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Abstract We report an experimental study of an actively
mode-locked erbium-doped all-fiber laser, based on a stan-
ding-wave acoustically-induced superlattice modulation.
Our experiments involve the characterization of the laser as
a function of the active fiber length, and with different types
of delay line fibers. The effect of the modulation on the
laser performance was also investigated. Narrower pulses
were obtained at higher modulation depths, normal disper-
sion, and shorter lengths of active fiber. Optical pulses of
160 mW peak power and 630 ps temporal width were ob-
tained at 9 MHz repetition rate.

1 Introduction

Mode-locked lasers can generate short light pulses either us-
ing passive or active approaches. Whenever we are inter-
ested in the generation of very short light pulses, i.e. in the
femtosecond regime, passive mode-locking is the preferred
technique [1, 2]. However, the saturable absorbers employed
in passively mode-locked fiber lasers are sensitive to envi-
ronmental changes, resulting in unstable output characteris-
tics. On the contrary, active mode-locking operation results
in longer but more stable light pulses, and they can easily be
synchronized to a master clock. There are several reasons
to prefer an all-fiber configuration for mode-locked lasers;
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these are related with alignment-free sensitivity, compact-
ness, and higher power efficiency, among other advantages.
Besides this, an optical fiber is particularly suitable to form
the cavity of a mode-locked laser, not only because it makes
it possible to form a low-loss cavity, but also the dispersion
of the cavity becomes easily adjustable by using fibers with
different group velocity dispersions. This last point deserves
particular attention in mode-locking fiber lasers, since it has
been shown that there is a strong dependence of the out-
put light pulses on the overall dispersion of the cavity, es-
pecially for very short pulses. Many of the benefits of us-
ing an all-fiber cavity would be lost if bulk components as
electro-optic or acousto-optic modulators were used, since
the use of bulk intracavity elements may cause degrada-
tion of the beam quality and high cavity losses. These fea-
tures decrease the overall performance of the laser, often
forcing one to the use of higher pump powers. Moreover,
bulk components require fine alignment and good mechan-
ical stability, which makes the design of practical systems
rather demanding. Very few all-fiber approaches have been
reported [3–7]. Among them, we have recently developed
an actively mode-locked all-fiber laser, using a simple and
low-insertion-loss modulation technique, which is based on
standing-wave acoustically-induced superlattice modulation
of a fiber Bragg grating [7]. Now, it is our purpose to show
the behavior of this laser under different configurations, not
only to gain physical insight into the dynamics of this kind
of laser, but also looking towards an improvement of its per-
formance. The output light pulses were analyzed as a func-
tion of the acoustically-induced modulation, the overall dis-
persion of the cavity, and the length of active fiber. Practical
mechanisms for further narrowing of the optical pulses are
also discussed.
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2 Laser setup and amplitude modulator

The setup of our mode-locked laser is schematically illus-
trated in Fig. 1. The gain was provided by an erbium-doped
fiber (EDF) containing 300 parts per million (ppm) of Er3+,
with a cut-off wavelength of 939 nm, and a numerical aper-
ture of 0.24. The active fiber was pumped through a WDM
coupler by a pigtailed laser diode emitting at 976 nm, pro-
viding a maximum pump power of 160 mW. The acousto-
optically modulated fiber Bragg grating (AOM-FBG), and
a short delay line followed by a second fiber Bragg grating
FBG2, were fusion-spliced at each end of the active fiber,
forming a Fabry-Pérot cavity.

The details of the AOM-FBG were reported in a previous
work [7], so here we just recall its main features. It is com-
posed of an RF source, a piezoelectric disk, a silica horn, and
a fiber Bragg grating (FBG1). The tip of the silica horn—
which was fusion-spliced to the grating—launches longitu-
dinal acoustic waves in the MHz range, causing new reflec-
tion bands to appear symmetrically at both sides of the orig-
inal Bragg wavelength [8, 9]. By clamping the end of FBG1,
opposite to the silica horn, a standing acoustic wave is cre-
ated and the sidebands rise and fall at twice the frequency
of the acoustic wave. In this regime the AOM-FBG behaves
as an amplitude modulator, which operates at twice the fre-
quency of the electric signal used to drive the piezoelectric.

The delay line length (see Fig. 1) was selected to match
the cavity round-trip time with the reciprocal of the optical

modulation frequency, 2L = c/n2νPZT, where νPZT is the
electrical frequency applied to the piezoelectric, c the speed
of light in vacuum, n the modal index (n = 1.447), and L

the cavity length. Since we used a piezoelectric with a res-
onance frequency of 5 MHz, the operation was limited to
frequencies around this value. Finally, a translational stage
was also necessary for matching the reflection band of FBG2

to the short wavelength sideband of FBG1, i.e. 1530.5 nm.
All the results reported here have been obtained exciting

the piezoelectric disk with a frequency νPZT = 4.55 MHz,
and this corresponds to a cavity length of 11.4 m (in any
case, fine tuning of νPZT is required within ±10 kHz to ob-
tain optimum mode-locking).

3 Experimental characterization

3.1 The dependence with the modulation voltage

The intensity of the reflection sidebands of the AOM-FBG
can be dynamically controlled by varying the voltage ap-
plied to the piezoelectric. This voltage controls the ampli-
tude of the propagating acoustic wave and the amplitude
of the standing wave, as a function of the reflection at the
clamp. Thus, the reflectivity of the sidebands (R) and the
modulation depth are intrinsically linked, although the ra-
tio is not linear. Figure 2(a) gives R and δRpp (δRpp =
(RMax − RMin)/RMax, i.e. the relative peak-to-peak modu-
lation amplitude of R) as a function of the voltage. In the

Fig. 1 Mode-locked fiber-laser
setup

Fig. 2 (a) Measured reflectivity of the short wavelength sideband
(solid scatter points)—together with its corresponding theoretical fit-
ting (solid curve)—, and the peak-to-peak modulation amplitude (open

scatter points) as a function of the voltage applied to the piezoelectric.
(b) Peak power and time width of the output light pulses as a function
of the voltage applied to the piezoelectric. Pump power of 160 mW
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range of voltage available in our experimental setup, be-
tween 0 and 18 V, when the applied voltage increases, both
the reflectivity and the modulation amplitude increase. Fig-
ure 2(b) shows the results corresponding to the first laser
configuration, which involved 1.5 m of EDF, a delay line
made of Corning LEAF optical fiber. Figure 2(b) shows the
peak power and time width, respectively, as a function of
the voltage applied to the piezoelectric. At lower reflectivi-
ties and modulation amplitudes, the peak power diminishes,
whereas the time width increases. This is consistent with
previous theoretical models of active mode-locking lasers,
in which the time width is inversely related with both, the
modulation depth and the reflectivity [1, 10]. From Fig. 2,
one can conclude that further increase of the voltage might
improve the pulse parameters, but it is not likely to lead to a
great enhancement in terms either of peak power or temporal
width, since the reflectivity is reaching the maximum and,
in fact, some saturation in the peak power can be observed.
However, an additional narrowing of the light pulses could
be achieved if higher modulation depths were produced by
a higher acoustic reflection from the clamp (see Fig. 1). At
present the reflection coefficient produced by the clamp can
be estimated to be less than 27%, so there is margin for a
large improvement of the clamping technique. In addition, a
higher efficient acousto-optic interaction could be achieved
by writing the Bragg grating in the waist of a previously ta-
pered section of a photosensitive fiber or by chemical etch-
ing of the cladding, since the reduction of the cross section
of the fiber leads to an enhancement of the acoustic power.
Figure 3(a) shows a train of mode-locked pulses, generated
at twice the frequency of the electric signal that excites the
piezoelectric. Figure 3(b) shows a detail of a single optical
pulse, which was best fitted by a sech2 type function (also
shown). The best pulses obtained in this series of measure-
ments had 125 mW peak power and 780 ps temporal width,
see Fig. 2(b).

3.2 Configurations with different delay lines

In this section we summarize the operation of the laser
when the fiber that forms the delay line is changed. Be-

fore, the strong influence that dispersion has on the behavior
of mode-locking lasers [1, 2, 10–12] has been recognized.
Thus, we have paid special attention to this parameter and
we have measured the characteristics of the pulses when
changing the dispersive properties of the cavity. Figure 4
shows a dispersion map for every case studied in this work:
Fig. 4(a–c) corresponding to this subsection, and Fig. 4(d–e)
corresponding to Sect. 3.3. In this way, the different kinds
of dispersions that light pulses experience through its build
up within the cavity can be easily followed, as well as its
average value. The dispersion for each type of optical fiber
used throughout this work was measured by the frequency-
domain modulated-carrier method. Figure 4(a) shows the
dispersion map for the cavity studied in previous Sect. 3.1. It
is composed of three different types of fiber, with the follow-
ing dispersions: Fibercore SM980 (D = −4.09 ps/nm/km),
EDF (D = −18.8 ps/nm/km), and Corning LEAF (D =
2 ps/nm/km), which corresponds to the pigtails of the FBGs,
the active fiber, and the delay line, respectively. Thus, the
resulting average dispersion of this cavity is normal and its
value is −1.2 ps/nm/km. According to previous theoretical
models [12], this being a dispersion-mixed cavity, a sech2

function for the light pulses is expected, as is depicted in
Fig. 3(b). Further, it was shown that soliton propagation can
even be formed in the normal dispersion regime also. As
soliton formation is induced purely by the existence of gain,
the soliton was named a gain-guided soliton [13].

Next, the optical fiber of the delay line—the Corning
LEAF fiber—was replaced by a normal dispersion fiber—
Fibercore SM980—, leading to a higher (normal) over-
all dispersion of −5.8 ps/nm/km, see Fig. 4(b). Figure 5
shows the peak power and time width of both configura-
tions, i.e. the cavities with the LEAF and the SM980 de-
lay lines, as a function of the pump power. With the new
delay line, a higher pump reaches the EDF, since a bet-
ter effective area compatibility is insured throughout the
different fibers of the system—in fact, unlike LEAF fiber,
the SM980 insures single-mode propagation of the pump
power. As a result, output pulses have higher peak power
and shorter time width than in the previous configuration.

Fig. 3 (a) Mode-locked train of
pulses generated at 9.1 MHz
repetition rate with 160 mW of
pump power, and modulation
voltage of 4.55 MHz and 18 V
peak-to-peak. (b) A single pulse
and its corresponding fitting by
a sech2 function (scatter points
and solid curve, respectively)
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Fig. 4 Dispersion maps of the laser. (a–c) Using three different opti-
cal fibers as delay line, with a constant length of EDF LEDF = 1.5 m:
(a) LEAF, (b) SM980, and (c) SMF28. (d–f) Keeping the same de-

lay line (LEAF) and changing the length of EDF: (d) LEDF = 1 m,
(e) LEDF = 2.3 m, and (f) LEDF = 3.3 m. In all cases the red line rep-
resents the average dispersion of the cavity

Fig. 5 Peak power and time
width of the output light pulses,
(a) and (b) respectively, as a
function of the pump power for
two different delay lines: LEAF
(open circles) and SM980 (solid
circles)

In this way, optical pulses with temporal width and peak
power of 640 ps and 160 mW, respectively, were obtained.
These pulse parameters represent an improvement of 18%
and 28% with respect to the previous configuration. Fi-
nally, in order to reverse the sign of the average dispersion
of the cavity, we used an SMF28 optical fiber for the de-
lay line, resulting in an average—anomalous—dispersion of
9.8 ps/nm/km, see Fig. 4(c). In this case, we did not ob-
serve mode-locking lasing. One reason for this could be the
large average dispersion introduced within the cavity, since
mode-locking fiber lasers usually work with a lower average
dispersion.

3.3 The dependence with the EDF length

The change of the pulse parameters was measured as a func-
tion of the length of EDF—ranging from 0.5 to 3.3 m—,

but keeping a constant cavity length of 11.4 m, by adjusting
each time the length of LEAF fiber. Figures 4(a, d–f) show
the dispersion maps for each case. It can be observed that—
regardless of the amount of EDF used—the overall disper-
sion remains normal. The temporal pulse width as a function
of the EDF length is shown in Fig. 6, for a fixed pump power
of 160 mW. This figure includes the average dispersion of
the cavity as a function of the EDF length. A direct rela-
tionship can be observed between the EDF length, the dis-
persion, and the time width of the pulses, with a minimum
of 630 ps obtained for an EDF length of 1 m. This kind of
interplay between gain and time width agrees with the the-
oretical results given by Kuizenga and Siegman for homo-
geneously broadened actively mode-locked lasers [10]. Fur-
ther narrowing of the optical pulses could not be reached by
this way, since no mode-locking lasing was observed with
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Fig. 6 Time width of the output
light pulses, as a function of the
EDF length, for a fixed pumping
power of 160 mW. Additionally,
the average dispersion of the
cavity is also shown for each
EDF length

0.5 m of EDF and the available pump power, as a result of
insufficient cavity gain.

4 Conclusion

In this work we have carried out an experimental study of
an all-fiber actively mode-locked laser under different con-
figurations. We have studied the peak power and temporal
width of the optical pulses as a function of the acoustically-
induced modulation, different types of delay lines, and
changing the length of EDF. The effects of the overall cavity
dispersion and the net gain have been discussed and some
alternatives for further improvement of the laser operation
have been identified.
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