of the laser gain
medium [33]. However a harmonically mode-locked fibre laser has an ad-
ditional source qf time jitter due to uncontrolled changes of adjacent pulse
temporal positions and hence the jitter is significantly stronger than that
which occurs in lasers operating at the fundamental frequency. In this sense
a fibre éoliton laser, operating in the harmonically mode-locked regime, is

similar to a soliton transmission system: a soliton stream in a fibre laser

20




experiences periodic gain and loss and suffers from the same sources of time
jitter such as the Gordon-Haus effect [34], soliton interaction with optical
and acoustical fields. Extensive studies of soliton transmission systems which
have been performed in the last several years [35-38] have revealed that in
order to maintain the soliton stream intact over unlimited distances one has
to incorporate into the transmission line spectral filtering and synchronous
modulation. The existence of just one component (either filter or modulator)
results only in a partial reduction of instability [36], while phase modulators
have been shown to be able to suppress Gordon-Haus jitter with minimal
generation of dispersive wave components [39]. In many cases the filtering
action in passively mode-locked fibre lasers is provided by the laser gain
medium while the modulation as we demonstrated above is achieved by slow
perturbations of the laser cavity.

In order to estimate the time jitter of a passive harmonically mode-locked
laser we consider the Nonlinear Schrédinger Equation (NSE). In the case of

passively mode-locked fibre laser the NSE can be presented in the form

2 2
28 L L0V L = G IS + (bo— dar W+ ialPb + S(2), (1)

where the left hand side is the unperturbed NSE while the first term on the
right hand side describes the laser gain, the second stands for the intracavity
laser filter, and the third term describes the action of the phase modulation.
The fourth term represents modelocking by means of a fast saturable ab-

sorber, and S(z) is the noise source from the laser amplifier. In the model
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we have made an assumption that the time jitter is much less than the pulse
period and therefore we consider T as a constant parameter.

Both self-induced modulators (acoustic and MQW) can be approximated
by a sinusoidallly driven phase modulator and corresponding parameters ¢;
can be written in the form

bo = { Zf\nzc for agoustic effect (14)
Nefrze for MQW SA
and ¢y = ¢o&2/T?, where {, = z./zq and z. is the laser cavity length.

Applyving perturbation theory for the NSE [23] and taking the solution of

the unperturbed NSE in the form of Eq.(1) we obtain the equation for the

soliton temporal position 7, in the steady-state regime (n ~ 1)

d?1,(2) N 48 dry(2)

_(17 3 dz"‘— + 2@27‘,(2) = SQ(Z). (15)

Here we assume that the noise impact on the soliton temporal position is

driven by the soliton frequency fluctuations. The noise correlation function

is [36)]

(- 1)
31V0£c

where Ny = W,/hv is the number of photons per unit energy and W, is the

< Sa(2)85(2") >=6(z - 2') = §(z — 2')Nq, (16)

soliton energy.
Taking the Fourier transform of Eq.15 and solving the equation in the

spatial frequency domain k we arrive at the expression for the rms time jitter

(z - oo) ar
+o0
ok = / < (B > dk =

-0

3Nqg (G? — I)Q}T2
286y  32Nydot? an
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where 3 = 2/(Q3¢.) and Qf is the dimensionless filter bandwidth.

In the ring laser described above we have ¢y = 0.33 rad, ¢, = 2.3,T =
3% 1030 ~ 10,G? = 5 and Ny = 3 x 10® which gives us o7 ~ 0.4 or
160 fs in physical units in reasonably good agreement with the experimental
results.

In the laser with the MQW SA based on standard telecom fibre and
producing 2.5 ps pulses at 250 MHz we have z,=1 pm, 7 = 15 ns, An.s;=
0.04, T=2500, @o= 0.17 rad, and time jitter could be as low as 2.5 ps. Note
also that using a saturable absorber with a shorter life-time should allow

higher repetition rates to be achieved with subpicosecond time jitter.

V. Conclusion

The presented experimental results and theoretical consideration of pas-
sive harmonically mode-locked lasers indicate that the proper choice of com-
ponents of a fibre laser could result in the design of a simple and reliable
source of sub-picosecond pulses with repetition rate exceeding 1 GHz and
time jitter between pulses below 10 ps.

The theoretical analysis indicates that periodic loss and gain experienced
by the propagating pulses results in the formation of a non-soliton com-
ponent which bt;ing essentially a dispersive wave affects the parameters of
several neighbouring solitons. The effect of interactions between the solitons
and accct)mpanying non-soliton component is dominant and depending on the

phase between nonlinear and dispersive waves the interaction force may at-
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tract or repel adjacent solitons. In other words depending on the position of
the polarization controllers one can get the regime of either tightly bunched
pulses or pulses nearly uniformly distributed over the cavity.

Each pulse circulating inside the laser cavity emits a weak acoustic wave
which affects the velocity of subsequent solitons via the electrostrictional ef-
fect. When the pulses are tightly bunched the acoustic effect is overshadowed
by the action of the non-soliton component which dominates in this regimé
and is responsible for the complicated slow motion of pulses inside the laser
cavity. However when the pulses become distributed quasi-uniformly over
the laser cavity the influence of the non-soliton component diminishes while
the acoustic effect is enhanced because the fibre acts as a low loss acoustic
resonator. The enhanced acoustic effect then locks pulses at their temporal
positions.

Despite the rather low time jitter observed in a ring configuration (below
1 ps) the polarization sensitivity of such lasers strongly restricts the possible
range of applications of fibre soliton lasers. From this point of view a fibre
laser with a hybrid saturable absorber looks more attractive since it offers
better suppression of the non-soliton component with additional retiming
* action from the self-induced MQW phase modulator.

Finally note an important problem associated with the specific nature
of harmonically mode-locked fibre soliton lasers. As was mentioned above
pump power fluctuations do not affect the parameters of individual pulses

but could result in a change of the number of circulating pulses. Thus in
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the presence of pump power fluctuations the energy quantization effect may
severely detiorate time jitter characteristics of soliton fibre lasers. For ex-
ample, the fundamental frequency of a laser with cavity length £, = 2 and
intracavity dispersion k” = 2 - 10"%s%?/cm is around 2 MHz and therefore to
maintain a low time jitter in a 10 GHz stream of solitons the pump power
stability should be better than 107*. This may be difficult to achieve in prac-

tice but in the present laser configuration the stability could be improved by

replacing the Nd:YAG laser with high power laser diodes.
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Figure Captions

Fig.l Experimental configuration of a passively mode-locked ring laser.
WDAL wavelength division multiplexer; PC's, polarization controllers.

Fig.2 Typical optical spectrum from the passively mode-locked fibre laser

Fig.3 Time jutter as a function of repetition frequency for a total cavity
length of 35 m

Fig.4 Third order RF spectrum for a repetition frequency of 463 MHz
and cavity length of 18 m, indicating 600-fs (100-550 Hz) jitter

Fig.5 Peak efractive index perturbations in an optical fibre generated by
a continuos stream of pulses

I'ig.6 Acoustic response of an optical fibre to a pulse stream whose repe-
tition rate of 463 MHz matches the 10th acoustic eigenfrequency. Resonant
enhancement generates a peak refractive index change ~ 1079,

Fig.7 Experimental configuration of a passively mode-locked laser with
hybrid saturable absorber.

Fig.8 Pulse spectrum of laser: (a) taken at the spare port of the WDM
and indicating 20 dB suppresion of the non-soliton component; (b) taken at
the rejected port of the 60/40 coupler (this spectrum actually corresponds
to the non-soliton component).

Fig.9 RF spectrum of the laser output intensity taken with resolution of

30 kHz.

Fig.I{O RF spectrum of the 2 GHz passive harmonically mode-locked fem-
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tosecond soliton laser. Pump power fuctuatuins cause frequency hoping.
Fig.11 Optical spectrum of the 2 GH; femtosecond soliton laser.
Fig.12 The 3-level model of MQW-based passive phase modulator.
Fig.13 Tllustration of the MQW refractive index changes using the simle
model of equation (8) (solid lines) and the sinusoidal approximation defined

by equation (12) (dotted lines) for (a) T/m, =1 and T/7, =2.5
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