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Doubly active Q switching and mode locking
of an all-fiber laser
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Simultaneous and independent active Q switching and active mode locking of an erbium-doped fiber laser is
demonstrated using all-fiber modulation techniques. A magnetostrictive rod attached to the output fiber
Bragg grating modulates the Q factor of the Fabry–Perot cavity, whereas active mode locking is achieved by
amplitude modulation with a Bragg-grating-based acousto-optic device. Fully modulated Q-switched mode-
locked trains of optical pulses were obtained for a wide range of pump powers and repetition rates. For a
Q-switched repetition rate of 500 Hz and a pump power of 100 mW, the laser generates trains of 12–14
mode-locked pulses of about 1 ns each, within an envelope of 550 ns, an overall energy of 0.65 �J, and a
peak power higher than 250 W for the central pulses of the train. © 2009 Optical Society of America
OCIS codes: 140.4050, 140.3540, 140.3510, 140.3500.
Mode-locking lasers are widely used in generating ul-
trashort optical pulses at high frequencies, with uses
encompassing optical communications, supercon-
tinuum generation, and nonlinear optics, to mention
just a few applications [1]. The generally high pulse
repetition rate precludes reaching high pulse ener-
gies in these lasers. However, energy enhancement
has been reached at ultralow repetition rates, but
with consequently ultralong cavity lengths [2]. On
the other side, optical pulses generated by
Q-switched lasers have lower repetition rates but
higher energies. However, their pulses are consider-
ably wider than in mode-locked lasers. Therefore, by
combining both operations in a single laser, i.e., a
Q-switched mode-locked laser (QML), superior per-
formance is achieved with higher peak powers com-
pared with ordinary mode-locked lasers, but almost
the same pulse width as in a mode-locked laser is re-
tained [3–5]. Thus, the peak power of the central
pulses of the mode-locked train, underneath the
Q-switched envelope, can be greatly enhanced. The
increased peak power provided by the Q-switching
technique can be advantageous in applications such
as wavelength conversion or supercontinuum genera-
tion.

All-fiber lasers have the potential of the highest
power efficiency, since the cavity losses can be negli-
gible. In addition, they are compact and robust, re-
quire virtually no maintenance, produce a good qual-
ity beam, and are readily compatible with optical
fiber systems. Very few active mode-locked all-fiber
lasers have been developed [6–10]. Among them we
recently presented an amplitude-modulated (AM)
mode-locked all-fiber laser based on an acousto-optic
superlattice modulator [10]. Here we expand its ap-
plicability by demonstrating simultaneous active Q
switching and AM mode-locking operation. To this
end, we have been able to combine in the same fiber
laser the active mode-locking technique with an ac-
tive Q-switching technique based on fiber Bragg grat-

ing fast modulation using a magnetostrictive device
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[11]. This fiber grating modulation technique has a
performance superior to the piezoelectric-based ap-
proach [12], as we will comment on later. No passive
or self-oscillating mechanism is used in our setup,
neither for Q switching nor for mode locking. This
feature provides direct control of the repetition rate
and a fully modulated train of mode-locked pulses. To
the best of our knowledge, this is the first doubly ac-
tive Q-switched mode-locked all-fiber laser pre-
sented.

The setup of our QML all-fiber laser is schemati-
cally illustrated in Fig. 1. It is composed of a Fabry–
Perot cavity in which the gain is provided by 1.5 m of
erbium-doped fiber containing 300 parts in 106 �ppm�
Er3+, with a cutoff wavelength of 939 nm and an NA
of 0.24. The active fiber was pumped through a wave-
length division multiplexing coupler by a pigtailed la-
ser diode emitting at 976 nm, providing a maximum
pump power of 160 mW. The acousto-optically modu-
lated fiber Bragg grating (AOM-FBG) and a short de-
lay line followed by a second fiber Bragg grating,
FBG2, were fusion spliced at each end of the active
fiber. The AOM-FBG in turn is composed of an rf
source, a piezoelectric disk, a silica horn, and a fiber
Bragg grating �FBG1�. The tip of the silica horn was
reduced to the same diameter of FBG1, 125 �m, and
subsequently fusion spliced to the grating. A
15-mm-long (1 mm2 cross-section) magnetostrictive
rod of Terfenol-D was bonded to the fiber at the site of
FBG2; see Fig. 1. The rod and the fiber were placed

Fig. 1. Doubly active Q-switched mode-locked all-fiber la-

ser setup.
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inside a small coil driven by an electronic circuit de-
signed to drive square current pulses with ampli-
tudes up to 260 mA of any required duty cycle. Both
uniform gratings were written in photosensitive fiber
using a doubled argon laser and a uniform period
mask. The FBG1 was 120 mm long and with a Bragg
wavelength of 1531.15 nm, whereas FBG2 was
10 mm long with a Bragg wavelength of 1530.2 nm.

When a longitudinal acoustic wave in the MHz
range is established along the FBG1, new reflection
bands appear symmetrically at both sides of the
original Bragg wavelength. The position and
strength of these sidebands can be controlled by
varying the frequency ��PZT� and voltage applied to
the piezoelectric, respectively [13,14]. In the case of
standing acoustic waves, the amplitude of the side-
bands is modulated at twice the frequency of the elec-
trical signal used to drive the piezoelectric [10], i.e.,
�M-L=2��PZT, where �M-L is the AM frequency.

Figure 2 illustrates not only the spectral position of
both FBGs but also the principle of operation of the
QML laser. When the magnetic pulses generated in
the solenoid stretch FBG2, its central wavelength is
brought to match the short-wavelength sideband of
FBG1 for short periods of time, which results in an
increased Q value. In this way, by modulating the coil
current with a frequency �Q-S, the Q factor is actively
modulated at the same frequency. Since the fre-
quency response of the magnetostrictive transducer
is basically flat within a wide range of frequencies,
the magnetostriction permits continuous tuning of
both the Q-switching repetition rate and the duty
cycle of the modulation pulses. The modulator that
was used in our experiments had a time response of
�1 �s, shorter than the buildup time of the
Q-switched pulses. The dependence of the wave-
length shift with the coil current was measured by il-
luminating FBG2 with a tunable laser source and de-
tecting the reflected light. A quasi-linear behavior
was observed as a result of using moderate magnetic
fields.

Now we discuss the QML laser operation. The de-
lay line length (see Fig. 1) was selected to match the

Fig. 2. Reflection spectrum of the AOM-FBG when an RF
signal of 4.55 MHz and 16 V (peak-to-peak) is applied to
the piezoelectric (left ordinate). Transmissivity of FBG2
(solid curve) for zero coil current; the dotted curve shows
the new spectral position of FBG2 for a dc coil current of

100 mA (right ordinate).
round-trip time with the reciprocal of the optical
modulation frequency, i.e., 2L=c�n�M-L�−1, where c is
the speed of light in vacuum, n the modal index
��1.447�, and L is the cavity length. Since the se-
lected piezoelectric operation point was �PZT
=4.55 MHz (i.e., �M-L=9.1 MHz) this results in a cav-
ity length of 11.4 m. The laser emission wavelength
is 1530.55 nm, since the overlapping between the
short-wavelength sideband of FBG1 and the shifted
position of FBG2 takes place at this wavelength; see
Fig. 2. Figure 3(a) exemplifies the QML laser behav-
ior showing the train of optical pulses generated for a
pump power of 70 mW (1 GHz–1 GS/s real-time os-
cilloscope). The optical QML pulses are 2 ms apart,
since the repetition rate of the train of voltage pulses
applied to the current driver was of �Q-S=500 Hz. The
laser arrangement did not include any polarization
filter, and different adjustments of a polarization con-
troller located within the laser cavity did not produce
significant changes on the laser output. Figure 3(b)
shows a single Q-switched envelope with an FWHM
of 550 ns; it has between 12 and 14 fully modulated
mode-locked pulses, with the expected temporal
separation given by 1/�M-L�110 ns. As observed, the
QML pulses of this laser have excellent interpulse

Fig. 3. (a) Q-switched mode-locked train of pulses. (b)
Single Q-switched pulse enveloping a train of 12–14 mode-
locked pulses; the inset shows a single mode-locked pulse.
(c) Single Q-switched pulse with no mode locking. (d) CW
mode locking operation of the laser with no Q switching. In

all cases, the pump power was 70 mW.
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characteristics. However, the individual short pulses
are broadened owing to the limited bandwidth and
sampling rate of the oscilloscope. To measure the
FWHM of the individual short pulses, a 50 GHz sam-
pling oscilloscope was used. In this case, the large dif-
ference between the independent frequencies �Q-S
and �M-L make it difficult to trigger properly the os-
cilloscope. Even so, relatively good traces were re-
corded as the one depicted in the inset of Fig. 3(b).
This trace includes samples from different pulses,
which are likely to have different amplitudes and
some timing jitter, but it permits us to establish that
the pulses are about 1 ns width. Generally, the pres-
ence of Q switching is not likely responsible of tem-
porally broadening each mode-locked pulse [15].
Therefore, we can assume that the pulses are in the
subnanosecond range as reported in [10]. It is worth-
while to mention that in this setup the tuning sensi-
tivity between the rf signal applied to the piezoelec-
tric and the cavity round trip is not too critical. Only
when the detuning is considerable, e.g., by a few kHz,
the pulse clearly deteriorates. Figure 3(c) shows the
Q-switched pulse obtained by avoiding the mode-
locking pulse formation, just by detuning �PZT by
10 kHz, in this way only the Q-switching operation is
allowed within the cavity. As expected, the
Q-switched pulse reproduces the waveform of the en-
velope of the QML pulses shown in Fig. 3(b), but with
a much lower peak power (by a factor of �4�10−3)
and an increased temporal width. The transition
from the fully modulated QML pulses to the pure
Q-switching operation, i.e. from Fig. 3(b) to 3(c) was
progressive as we detuned �PZT. Finally, Fig. 3(d)
shows the behavior of this laser when we turn off the
active Q-switching, i.e., CW mode-locking operation
of the laser. To this end, a dc current was driven to
the coil of the magnetostrictive device in order to
achieve stationary overlap with the short-wavelength
sideband of the AOM-FBG. The trace of Fig. 3(d) was
recorded with the 1 GHz oscilloscope. In this case,
the thermal effects produced by the dc current made
difficult an optimum and stable adjustment of FBG2.
The comparison of Figs. 3(b) and 3(d) illustrates the

Fig. 4. Energy of QML pulses as a function of the pump
improved performance of the laser in terms of peak
power when both Q-switching and mode locking are
operating.

The energy of a Q-switched train of pulses, as that
reported in Fig. 3(b), as a function of the pump power
is shown in Fig. 4. This energy was measured directly
with a pyroelectric detector. At high pump powers,
the energy of the QML train of pulses reach gain
saturation. Thus, a peak power higher than 250 W
can be calculated for the central pulses of a train
with energy of 0.65 �J, assuming that the mode-
locked pulses are 1 ns width. This result demon-
strates a dramatic enhancement in comparison with
the peak power achieved when the laser was oper-
ated in CW mode-locking regime [10], since the ratio
is higher than 2�103.

In conclusion, we have reported an actively
Q-switched AM mode-locked all-fiber laser. This dou-
bly active design—for both mode locking and Q
switching—has the advantage of increasing the peak
power of the mode-locked pulses, generating trains of
pulses at a tunable repetition rate. The laser gener-
ates a QML train of �12 pulses, about 1 ns duration
each, with an envelope of 550 ns.
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