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Wereport a cladding-pumped actively @-switched ring Tm-doped fiber laser (TDFL). This laser is Q-switched by

a free space acousto-optic modulator. A pulse energy up to 150 pJ with a pulse width of 207 ns at a repetition rate of

100 Hz is achieved for a cavity optical length of 6.68 m. The pulse amplitude’s stability at this repetition rate is

better than 95%. To the best of our knowledge, this is the first free space structure @-switched ring TDFL report.
OCIS codes: 140.3480, 140.3510, 140.3538, 140.3540.
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In recent years, pulsed lasers emitting at wavelengths in
the 2 pm region have attracted a lot of interest for many
applications such as remote sensing, LIDAR systems,
and pump sources for optical parametric oscillatorst?.
Benefitting from the characteristics of good beam quality,
broad spectral emission, compact assembly, and high effi-
ciency??, a Tm-doped fiber laser (TDFL) plays an impor-
tant role among 2 pm lasers. For Doppler LIDAR wind
sensing systems the emission source with a proper long
pulse width is beneficial to measurement accuracy. A
pulsed fiber ring laser is usually used as a slave laser to
be injected by a seed laser, which is an important compo-
nent of the emission source for a LIDAR (or remote sens-
ing) systemZ¥. Due to a low cavity loss, the pulse width
of a fiber ring laser could be broadened by increasing the
fiber length.

In 2012, Jung et al. reported a passive @-switched ring
TDFL based on carbon nanotube evanescent field interac-
tion, with a temporal pulse width of ~7.155 psY. In 2014,
Ahmad et al. demonstrated a passive pulsed ring TDFL
by using multiwalled carbon nanotubes embedded in poly-
vinyl alcohol as the saturable absorber™. The laser has a
pulse width of 7.93 ps and a pulse energy of 103.37 nJ.
Passively Q-switched lasers have simple structures, but
the repetition rate and pulse width are usually uncon-
trolled. In contrast, active @Q-switching technology could
provide more control over the characteristics of output
pulses®. An acousto-optic modulator (AOM) is a conven-
tional choice for active Q-switching due to the character-
istics of fast switching speed, low modulation voltage, and
stable repetition frequency. Presently, there are two types
of AOMs: fiber coupled and free space. Generally speak-
ing, a free space AOM has a higher damage threshold
than a fiber-coupled AOM in the 2 pm region. In 2015,
Gutty et al. reported a core-pumped TDFL by employing
a free space AOME!. A peak power up to 7 kW with a
repetition rate of 1 kHz was achieved.
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In this Letter, we present an actively @-switched ring
TDFL with a free space structure. The laser produced a
pulse energy of 150 pJ at a repetition rate of 100 Hz with
a pulse width of 207 ns. Then the cavity optical length was
increased to 12 m by adding a passive fiber; meanwhile, a
pulse width of 382 ns with an output pulse energy of 150 pJ
was achieved. We expect that the actively Q-switched
ring TDFL will provide a proper pulse width for a Doppler
LIDAR system.

The experimental setup used for the ring TDFL is
shown in Fig. 1. The pump sources for the TDFL are
two 50 W fiber-coupled pump diodes (200/220 0.22 NA
delivery fiber) with a (2+ 1) X 1 combiner to provide
about 100 W of 790 nm pump power. The active fiber
has a core diameter of 25 pm/0.10 NA, a 400 pm cladding,
and an absorption coefficient of ~1.67 dB/m at 790 nm.
The 2 m-long active fiber is wrapped around a 15 cm diam-
eter aluminum mandrel water-cooled at 15°C. The total
length of the laser cavity is 6.68 m. At the output end
of the fiber an end cap coated for high transmission at
the laser wavelength is employed. The end cap could avoid
the parasitic oscillation caused by fiber-facet reflection
and ensure that the signal intensity is well below the
surface damage threshold for facets of the fiber ends.

LD TDF
— a——
CPS1 LD Combiner
End-cap CPS2
=20 mm =200 mm =200 mm
I o ‘
[ End-cap
Power Meter oc Q-switch =20 mm
- Power Meter

Fig. 1. @-switched ring TDFL schematic.
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The output coupler (OC) is a flat mirror coated with 90%
reflectivity at 2 pm.

An AOM is used to switch the quality factor of the laser
at a 100 Hz repetition rate. Both surfaces of the AOM are
coated with high transmission layer of around 2 pm. The
active aperture of the AOM is 1 mm. T'wo lenses are used
to reshape the beam of the laser to keep in accordance with
the active aperture of the AOM. Light from the end cap of
the fiber is collimated by a plane convex lens with a 20 mm
focal length, and then focused by a lens with a focal length
of 200 mm. The coupling efficiency of the lenses to fiber
was measured to be about 50%. All the lenses are coated
with a high transmission layer of around 2 pm. Generally,
the light traveling in the cladding consists of amplified
spontaneous emission (ASE), the residual pump light,
and the core light leaking into the cladding. The ASE will
form the multipeak structure in the output pulse for the
Q-switched laser'™. The residual pump light and the signal
light in the cladding have a strong effect on the quality
of the laser system and the output beam. Two cladding
power strippers (CPS) are employed to strip most of these
unwanted lights, although this will lower the slope effi-
ciency of the fiber ring TDFL laser.

First, the output pulse energy of the TDFL was investi-
gated. The value for the energy per pulse was obtained by
dividing the average output power by the repetition rates.
The average output power was a total power consisting of
two output directions which was measured by a power me-
ter (LPE-1 A) with a resolution limited to 0.1 mW. The
acoustic mode of the AOM used in the experiment is
compressional, so it had a low diffraction efficiency for fiber
lasers. The diffraction efficiency of the AOM was approx-
imately 45%. The TDFL could not switch off completely
when the pump power was over 24.4 W, which made us fail
to achieve a higher output energy. Figure 2 shows the
energy per pulse of the @-switched fiber laser with respect
to the pump power. The energy increased with the pump
power. The TDFL had a threshold pump power of 20 W,
and the maximum energy of 150 pJ at a repetition of 100 Hz
was obtained under the pump power of 24.4 W. The output
pulse energy curve showed a severe deviation from linearity
that was properly due to the ASE in the fiber laser.
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Fig. 2. Pulse energy as a function of pump power at 100 Hz.
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Fig. 3. Pulse width as a function of pump power for a cavity
length of 6.68 m.

At a constant repetition rate of 100 Hz, the pulse width
narrowing characteristic with pump power is shown in
Fig. 3. The pulse width was obviously reduced with in-
creasing pump power. A pulse width of 207 ns with a pulse
energy of 150 pJ was achieved. The typical train of the
stable pulse and the corresponding single pulse profile
recorded under the pump power of 24.4 W are shown in
Fig. 4. The train of actively (-switched pulses had the
same pulse repetition rate with the modulation frequency,
and the stability of the pulse amplitude was better than
95%. The pulse shape showed a few multiple peaks, which
resulted from the mode beating in the fiber laser'.

For @Q-switched fiber lasers, the pulse width could be
modulated by changing the cavity optical length. Then
the cavity length was increased to 12 m by adding a pas-
sive fiber into the laser cavity. As seen from Fig. 5, the
pulse width increased significantly for a cavity length of
12 m compared with the cavity length of 6.68 m. The
shortest pulse width of the ring TDFL with a cavity length
of 12 m was about 382 ns.

The output spectra of the @-switched TDFL running at
100 Hz were measured with the output pulse energy of 70
and 150 pJ, respectively. The spectra were recorded by a
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Fig. 4. Typical train of pulses and pulse shape at a repetition
rate of 100 Hz: (a) a pulse train and (b) a single pulse.
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Fig. 5. Pulse width of the TDFL for different cavity lengths as a
function of the output pulse energy.
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Fig. 6. Typical spectra of the output laser at 70 and 150 pJ,
respectively.

WDG30-Z grating monochromator and a Tektronix dig-
ital oscilloscope (300 MHz) with an InGaAs detector.
As shown in Fig. 6, the TDFL has three main emission
peaks at 1977, 1988, and 2008 nm. The presence of multi-
ple wavelengths was probably due to the broad emission
spectra of the Tm-doped fiber and a relative low pump
power leading to a weak mode competition. As the output
pulse energy increased from 70 to 150 pJ the spectra
shifted slightly and broadened obviously via Raman
self-frequency shift!l?.

In conclusion, we demonstrate the performance of a
@-switched ring TDFL with free space structure. This ring
TDFL can generate pulses with a stable repetition rate
and a proper long width for a Doppler LIDAR system,
meanwhile the ring TDFL also requires fine alignment
and good mechanical stability. The maximum pulse

energy is 150 pJ with a 207 ns pulse width at a 100 Hz
repetition rate for the cavity optical length of 6.68 m.
For the same pulse energy output, the pulse width of
382 ns is obtained by increasing the cavity optical length
of the ring TDFL to 12 m. Due to low diffraction efficiency
of the AOM, a higher pulse energy output of the ring
TDFL is not obtained.
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