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INTRODUCTION

Various methods are used to generate laser pulses
with relatively high energies. Several methods make it
possible to increase the radiation pulse energy in the
laser, and alternative approaches enable one to
increase the pulse energy using external optical ampli�
fiers. The Q�switching [1–3] and the cavity dumping
of the mode�locked laser [4] are the most widely
spread methods for the generation of high�energy
pulses in lasers. An increase in the pumping power of
the master oscillator also leads to an increase in the
pulse energy but such an approach has several limita�
tions [5]. In the conventional mode�locked lasers, the
main attention is paid to the generation of relatively
short pulses, and pulse energies ranging from 10 to
25 nJ were recently considered as relatively high pulse
energies [6–8]. The record�high pulse energies
attained in the mode�locked fiber lasers in the absence
of amplification were higher by an order of magnitude:
120–265 nJ [9–11].

Another method for an increase in the pulse energy
involves a decrease in the pulse repetition rate of the
mode�locked laser owing to an increase in the cavity
length at the same mean power of radiation. Such an
approach can be easily implemented in fiber lasers,
whose cavity length can be easily increased without
negative effects on the stability of lasing. Note that this
method is also employed in solid�state mode�locked
lasers [12–14]. For the first time, the cavity of the
mode�locked fiber laser was extended for an increase
in the pulse energy in [9]. An increase in the cavity
length by 400 m led to an increase in the pulse energy
to 120 nJ. Solid�state and fiber lasers with the mode�
locking in the cavities with lengths of 100 m were dem�
onstrated in [12, 15].

In previous work [16], we demonstrated a possibil�
ity of the stable mode�locking in a discrete fiber laser
with an optical length of the cavity of 3.8 km. Such a
mode�locked laser exhibits both an ultralong cavity
and a record�high energy of 3.9 μJ for the pulses gen�
erated in the laser at an ultralow repetition rate of
77 kHz.

In this work, we develop the method for an increase
in the pulse energy and present the first results on the
mode�locking in an all�fiber Yb laser with an optical
cavity length of 8 km providing a record�high pulse
energy of 4 μJ at a pulse duration of 10 ns and a mini�
mum (for the mode�locked lasers) pulse repetition
rate of 37 kHz. For the first time, the parameters of
such a mode�locked laser appear close to the parame�
ters of a Q�switched laser with respect to the pulse
energy, duration, and repetition rate.

EXPERIMENT

Figure 1 demonstrates the scheme of the ultralong
all�fiber laser. We employ the ring cavity in which the
radiation is outcoupled from the cavity via a fiber
polarization splitter. The non�polarization�maintain�
ing cladding�pumped Yb�doped fiber serves as the
active medium of the laser that is pumped via a multi�
mode coreless fiber [17]. The length of the active Yb�
doped fiber is 10 m, and the core diameter is 7 μm. The
active fiber is pumped by a multimode diode laser with
an output power of up to 1.5 W at a wavelength of
980 nm.

The mode�locking of such a laser is performed
using the nonlinear polarization rotation [18–20].
Two fiber polarization controllers provide the needed
polarization. An SMF�28 fiber is used for an increase
in the cavity length. The maximum output power of
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the laser (150 mW) is limited by the allowed power of
the output polarization beam splitter.

Figure 2 shows the autocorrelation functions
(ACFs) of the pulses for the laser with the short (unex�
tended) cavity. The double (femtosecond–picosec�
ond) structure (Fig. 2a) is typical of the pulses gener�
ated in the short cavity. The width of the picosecond
base of the ACF is 6 ps, and the duration of the femto�
second component of the ACF is no greater than
170 fs. Figure 2b demonstrates the interference ACF
of the femtosecond component. The compression of
such pulses using two diffraction gratings allows a
decrease in the duration of the picosecond component
but the duration of the femtosecond component

increases. Figure 3 shows the ACF of the compressed
pulses with a width of no greater than 800 fs. On the
assumption of the Gaussian pulse shape, the pulse
duration is about 560 fs. The measured spectral width
of the radiation of the short�cavity laser with a central
wavelength of 1087 nm is 3 nm, which proves the
bandwidth�limited character of the compressed
pulses.

For an increase in the cavity length, we employ the
conventional SMF�28 fiber with a length of 5.46 km.
With such an extension, the optical length of the laser
cavity is 8 km. In the long�cavity laser (as well as in the
short�cavity laser), the stable mode�locking is reached
due to the tuning of the polarization controllers. Fig�
ures 4 and 5 demonstrate the time distribution and
spectrum of the radiation of the long�cavity laser,
respectively. The laser generates a pulse train with a
pulse duration of 10 ns and a spectral width of 0.44 nm.
The central wavelength of the long�cavity laser
(1080.1 nm) is blue�shifted by about 7 nm relative to
the central wavelength of the short�cavity laser. The
mean output power of the long�cavity laser is also no
greater than 150 mW. The pulse repletion rate
(37 kHz) is record�low for the mode�locked lasers. At
the maximum mean output power (150 mW), the
pulse energy (4.05 μJ) is record�high for the fiber mas�
ter oscillators in the absence of amplification and
Q�switching.

Note that a relatively large pulse duration of the
long�cavity laser (10 ns) is related to the gigantic phase
modulation owing to the positive dispersion of the
laser cavity. The pulses can be compressed but the
optimal technical implementation of the compensa�
tion for such an enormous phase modulation remains
unclear.

Generalizing the above data and the results from
[16], we arrive at an increase in the laser pulse duration
with an increase in the cavity length: the pulse dura�
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Fig. 1. Scheme of the all�fiber mode�locked ring Yb laser
with the ultralong (8 km) cavity: LD pumping laser diode,
PC fiber polarization controller, ISO polarization�insensi�
tive optical isolator, and FPBS fiber polarization beam
splitter.
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Fig. 2. ACFs of the output pulses of the short�cavity laser: (a) noncollinear ACF and (b) interference ACF of the central part of
the pulse.
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tion is 3 ns for a cavity length of 3.8 km [16] and the
pulse duration is 10 ns for a length of 8 km. Thus, the
proposed configuration allows a variation in the laser
pulse duration with a variation in the cavity length. In
addition, the simulation results (see below) show that
the pulse duration can be varied in wide ranges at a
constant cavity length due to the tuning of the polar�
ization controllers. This effect is observed in the exper�
iments with the short� and long�cavity lasers.

SIMULATION

For the numerical simulation of the lasing in the
all�fiber all�positive�dispersion mode�locked laser
that employs the nonlinear polarization rotation, we
use a system of two nonlinear Schrödinger equations
describing the propagation of polarized radiation in
fibers in the absence of the linear birefringence [21]:

(1)

(2)

Here, Ax and Ay are the components of the complex
vector envelope of the field strength, t is time, z is the
spatial coordinate along the fiber, β2 is the dispersion
coefficient, γ is the nonlinear coefficient, and α is the
damping coefficient (or gain at α < 0).

We numerically solve Eqs. (1) and (2) using the
method of the Fourier splitting with respect to the
physical factors [21]. We perform the integration with
respect to z along the ring cavity that consists of the
passive single�mode fiber (SMF), the active Yb�doped
fiber, the polarization controllers (PC1 and PC2), the
spectral filter, and the polarization beam splitter
(Fig. 6). In the calculations, we use the fiber parame�
ters that are close to the experimental values: lengths
of the segments of the SMF and Yb�doped fiber, 6 m;
dispersion coefficient, β2 = 20 ps2/km; and nonlinear
coefficient, γ = 4.7 (km W)–1. For the simulation of
the gain saturation, we assume that the gain of the
active fiber depends on the energy of the optical radi�
ation in the cavity:

(3)

Here, g is the power�dependent gain of the active fiber,
g0 is the unsaturated gain (about 14 dB), E is the energy
of the optical radiation in the cavity, Psat is the satura�
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Fig. 3. ACF of the pulses of the short�cavity laser resulting
from the pulse compression using two diffraction gratings.
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tion power of the active fiber (about 50 mW), and τ is
the round�trip time of the ring cavity. In the calcula�
tions, we use a spectral filter with the Gaussian trans�
mission curve centered at about 1064 nm and a width
of 30 nm at a transmittance of 1/2. The polarization
controllers are described using the unitary unimodular
matrices

(4)

where θ is the difference of the phase shifts introduced
by the polarization controller for two linearly polar�
ized states and ϕ is the orientation of the principal axis
of the polarization controller. In the experiments, the
polarization controllers have three degrees of freedom.
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Therefore, we calculate polarization controller PC1 in
combination with a half�wave retardation plate
(Fig. 6), which is described using matrix (4) at θ = π.

To initiate the lasing, we employ the noise field dis�
tribution and place one photon with random phase at
each mesh point of the reciprocal mesh. At certain
tunings of the polarization controllers, we obtain the
evolution of the original signal to a single bell�shaped
pulse on the mesh over 100–200 round trips of the ring
cavity. This result corresponds to the mode�locking
and the generation of a periodic pulse train in the
experiments. Figure 6 illustrates the evolution of the
polarization state of the pulse in the limit cycle of the
system of equations (1) and (2). The linear polariza�
tion is rotated by half�wave retardation plate and is
transformed into the elliptical polarization in polar�
ization controller PC1. The pulse propagation in the
passive SMF and the active Yb�doped fiber results in
the rotation of the polarization ellipse. The angle of
rotation is proportional to the radiation power and the
area of the polarization ellipse, which is determined by
the tuning of polarization controller PC1. The second
polarization controller (PC2) is used to change the
ratio of the axes of the polarization ellipse, and, hence,
to control the fraction of energy that is outcoupled
from the cavity by polarization beam splitter PBS,
which transmits the linearly polarized radiation and
provides the outcoupling of the orthogonally polarized
component. We obtain minimum outcoupling loss for
the pulse in the lasing regime and higher loss for the
radiation with lower power, so that the system of the
intracavity elements works as a saturable absorber and
makes it possible to implement the mode�locking.

An interesting feature of the simulation results lies
in a relatively large spread of the durations and ener�
gies of the generated pulses depending on the tuning of
the polarization controllers. In particular, the dots in
Fig. 7 show the parameters of the calculated pulses
that correspond to various tunings of the polarization
controllers. It is seen that the pulse energy and dura�
tion exhibit variations by almost an order of magni�
tude. Figure 8 shows the time dependences of the
intensity for four pulses with different parameters.
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Note that the spread of parameters is in qualitative
agreement with the above experimental data and the
previous experimental results from [16].

CONCLUSIONS

An all�fiber mode�locked laser with an ultralong
cavity whose length is 8 km is demonstrated for the
first time. An increase in the optical length of the opti�
cal cavity from 12.5 m to 8 km allows an increase in the
pulse energy by more than two orders of magnitude to
a level of 4 μJ, which is record�high for the pulses gen�
erated by a mode�locked fiber master oscillator in the
absence of Q�switching. A variation in the length of
such a laser causes a wide�range variation in the pulse
duration (from femtoseconds to nanoseconds). The
numerical simulation yields a possibility of a signifi�
cant variation in the pulse duration due to the tuning
of the intracavity polarization controllers. Thus, the
proposed all�fiber master oscillator offers wide�range
variations in the pulse duration, energy, and repetition
rate. An additional advantage of the all�fiber laser is
the linear polarization of the output radiation. This
circumstance makes it possible to employ the laser

radiation for the effective nonlinear spectral conver�
sion or the subsequent amplification in the polariza�
tion�maintaining fiber amplifiers.
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