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Stabilized mode locked fiber laser
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Generation of ultra short pulses is of great importance for applications in optical signal processing, communications, high-
speed electronics, and time resolved study of many physical, chemical and biological processes. However, it is desirable to
be able to generate these pulses at an arbitrary repetition rate with high stability. The pulse instability in figure-eight fiber
lasers can be removed by introducing intentional twist in the fiber, which provides a controllable birefringence-induced
phase-bias. The proposed theory has been verified experimentally. The stabilized laser can generate very stable pulses
with the wavelengths tunable by simply adjusting the polarization controllers in the two loops of a figure-eight laser. The
stability of the laser has been analyzed quantitatively by using RF spectrum analysis of the mode-locked pulse train.
Fluctuations in pulse repetition time and in pulse energy as well as jitter in pulse width occur simultaneously. All these types
of noise have been characterized quantitatively by examining the higher harmonics of the RF spectrum. By optimizing the
total dispersion and cavity length of the laser, it was found by measurement that a peak to peak stability of 99.2% and a
timing jitter of 5.59 psec for 2.31 MHz pulse train were obtained. However, it is observed that the variation of cavity

parameters results in increased timing jitter and peak pulse instability.
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1. Introduction

There are various techniques of generating short
optical pulses but gain switching and mode locking are the
two commonly used methods. In mode locking, an intra
cavity gain, loss, or phase element is used to lock the
longitudinal modes into some physical relationship in
order to produce short optical pulses. Mode locked fiber
lasers employing rare earth doped element, as a gain
medium are important systems for the generation of short,
high power optical pulses. Passive mode-locked fiber
lasers have been the subject of intensive investigations
because of their attractive prospect of an easy-to-use
optical short pulse source [1-7]. Many other short pulse
sources have been demonstrated using various
configurations [8-10].

Fiber laser, as a source of short pulse generation finds
applications in telecommunications and optical signal
processing, where, low noise and stable pulse train is the
main requirement. However, fiber lasers do have certain
limitations. They are subject to environmental changes;
timing jitter and shot to shot instability. Irrespective of the
laser geometry, with subpicosecond operation the lasers do
not exhibit a strictly periodic output. Also the appearance
of down shifted and up shifted spectral components (side
bands) limits the pulse width and deteriorates the pulse
quality. Furthermore, it is difficult to achieve high-energy
short pulses from these lasers. The fluctuations in pulse
repetition time and in pulse energy as well as jitter in pulse
width occur simultaneously in fiber lasers. The potential of
mode-locked fiber lasers will be enhanced if their stability
is ensured against various environmental perturbations.
This instability has been attributed to the sensitivity of the

birefringence of the fiber in the nonlinear amplifying loop
mirror (NALM) to the environment such as temperature
change, accidental applied pressure and unintentional
bending etc. [5]. Many techniques have been exploited to
stabilize mode locked fiber lasers by using additional
elements in the cavity. We present a simple method which
requires a birefringence bias to stabilize the laser. By
introducing a gradual twist in the fiber, a stable pulse train
is generated from a figure-eight fiber laser. Although,
various methods have been employed to generate a stable,
high-energy pulse train from mode locked fiber lasers, but
quantitative stability analysis of these lasers is deficient.

Before exploiting any application of the fiber laser, it
is important to analyze the stability of the laser. We have
analyzed the timing jitter and shot to shot pulse stability of
this laser quantitatively by examining its RF spectrum of
fundamental and higher harmonics. The cavity parameters
can be optimized for designing a stable pulse train mode
locked laser.

2. Theory

The pulse instability in the fiber laser is caused by the
environmental effect on the birefringence of the fiber loop.
The dominant effect is due to the incidentally applied
pressure on the fiber which introduces a random
birefringence. To reduce this effect, we introduce a
deliberate but constant and large birefringence to the fiber
which swarms the random birefringence due to pressure. A
gradual twist to the fiber has also been used in the
stabilization of the cw wavelength of a ring fiber laser
[11].
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The passive mode locking in a NALM is given by the
maximization of its reflectivity which can be expressed as
[12]:

R=2a(1- a)[1+ Jri+y? Cos(¢NR - g)] 1)

where o is the coupling ratio of the 3dB coupler, ¢NR is
the nonreciprocal phase shift and is given by:

2m, L

Pr = 7Z|E|2 (-1
A )

Where L is the total length of the loop, g is the gain of
the fiber amplifier, n, is the nonlinear index coefficient of
silica glass, A is the operating wavelength, and E is the
electric field of the pulse.

The parameters vy,, vs, and ¢ are related to the Jones
matrix B of the NALM [12]:
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To find the Jones matrix B, we assume that the fiber
loop is composed of three birefringent elements, i.e. the
polarization controller, the twist, and the applied pressure.
The polarization controller behaves like a half wave plate
with the polarization axes oriented at an angle 6 from the
fixed laboratory coordinates. Rotating the polarization
controller means changing 6. Thus the Jones matrix for the
polarization controller is given by:

—jcos26 jsin26
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If the fiber is twisted with a rate T, its Jones matriX is:
cosTL -sinTL
S=| . )
sinTL cosTL

If a force F is applied diametrically across the fiber
cross-section, it introduces a compressive stress oy in the
direction of the applied force such that,

o, =—— )]

where d is the overall diameter of the fiber. Here, the UV
acrylate coating has been ignored. The birefringence
generated by the applied force can then be calculated by
taking into account of the photoelastic coefficients of silica
glass:
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If the force F is applied over a length ¢ in the fiber, the
phase retardation between the two polarizations of light is:

r :%(nX -n,) (10)

If the force is applied vertically so that its polarization
axes coincide with those of the laboratory coordinates, the
Jones matrix can be written as:
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Thus the Jones matrix due to the overall polarization
change in the NALM is given by:

B=PWT = [E“ E“} (12)
21 22

Where
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Thus, from the bij elements of the Jones matrix, we
can see that the fiber twist introduces a phase bias which,
if large enough, can make the contribution I'/2 from the
applied force negligible. For example, in the experimental
figure-eight laser, for a loop length of the NALM equal to
60 m and a twist rate of 1°/cm is introduced. This gives a
total phase shift TL=6000° or 104.7 rad. On the other
hand, if a 1 gm force is applied across 1mm long fiber, the
resulting phase shift is '=2.19 rad. Hence, twisting the
fiber has the effect of stabilizing the pulse from the figure-
eight laser. Also, the increase in the birefringence added to
the system can results in dual wavelength/dual polarization
harmonic mode locked lasing.

3. Experiment

The schematic of figure-eight laser cavity is shown in
Fig. 1. The NALM of the figure eight laser constructed in
our laboratory has 10m of Erbium-doped fiber (EDF) with
Erbium concentration 730 ppm and co-doped with 20300
ppm of Al. Its mode field diameter is 4.9 pum and
dispersion +0.5 ps/nm/km at A=1560 nm. This fiber is
joined to a length of 50 m dispersion shifted fiber (DSF)
which has the zero dispersion wavelength of 1540 nm.
This connected fiber is wound onto a drum with a twist
approximately 1°/cm. A polarization controller is inserted
between the DSF and the 3dB coupler. A 1480 nm
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semiconductor pump laser delivering an optical power up
to 80 mW is connected to the EDF via a WDM coupler.
The other input port of this coupler is connected to the
other output port of the 3 dB coupler. The linear loop of
the figure-eight laser consists of 10 m DSF connected to a
polarization controller at one end and an isolator at the
other end. An output 90:10 fiber coupler is connected
between the isolator and the 3dB coupler. The length of
the linear loop is 20 m, and the total cavity length is 90 m.

Polarization
controller 2

Pump —m—
1480/1550

Isolato

Polarization

Output =
P controller 1

Fig. 1.The schematic of figure-eight laser.

The output pulse of this laser can be adjusted by
rotating the angles of the polarization controllers in the
NALM and in the linear loop. This is equivalent to
adjusting the birefringence bias ¢ in equation (5) which
leads to a particular mode locking condition.

Thus at one setting of the controllers, The pedestal
free optical spectrum with FWHM of 25 nm measured
with a resolution of 0.1 nm revealing the negligible cw
background is shown in Fig. 2. The corresponding
autocorrelation trace recorded by Inrad 5-14-LDA with a
measured pulse width of 125 fs assuming sech 2 shape is
shown in Fig. 3.

Arc Mute, a.u

1220 =) 124 1550 R 18715

) RN I T T TS
Wavelength, nm

Fig. 2. Optical spectrum of the mode locked pulse.
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Fig. 3. Autocorrelation of the mode locked pulse.

The time-bandwidth product of 0.38 is very close the
theoretical transform limit of a soliton. The pulse peak
power of 4 kW and energy of 0.5 nJ corresponds to the
measured average output power of 1.2 mW. Stable pulse
train when the laser was in operation for few hours is
shown in Fig. 4. By adding more birefringence through
adjustment of the polarization controllers, laser can result
in dual wavelength harmonic mode locked operation [13].

Fig. 4. Stable mode locked pulse train.

4. Stability analysis

The stability of the pulse source must be questioned
before using it for any application. The fluctuations of the
pulse energy, pulse repetition time, and pulse duration can
be gained from analysis of the fundamental and higher
harmonics of the RF spectrum [14]. All these types of
noise can be characterized individually in a quantitative
way, even if they occur simultaneously. Each harmonic
consists of the sum of a constant amplitude noise
spectrum, which is due to the pulse energy fluctuations,
and a component from pulse width fluctuations, and
timing jitter which increases as the square of the harmonic
number [15].

The microwave spectra of the fundamental and 30th
harmonic over a span of 80 kHz with bandwidth resolution
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of 300 Hz, measured by an HP 8591A spectrum analyzer
are shown in Fig. 5 and Fig. 6, respectively.
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Fig. 5. RF spectrum at fundamental frequency.
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Fig. 6. RF spectrum of 30th harmonic.

The fluctuations in pulse energy can be calculated
from the fundamental component of the RF spectrum as
[11],

: . (13)
AE (L]f Af

where P and P, are the maxima of the noise band and the
signal respectively, subscript f stands for fundamental
frequency. Af, and Afi is the full width half maximum of
the noise floor and spectral resolution of the spectrum
analyzer respectively. The energy fluctuation calculated
for our laser is only 0.8%. The very high amplitude
stability is quite remarkable.

The timing jitter can be easily calculated from a
higher harmonics [11],

At 1 [ ij Af; (14)

T 2m Py, Alres

where T is the cavity round trip time, At is the timing jitter,
n is the harmonic order of the frequency component, Py, is
the power of the noise floor responsible for jitter, Af; is the
bandwidth of the corresponding noise component. From
the 100th harmonic, shown in Fig. 7, we can easily
calculate for Af; = 20kHz, the ratio At/T = 1.23x10”. For a
repetition rate of 2.31 MHz, the timing jitter is 5.59 ps
which give the shot to shot pulse fluctuations of only
0.0129%.
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Fig. 7. RF spectrum of 100th harmonic.

It was observed that when a mode-locked laser is
unstable, its RF spectrum has some spurious sidebands
around the fundamental and higher harmonics. However,
when the laser was stabilized, the spurious sidebands
completely disappear. From the spectra shown in the
above figures, it can be seen that there are no spurious side
bands around the fundamental and higher harmonics of the
RF spectrum. This reveals the high stability of the laser
pulses.

When the laser is destabilized intentionally by
changing the cavity parameters, i.e. dispersion shifted fiber
in the cavity is reduced to a shorter length, the laser is still
mode-locked with apparently a stable pulse train as shown
in Fig. 8, however, RF spectrum shows high amplitude of
spurious side bands as shown in Fig. 9; which results in
high peak to peak variations and timing jitter.

Fig. 8. Mode locked pulse train.
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Fig. 9. RF spectrum.

5. Conclusion

We have shown both theoretically and experimentally
that the pulses generated by the figure-eight laser can be
stabilized by the introduction of twist in the fiber loop.
Once this is achieved, the pulse train can be tuned over a
range of 4 nm by adjusting the polarization controllers in
the loop which is equivalent to setting different passive
locking conditions. The stability of the mode locked laser
is investigated by examining the corresponding RF
spectrum for the fundamental and higher harmonics.
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