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Abstract A new method for Q-switching an all-fiber
laser is presented. It is based on induced acoustic long
period grating operating on a null coupler, which acts as
acoustically controlled tunable output coupler. Q-switching
is achieved by switching on and off the acoustic wave in a
burst mode, thereby generating laser pulses that are ~400
times shorter than the acoustically controlled coupler’s rise
time. Output pulse energy of 22 pJ and temporal width of
~ 100 ns were measured at a wavelength of 1.54 pm.

1 Introduction

Fiber lasers systems have long been recognized as com-
pact, efficient and robust, however, relatively few of them
were Q-switched. Due to very high gain commonly asso-
ciated with fiber lasers, Q-switching such systems dictate
that very high round trip losses must be induced to suppress
lasing and store energy.

Previously, all-fiber laser Q-switching was achieved
using an acoustically modulated long-period fiber grating
attenuator [1, 2], modulating the Bragg wavelength of the
mirrors [3, 4], by stress-induced polarization modulation
[5-7], and by a passive all-fiber saturable absorber [8].

In 1995, Culverhouse et al. [9] demonstrated an all-fiber
ring laser incorporating a null coupler with acoustically
induced long period grating (LPG) for frequency shifting,
spectral filtering and output coupling. In their scheme they
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were able to generate mode-locked picosecond pulses.
However, simple Q-switched operation was not reported.

In this work, we present a similar laser configuration to
the one presented by Culverhouse et al., but this time
attention is focused on a simple Q-switched mode of
operation. Relatively short pulses of 100 ns width were
obtained despite the relatively slow response of the
acoustically controlled null coupler.

2 Principle of the null coupler switch

Birks et al. [10] demonstrated an all-fiber optical switch
based on acoustically induced long period grating (LPG)
on the so called “null coupler”. A fiber null coupler can be
realized by merging and tapering two fibers of different
diameters. The difference between the fibers is required to
ensure that without the acoustic perturbation there is not
any coupling between the two fibers. This occurs since
each fiber excites a different mode in the common inter-
action zone. If adiabaticity is maintained (i.e. the variation
in the diameters of the two fibers over coupling length is
sufficiently slow), light injected into one of the coupler’s
fibers will excite only one mode in the interaction zone.
This mode will be coupled back to the same fiber after the
interaction zone. Hence, very low coupling between the
two fibers occurs regardless of the wavelength. However, if
an LPG is induced in the interaction zone, light can be
coupled from the original fiber mode to the mode associ-
ated with the second fiber. The required LPG period (Lp)
for coupling between two optical modes with propagation

constants (f,) and (f,) is given by.Lg = ﬂ,z—nﬂo [11]. The

acoustic resonant frequency required to form a grating

period Ly is f = ”Iz?*', where R is the fiber radius and cey
B
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is the speed of extensional acoustic waves in silica
(5,760 m/s) [12].Since f3. and f, are wavelength depen-
dent, the grating’s period, and thus, the resonant acoustic
frequency will define the coupling wavelength. The cou-
pling ratio between the two fibers is determined by the
acoustic amplitude of the LPG and the length of the
interaction zone.

3 Experimental setup

The experimental setup is described in Fig. 1. A laser diode
was used to side pump, an Er:Yb doped double clad fiber
(Nufern SM-EYDEF-6/125-HE) at 976 nm. The doped fiber
was spliced to an isolator, which imposed unidirectional
lasing. The output terminal of the isolator was spliced to
the input terminal of a null coupler. The null coupler was
prepared from two passive single mode fibers (SMF28e)
using the heat and pull technique with a hydrogen flame.
Prior to fusion, one of the fibers was pre-tapered from a
125 um diameter to a diameter of 60 um (the other was not
pre-tapered). At the end of the process the null coupler was
obtained, having a circular waist of ~22 pum and length of
~20 mm. To induce acoustic waves in the coupler, a
piezoelectric transducer (PZT) controlled by a function
generator was attached to the coupler at the large diameter
area. The fiber was glued to a small segment of a 300 pm
fiber at a perpendicular orientation to its longitude axis.
The small fiber segment which was glued to a multilayer
PZT as depicted in Fig. 2. In this way, the vertical vibra-
tions of the PZT were coupled to flexural acoustic wave in
the fiber through the single point in which the two fibers
intersect.

The end facets of the coupler’s output fibers were angle
cleaved, to prevent back reflection from the fibers’ end.
The pre-tapered fiber terminal was spliced back to the side
coupler to close the ring laser resonator loop.

The fiber null coupler was used in such a way that while
the PZT was turned off there was no coupling between the
two fibers, hence the laser was switched off. As the PZT
was turned on, the acoustically induced LPG was gener-
ated; light was coupled from one fiber to the other and the
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Fig. 1 Experimental set-up of the Q-switched fiber laser
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Fig. 2 PZT mount for inducing acoustic vibrations to the fiber

ring resonator loop was closed. Since the coupling effi-
ciency per wavelength between the channels is determined
by the induced LPG parameters, the feedback intensity and
spectrum can be controlled by changing the amplitude and
the period of the grating, respectively. It should be noted
that the very high gain (~40) associated with this laser
dictates that very high cavity losses should be induced to
suppress lasing. To suppress any measurable feedback into
the resonator in the “off” state, the null coupler was con-
structed from a pair of mismatched fibers. Such a design
enabled a very high isolation (<—50 dB) but came at the
expense of elevated access losses due to degraded adi-
abaticity in the pre-tapered fiber channel (residual coupling
to high-order modes that are not coupled back to the fiber
core).

4 Experimental results

Figure 3 depicts the transmission spectral trace of the two
null coupler’s output terminals for different acoustic fre-
quencies, under broadband illumination of the input ter-
minal. The spectral shift as a function of frequency is
associated with the wavelength-dependent propagation
constant of the two coupled modes. The transmission
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Fig. 3 Spectrum of the transmitted (a) and coupled (b) light through
the null coupler at different frequencies
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Fig. 4 Transmission and reflection of the null coupler at vibration
frequency of 890 kHz, at different amplitudes

intensity dependence upon frequency is attributed mainly
to the acoustic response of the PZT.

Figure 4 depicts the transmission of the two output
terminals of the null coupler at different acoustic vibration
amplitudes. The amplitudes of the acoustic vibration were
controlled by varying the induced voltage upon the PZT.
The solid line that follows the 60 um coupler output is a
squared sine fit, which is approximately the expected trend
according to the coupled mode theory [13]. The relatively
high excess loss of the coupler is attributed to the optical
and acoustic polarization mismatch [12], as well as to the
undesired coupling to high order modes, as was previously
discussed.

Variable reflectivity and wavelength selectivity are,
therefore, achieved by controlling the amplitude and fre-
quency of the acoustic wave. This scheme forms an
acoustically controlled output coupler for a ring laser
cavity. To evaluate the temporal response of the switch, the
acoustic harmonic modulation at 890 kHz was turned on
and then off at the fastest achievable rise time/fall time.
Figure 5 depicts a measured temporal response of ~40 ps
(for a transition from 10 to 90 % of transmission), corre-
sponding to a sound velocity of 500 m/s. This is in rea-
sonable agreement with the predicted velocity of 420 m/s
for the 22 pm diameter coupler [14].
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Fig. 5 Temporal response of the acoustic switch

Q-switched operation of the laser was achieved by
switching on and off the acoustic wave in a burst form.
When turned off, the effective output coupler has zero
reflection, allowing population inversion build-up. Once
anacoustic wave is induced, the reflectivity, as well as the
quality factor of the resonator, increases and a laser pulse is
created. Pulses at wavelength of 1.54 pm with energy of
22 wJ and temporal width of 100 ns were measured at
repetition rates of 1 kHz. The pulse energy was limited by
the intracavity losses. For comparison, assuming cavity
losses of 5 %, the expected pulse energy is 39 uJ [15, 16].
It is interesting to note that the pulse width in the
Q-switched mode is ~400 times shorter than the acoustic
response time of the coupler. The temporal response of the
laser pulse following switch burst duration of 1.1 ps is
shown in Fig. 6. As can be seen, a laser pulse was gener-
ated prior to the build-up time of the acoustic LPG. This
implies that the acoustic wave front induces deformations
that are strong enough to close the resonator loop and
create short pulses.

On the other hand, the fact that the LPG’s build-up time
is longer than the pulse duration imposes limitation on the
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Fig. 6 Output pulse shape, corresponding to the acoustic modulated
wave, with a burst duration of 1.1 ps
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Fig. 7 Tunability of the laser’s wavelength by changing the acoustic
frequency
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wavelength’s tunability while Q-switching. This conclu-
sion was experimentally verified; while wavelength tun-
ability was permitted in a CW mode of operation (as can be
seen in Fig. 7), the laser was almost insensitive to the
acoustic modulation frequency while Q-switched. Wave-
length tunability in Q-switch operation could probably be
achieved by incorporating a second LPG element operating
at a constant frequency in the laser cavity acting as a
dynamic filter.

5 Conclusions

In this paper, we presented and experimentally demon-
strated a new concept for all-fiber Q-switched lasers, based
on acoustically controlled null coupler. This was enabled
by a rather surprising result—by operating the acoustically
controlled coupler in a burst mode, the laser pulses are
~400 times shorter than the coupler’s rise time. Q-swit-
ched operation with pulse energy of 22 uJ, pulse width of
100 ns and repetition rate of 1 kHz was achieved. Higher
pulse energies are expected for reduced cavity losses.
Nevertheless, even with the relatively large intracavity
losses in the system, reasonable extraction efficiency was
achieved due to the high laser gain and the associated need
for low resonator feedback. Tunability at CW operation
mode was achieved, while in Q-switch mode another
dynamic filter is required to enable tunability.
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