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Abstract. We present here results of an experimental study of temporal and spectral
characteristics of the Figure-8 laser. The laser itself produces 850 fs bandwidth-limited pulses.
Exploitation of a dispersion-shifted fibre at the laser output results in compression of the laser
pulses to 250 fs.

1. Introduction

In recent years much work has been devoted to the development of erbium-doped fibre
lasers, because a broad gain bandwidth centred near 1.54 um, negative group velocity
dispersion and tight confinement of optical field allow the exploitation of nonlinear optical
effects for very effecient generation of ultra-short optical pulses.

In the last few years several mode-locked schemes exploiting fibre nonlinearity have
been reported [1-8]. In fact there are two main types of mode-locked fibre lasers: schemes
which require active modulation in order to initiate mode-locking with successive pulse
sharpening using the Kerr effect in optical fibres [1-3] and pure passive mode-locked
schemes, based on nonlinear optical switch effect [4-8].

Passive generation of femtosecond pulses in cbium-doped fibre lasers has recently
become of considerable interest. The Figure-8 laser configuration [4] whose operation is
based on the reflection properties of the Nonlinear Amplifying Loop Mirror (NALM) [9]
has been the object of considerable study [4-8,10,11]. Although the general principle of
operation of the Figure-8 laser is understood many features of its behaviour still remain to
be adequately investigated and explained.

In particular, the absence of the modulator within the cav1ty of a passively mode-locked
fibre laser results in some uncertainity in the temporal position of the travelling pulse.
Moreover in the case of propagation of several pulses within the cavity the time interval
between pulses becomes a random value since there is no force keeping the puises at well-
defined distance. As a result, interaction between pulses through different effects causes
complicated behaviour of the laser output. As has been pointed out by several authors the
Figure-8 laser may operate in several regimes producing either clean soliton-like or ‘square’
pulses [11]. Usually temporal measurements are fulfilled by autocrrelation technique which
possessing a high temporal resolution does not allow to conclude directly about cleanliness
(i.e. existence of double pulses, satellites etc) of the generated pulses. From this point of
view the exploitation of a streak camera with resolution of ~ 1 ps can bring additional
information about capabilities of the Figure-8 laser.

In this paper we present the results of experimental study of temporal and spectral
characteristics of the Figure-8 laser based on codoped Yb-Er fibre. In temporal
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measurements we have used both a streak camera and autocorrelator carring out
measurements at different pump power levels. We show that by a suitable choice of laser
parameters (pump power and reflectivity of the output coupler) one can compress output
pulses to generate clean, bandwidth-limited femtosecond pulses.
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streak—camera Figure 1. Experimental configuration: PC, polarization
t controllers; 1SO, optical isolator; EF, codoped Yb-Er
pump fibre; DSF, dispersion-shified fibre of 35 m length; I,
1.064 .m 3 dB coup'er; II and I1I are WDMs (for details see text).

2. Experimental results

The experimental setup is shown in figure 1. The experimental configuration employed a
loop coupler arranged to give 50:50 coupling at 1560 nm. The unidirectional loop consists
of a polarization dependent isolator, a 3 m length of single-mode fibre and polarization
control discs (PCs). The effective NALM length was 25 m and the total cavity length
was 35 m, corresponding to a fundamental frequency of about 6 MHz. Fibre dispersion
D = —32 ps nm~' km™! and effective mode area Aesr = 35 um at 1560 nm. The
amplifier section consists of 4 m of codoped fibre with Yr and Er ion concentration of
5000 ppm and 800 ppm respectively. Pump power was launched through a wavelength
division multiplexer (WDM) II (0.43 output coupling at 1560 nm) and III (1.0 at 1560 nm).
Such a configuration of the laser allows us to measure simultaneously energy of pulses
travelling in opposite directions around NALM and by this way to estimate saturated gain
of the laser.

Since we have used polarization-non-preserving fibres with polarization beat length of
a few metres than the vital elements of the present configutarion were PCs. Rotation of
PCs placed in the NALM introduces phase bias into cavity-loss characteristic resulting in
non-zero transmission of the loop coupler in the linear regime and that in turn increases the
system’s ability to self-start.

Temporal characteristics of the output radiation were taken in real time by a streak
camera with temporal resolution better than 1.5 ps at 1560 nm and using a background-free
autocorrelator. Calibrated photodiodes were used for the laser gain measurements.

A typical laser output characteristic measured at port A is shown in figure 2 and exibits
jumps and hysteresis in the output power assosiated with energy quantization in fibre soliton
lasers [11]. The dependence of gain against the pump power was also measured. Figure 3
shows the saturated gain G as a function of the pump power. The gain and, hence, the
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Figure 2. Laser output P4 against launched pump Figure 3. Saturated gain G against launched pump
power. power.

losses in the cavity are maximal under low pump level. The gain decreased with rising
pump power and had a jump from 20 to 17 at the start point.

Note the qualitatively different behaviour of the laser output at different pump power
levels. At the point of ‘second threshold’ P,, when the passive mode-locked process self-
starts, the number of pulses N circulating within the cavity equals 20-50. Usually pulses
are bundled together within a 10-100 ns time interval. A few puises from the group undergo
chaotic motion within the nanosecond time interval while the rest are fixed and motionless.
Increasing pump power results in a more progressive motion of pulses and at Ppymp ~ 1.1P;
at the scope screen we observed only a nanosecond envelope without any distinctive pulses
within it. As the pump power is lowered below the self-starting threshold the pulse motions
become less chaotic and than the pulses group themselves into ordered patterns and all
motions cease. As the pump power is further reduced abrupt jumps in output power are
observed and are associated with the disappearance of individual pulses from the pulse train.
Note that the time interval in the motionless pattern was usually equal to a few nanoseconds
and we have never seen a stable pattern with a picosecond time scale interval.

By measuring the change in output power during individual pulse disappearance we
estimated the energy of pulses circulating within the nonlinear loop in both directions. In
point P; of figure 2 one has E, = 27 pJ for a clockwise-propagating pulse while for a
counter-propagating pulse, E_ = 2.1 pJ, which gives us a saturated laser gain at this point
(taking mto account output coupling) as G = 21.

3. Discussion

3.1. Single multisoliton pulse generation and compression

Laser temporal characteristics strongly depend on pump power. Being pumped by a
relatively low power (region D in figure 2), the laser generated few single unmovable
soliton-like pulses (figure 4(A)). The pulses were of 850 fs duration and were close to
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Figure 4. Oscilloscope traces of: (a) single soliton
pulses, (b) soliton bunches, (c) noise pulses.

bandwidth-limited ones (see figures 6(A) and (B)). In the simplest model [5] the duration
of the solitons generated is related with the laser parameters through the expression

2 (0.776).2

T°=

5 > DL(G-1) ’ ¢})
wecny
where n, is a nonlinear refractive index, D is dispersion of the NALM fibre and L is the
effective NALM lengh. In our laser output coupler II is situated in the NALM near the
active fibre (see figure 1) and the nonlinear phase of an amplified pulse in the NALM is
related to the effective gain coefficient G = G(1 — You) = 1/a where you is the output
coupling coefficient and «a is the linear loop transmission. The gain coefficient G in (1)
must be replaced by G for this laser scheme. Substituting in (1) the laser parameters taken
in point P; (see figures 2 and 3) we obtain a duration of 750 fs that is in relatively good
agreement with the experimental value of 850 fs. There is to note, that the output pulse
duration in this approximation does not depend on the output coupling coefficient but its
power is about
Ppy

Paw = 5 @
where P, is the pulse power at the NALM input which is about the fundamental soliton
power. In the experiment we have observed at the Jaser output pulses of 850 fs duration and
of 21 W peak power. It was possible to compress the pulses in the additional dispersion-
shifted fibre to 250 fs (see figures 6 and 7 below). The change of the output coupling
coefficient from 0.43 to 0.9 (by replacing the coupler) had no effect on the generated
pulses duration and spectrum. The output power increasing by rising the output coupling
should be limited by the gain characteristics of active fibre and by soliton effects in this
fibre. Nevertheless, our laser configuration (figure 1) allows us to generate multisoliton
subpicosecond pulses.
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3.2. Soliton bunches and noise pulse generation

At high pump power level (regions B and C in figures 2 and 3) the laser generated bunches
of solitons (figure 4(B)) or soliton noise pulses (figure 4(C)). Bunches consisted typically
of 20-50 solitons including stable and moving ones. The ACF contrast and spectrum
shapeform of soliton bunches was the same as that of single solitons at point P of figures 2
and 3. The duration was between 850 and 750 fs. Pulses are bundled together within
a 10-100 ns time interval. Increasing pump power results in a narrowing of the bunch
and at Puymp ~ 1.1P, we observed only a nanosecond envelope without any distinctive
pulses within it. The energy under the envelope fluctuated within £15%. The real time
streak-camera pictures showed the noise structure within 200 ps interval (figure 5).
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Figure 5. Streak-camera traces of noise pulses.

The structure and properties of these pulses are similar to those of Raman solitons,
which appear under cascade Raman scattering in the anomalous dispersion region of optical
fibre [12]. 'The noise pulses have relatively high contrast of ACF, random distance between
solitons inside the pulse and hence, strong interaction between them. Solitons of the noise
pulse can be compressed in exactly the same way, as clean single solitons (figures 6 and
7). The reason for formation of bunches and noise-pulses is not clear. A few mechanisms
could be responsible for this phenomenon. One is the change in gain spectrum due to a
saturation effect. If neighbouring pulses or groups of pulses are amplifying under different
saturation circumstances their spectra, and hence their group velocities differ slightly one
from another. Another possible mechanism of pulse attraction or repulsion is acousto-optical
interaction—a weak effect, appearing under long-distance soliton propagation [13].
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Figure 6. Spectra and ACF of soliton pulses (4, B) and those of noise pulses (C, D) at the
laser output.
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Figure 7. Spectra and ACF of soliton pulses (4, B) and that of noise pllses (C, D) after the
dispersion-shifted fibre.
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3.3. Mode-locking start conditions

The Figure-8 laser is in fact a kind of additive-pulse mode-locking scheme (APM) and is
analogous totasers with a fast saturable absorber. A number of papers were recently devoted
to the analysis of APM schemes [14, 15]. Unfortunately the Figure-8 laser differs from other
APM lasers in that it does not allow us to use the standard approach of small changes of
the pulse during the round-trip since the basic Figure-8 configuration incorporates a 50:50
coupler and a length of nonlinear loop, comparable with the period of solitons generated.
Nontheless, some elements of the APM analysis are appropriate to our case. Here we apply
the consideration of the mode-locking self-start in APM lasers to the Figure-8 laser.
It was shown [15] that the starting condition for the APM laser is

g > oft 3)

where G is a saturated gain, o the active medium cross-section, t duration of the
seeding pulse, B the normalizing coefficient depending on the pulse shapeform and K
the proportional coefficient, relating dynamical transmission increase AG; with the photon
flux disturbance AF:

AG,
K= . 4
F C))
The photon flux disturbance caused by a pulse of power P is
AF = P &)
T hvAer

The main consideration involved is that the start of the laser is successful or, in other
words, the seeding pulse survives, if the effective gain increase stemming from the nonlinear
switching of the seeding pulse exceeds the gain saturation caused by this pulse

AG, — AG; > 0. 6
Under this circumstance the initial pulse grows at the first stage of the mode-locking. The

value of G, depends on the laser configuration and in the Figure-8 laser it is simply equal
to the NALM transmission of the seeding pulse

AG,=T = g(l — COS ¢q1) N

for the NALM with a 50:50 coupler. ¢y is a nonlinear phase difference of the seeding pulse
in the NALM. For ¢, < 7 one can approximate 1 — cos¢ = $%/2 and

G
A&z;ﬁ (8)

In the critical point (G, = G, coefficient K for the Figure-8 laser can be expressed as

G hvA ff
K=7¢%—p ©
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and the mode-locking start condition is

408
hvAe

2 > Pr. (10)

The nonlinear phase difference for the pulse in the NALM is given by

anzLP
AAetr

Gu = G -1 : (11)

and the seeding pulse parameters for initiating the mode-locking process are given by

4 A 2
L. ./ Actt ) . (12)
T hvAeg \mnaL(G — 1)

In order to find the value of the average output power of the laser corresponding to the
second threshold we take into consideration the fact that such types of lasers are analogous
to lasers with fast saturable absorbers, the basic characteristics of which can be predicted
from the fluctuational model [16]. In this model the laser mode-locking process starts up
from CW generation. The intensity fluctuations are considered as a narrowband Gaussian
noise. At the level of average intensity {Pcw) and a number of oscillating longitudinal
modes m the most intensive for the cavity round-trip period spike has a peak intensity

(Pg) = (Pcw)Inm (13)
and duration
T
(tp) = — In'? m. (14)

By substituting (13) and (14) in (12) we obtain the value of the second threshold

408T Aesih )2
P, == . 15
Pew) = o il P (mL(G D 1>

For our laser we have m = 3000 and G = 20 (see figure 3), 0 = 8 x 10~2! cm?, and taking
B = 0.8 we obtain (P;) = 20 uW. The output power in the point of the second threshold
in the figure 2 is (40 uW) that corresponds to the a power at the NALM input of about
100 uW. The discrepancy between estimated and observed mode-locking threshold may be
attributed to the simplified model of the laser fluctuations. Nevertheless, this model gives
a value of correct order of the second threshold power level.

3.4. Generation of shorter pulses

A very important problem is ultrashort pulse generation in a fibre laser. For generation of
sub-100 fs pulses one has to cut substantially the length of nonlinear loop increasing the
average output power of the laser. However, in exploiting this method, one runs into several
serious problems. The first one is concerned with a pump source capablé of providing a
rather high level of pump power (about 1 W or more). Another problem is the special
requirements for the erbium-doped fibre: to ensure a nonlinear phase difference between -
counter-propagating waves one needs to use a short length (around 1 m) of heavily doped
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fibre, which in turn gives rise to a problem concerned with the complicated behaviour of
k" along a doped fibre.

Finally, shortening of NALM results in not only a decrease of pulse duration but also
gives rise to intracavity losses caused by the soliton self-frequency shift. Indeed, this effect
manifests itself as a shift of the soliton carrier frequency dw and is proportional to T4 [17].
In the present configuration it results in a moving away of the pulse central frequency from
the centre of the gain bandwidth. The group velocity dispersion in the fibre translates the
frequency shift into a timing shift §z. Since pulses travelling within the NALM loop have
different intensity, the intensity-dependent phase shift and consequently &z are different in
the two directions, and for a given loop length pulse narrowing leads to an incomplete
switch, since two counter-propagating pulses no longer completely overlap at the coupler
because their unequal frequency shifts separate them spectrally and temporally. This resuits
in a gain increase, which in turn causes spreading of the generated pulses.

There are two possible solutions to overcome these difficulties. First one can use an
external signal as a seed to initiate a mode-locked process and the results of this study will
be published elsewhere [18]. A second way to generate ultrashort pulses is quite obvious:
since the output laser pulse is in fact a multisoliton, then with a suitable length of dispersion-
shifted fibre one can achieve compression of multisoliton pulses. Indeed, when we spliced
60 m of a fibre with dispersion D = —1.7 ps nm~' km™' than at the output of this fibre
we observed soliton pulses with duration 280 fs (figure 7(a)) having the spectrum shown in
figure 7(b). Note the slight shift of the spectrum centre towards the ‘red’ wavelength due
to the effect of the soliton self-frequency shift. Compression of the noise pulses was also
observed (figures 7(c) and (d)). The last result supports the assertion that properties of the
noise pulses are similar to those of Raman soliton noise [12].

4. Conclusion

We have presented an experimental study of the Figure-8 laser based on co-doped Yb-Er
fibre. Our results show that, depending upon pump power, the laser generates either a
sequence of solitons or soliton bunches or soliton noise. We have demonstrated a simple
way to produce shorter pulses through a multisoliton compression effect. A mode-locking
starting condition was derived and using the fluctuation model one could roughly estimate
the second threshold value.
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