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We report a unique all fiber-based single-frequency Q-switched laser in a monolithic master oscillator power
amplifier configuration at ∼1920nm by using highly Tm-doped germanate fibers for the first time. The actively
Q-switched fiber laser seed was achieved by using a piezo to press the fiber in the fiber Bragg grating cavity
and modulate the fiber birefringence, enabling Q-switching with pulse width and repetition rate tunability. A
single-mode polarization maintaining large core 25 μm highly Tm-doped germanate fiber was used in the power
amplifier stage. For 80 ns pulses with 20kHz repetition rate, we achieved 220 μJ pulse energy, which corresponds
to a peak power of 2:75kW with transform-limited linewidth. © 2011 Optical Society of America
OCIS codes: 140.3540, 060.3735, 140.3510, 060.2320.

Currently, fiber-based Q-switched lasers have attracted
intense interest due to their unique advantages of com-
pactness, high peak power, robustness, and low mainte-
nance. Q-switched fiber lasers have many potential
applications in such areas as fiber based LIDAR, remote
sensing, and nonlinear frequency generation. Several
approaches have been reported to achieve Q-switched
fiber lasers. For example, free-space or fiber pigtailed
acousto-optical modulator and electro-optical modulator
are used in the fiber laser cavity [1]. Saturable absorbers
are used to achieve the passive Q-switched fiber lasers
[2]. All-fiber Q-switched lasers using nonlinearities such
as Raman backscattering have been constructed [3].
Other actively Q-switching all-fiber lasers include mag-
netostriction modulation of fiber Bragg gratings (FBGs),
stretching of FBGs with piezoelectric elements, acousti-
cally generated microbending, and evanescent field
coupling [4,5].
In order to achieve transform-limited nanosecond

fiber laser pulses, all-fiber single-frequency actively Q-
switched lasers at ∼1 μm and ∼1:5 μm were reported
based on induced birefringence and highly doped phos-
phate fibers in the cavity [6–8]. These Q-switched fiber
laser pulses have been successfully used in nonlinear
frequency conversion and laser remote sensing [9,10].
In this method, a piezoelectric compresses a fiber creat-
ing stress birefringence, and this birefringence acts as a
waveplate, changing the polarization state of the light in
the fiber. This Q-switch mechanism is similar to using an
electro-optic modulator, where the polarization is modu-
lated to switch the laser between high and low feedback
states. Most recently, a single-frequency 1:95 μm Q-
switched fiber laser was reported by using induced bire-
fringence and Tm-doped silicate fiber in the cavity [11].
There have been important reports of high peak-power
amplifiers and high pulse energy Q-switched lasers oper-
ating at 1:9 μm based on Tm-doped fluoride and silica

fibers, respectively [12,13]; however, in these previous
reports the pulses are spectrally broad, and thus less
sensitive to SBS effects compared to spectrally narrow,
transform-limited pulses. In this Letter, we report an all-
fiber single-frequency actively Q-switched laser operat-
ing at ∼1920 nm by using a piezo to press the fiber in
the FBG cavity based on highly Tm-doped germanate fi-
ber, for the first time. Moreover, a monolithic master os-
cillator power amplifier (MOPA) based fiber laser system
has been implemented based on a new single-mode (SM)
polarization maintaining (PM) large core 25 μm highly
Tm-doped germanate fiber. For the transform-limited
80 ns pulses with repetition rate of 20 kHz, we achieved
220 μJ pulse energy, which is the highest value for longer
ns transform-limited pulses in 2 μm regime, and corre-
sponds to a peak power of 2:75 kW.

Figure 1 shows the schematic of the implemented
single-frequency Q-switched fiber laser at ∼1920nm in
MOPA configuration. For the Q-switched fiber laser seed,
the cavity consists of our proprietary highly Tm-doped
(5%wt) germanate glass fiber (TGF) with core size
∼7 μm. The high doping concentration creates a high unit
gain in active fiber, allowing for a 2 cm cavity length that
is significantly shorter than other Q-switched fiber lasers.

Fig. 1. (Color online) Schematic of monolithic single-
frequency Q-switched fiber laser at 1920 nm inMOPA configura-
tion. HR, high reflectivity grating; OC, output coupler grating;
TGF, highly Tm-doped germanate fiber.
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This short cavity length creates large longitudinal mode
spacing, helping to maintain lasing on a single longitudi-
nal mode. The active fiber is fusion-spliced between two
FBGs as shown in Fig. 1. One FBG has a high reflectivity
(HR) grating imprinted on a non-PM silica fiber. The
other FBG, the output coupler (OC), has a low reflectivity
grating made on a PM fiber, creating a different reflection
wavelength for each polarization, with each grating hav-
ing ∼5GHz of bandwidth. The reflection band of the high
reflector is matched to only one of the reflection bands of
the OC, making the laser cavity polarization dependent.
Between the HR-FBG and active fiber, a few millimeters
silica fiber was stressed by a piezo to producing birefrin-
gence. The orientation of the stress was keyed at an angle
of 45 degrees with respect to the slow and fast axis of
the PM fiber in order to obtain a high modulation con-
trast. A SM fiber laser at 1572 nm pumps the cavity. The
pump threshold at 1572 nm for this single-frequency fiber
laser is about 120mW.
Figure 2 shows the measured tunability of pulse width

by simply adjusting the pump level and repetition rate.
One can see that the pulse duration increases when re-
petition rate increases, and decreases when the pump
power increases. The pulse width can be tuned from tens
of ns to 300 ns by changing the pump power or repetition
rate. The repetition rate can be tuned from 100Hz to
hundreds of kHz. Figure 3 shows the typical pulse shape
and spectrum of the Q-switched fiber laser pulses. The
pulse shapes were recorded by using a fast ∼2 μm detec-
tor and a fast oscilloscope, and the spectrum was mea-
sured using a modified optical spectrum analyzer. One
can see that the Q-switched pulses exhibit nearly
Gaussian shape.
The single-frequency performance of this Q-switched

fiber laser has been verified by using a fiber-based Fabry–
Perot with a free spectral range of ∼0:91GHz and Finesse
of ∼157 [6,8]. Insert of Fig. 3’s spectrum shows the scan-
ning spectrum for 200 ns Q-switched fiber laser pulses.
One can see that the scanning Fabry–Perot spectrum
shows the single burst under transmission peaks of the
Fabry–Perot, which corresponds to the linewidth of
<5:8MHz that is the bandwidth limit of the Fabry–Perot
interferometer [6,8].
Figure 4 shows the power output and pulse energy

after the isolator for the Q-switched fiber laser seed at
different repetition rates when the pump power is
∼300mW. From Fig. 4(a), one can see when the repeti-
tion rate increases from 1 kHz to 300 kHz, the average
power is from 0:048mW to ∼9mW (saturated). From

Fig. 4(b), in the repetition range of 1kHz–300 kHz, the
peak power is from ∼3W to ∼0:1W, and the pulse energy
has the highest value of 75:5 nJ at 20 kHz.

In order to scale the pulse energy or peak/average for
the Q-switched fiber laser seed, all fiber-based cascade
amplifiers were implemented as shown in Fig. 1. Our
MOPA-based pulsed fiber laser system is based on all-
fiber monolithic components. We used commercially
available isolators, pump combiners, and WDMs. For the
longer ns transform-limited pulses, the main limit for the
energy or power scaling is the stimulated Brillouin scat-
tering (SBS) in the fiber amplifiers [6–10]. Therefore, we
used the newly developed larger core SM PM highly Tm-
doped (4%) germanate fiber LC-TGF 25/250 in the power
amplifier stage shown in Fig. 1. This new germanate fiber
LC-TGF 25/250 has core NA ¼ 0:054 with core/cladding
sizes 25=250 μm. Firstly, the Q-switched ∼2 μm fiber laser
pulses with duration of ∼80 ns at 300mw pump power
and repetition rate 20 kHz were scaled by two preampli-
fiers using the commercial SM PM Tm-doped silica fiber
shown in Fig. 1. After the Q-switched fiber laser and
between the two amplifiers, two isolators were spliced
in the MOPA chain in order to block the backward am-
plified spontaneous emission (ASE) and any back reflec-
tions of signal. Between the two preamplifier stages, we
used a narrow band filter to further suppress the ASE
component. We measured the pulse energy by using a
fast Ophir PE9F-SH pyroelectric energy meter. This pulse

Fig. 2. (Color online) Measured pulse width tunability of Q-
switched fiber laser at different pump power and repetition
rates.

Fig. 3. (Color online) Spectrum and typical pulse shapes of
single-frequency Q-switched fiber laser seed.

Fig. 4. (Color online) (a) Average power and pulse width,
and (b) peak power and pulse energy at different repetition
rates when the pump power is ∼300mW for the Q-switched
fiber laser seed.
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energy meter is insensitive to the ASE background
and CW signal component. After the first preamplifier
stage, the SBS-free pulse energy can be up to 1:2 μJ,
and the pulse width is the same as the pulse width of the
Q-switched seed. In the second preamplifier stage, we
use a cladding pump configuration. Two multimode
diodes at 798 nm (single emitters) are used to pump com-
mercial double cladding Tm-doped fiber PM-TDF-10/130
(∼2m) through a ð2þ 1Þ × 1 signal pump combiner. The
SBS-free pulse energy can be scaled up to∼14 μJ after the
second preamplifier stage. The power gain is about 10dB
for the second preamplifier stage. The signal to noise ra-
tio can be close to 30 dB from the spectrum. We did not
observe pulse width or shape distortion for the amplified
pulses after the second amplifier stage when the pulse
energy <14 μJ.
In the power amplifier stage, the new developed SM

PM highly Tm-doped germanate fiber LC-TGF 25/250
was used. Inset of Fig. 5 shows the cross section of the
new germanate fiber. The length of LC-TGF active fiber
in the power amplifier is only ∼25 cm. The output end of
the LC-TGF was angle cleaved to minimize the end feed-
back. A commercial SM PM ð6þ 1Þ × 1 signal pump com-
biner was used to combine commercial fiber pigtailed
single emitters at 798 nm. The 25 cm LC-TGF was fusion
spliced with the output fiber of the commercial combiner
based on an asymmetric fusion splicing technique. The
combiner output silica fiber has the same core/cladding
sizes (25=250 μm) with the new developed highly Tm-
doped germanate fiber LC-TGF 25/250.
Figure 5 shows the pulse energy output for the power

amplifier stage at different pump levels. One can see that
the maximum pulse energy can be up to 220 μJ, free of
SBS. For the 1920 nm pulse seed we used, the repetition
rate is 20 kHz and the pulse duration ∼80 ns. After the
power amplifier stage, the Gaussian-like pulse shape has
no obvious change, shown as an inset in Fig. 5, and the
pulse duration is still about 80 ns. From the measured
output pulse energy in Fig. 5, we can calculate the max-
imum peak power as 2:75 kW, corresponding to an aver-
age power of 4:4W. This peak power is the highest value
for transform-limited longer ns pulses in 2 μm regime.

For the power amplifier stage, the power conversion ef-
ficiency is about 12.7%, which can be improved by opti-
mizing the seed pulse conditions as well as the fiber
length of LC-TGF 25/250 in the power amplifier stage. For
the amplified fiber laser 80ns pulses (>200 μJ), the mea-
sured spectrum is very similar with the spectrum in Fig. 3,
and the signal to noise ratio is close to 30 dB from the
spectrum. The measured polarization extinction ratio
is ∼18 dB. The linewidth is transform-limited from the
Fabry–Perot scanning spectrum, and the output beam
is close to diffraction limited from the beam profile image
(insets in Fig. 5).

In conclusion, we have successfully implemented a
unique all fiber-based single-frequency Q-switched laser
in MOPA configuration at ∼1920 nm by using highly Tm-
doped germanate fibers, for the first time. The compact
actively Q-switched fiber laser seed was achieved by
using a piezo in the short fiber laser cavity. In the mono-
lithic MOPA-based pulsed fiber laser system, a new de-
veloped SM PM large core highly Tm-doped germanate
fiber 25=250 was used in the power amplifier stage.
For the longer ns fiber laser pulses (∼80 ns), we have
achieved the highest pulse energy of 220 μJ, which cor-
responds to a peak power of 2:75 kW with transform-
limited linewidth.

This work has been supported by NASA Small Busi-
ness Innovation Research (SBIR) project NX11CG95P,
and Air Force Research Laboratory/Materials and Manu-
facturing Directorate SBIR project FA8650-10 C-5208.
The authors acknowledge the technical support from
Dr. Adam Cooney.

References

1. A. Alvarez-Chavez, H. L. Offerhaus, J. Nilsson, P. W. Turner,
W. A. Clarkson, and D. J. Richardson, Opt. Lett. 25, 37
(2000).

2. R. Paschotta, R. Häring, E. Gini, H. Melchior, U. Keller, H. L.
Offerhaus, and D. J. Richardson, Opt. Lett. 24, 388 (1999).

3. Y. Zhao and S. D. Jackson, Opt. Lett. 31, 751 (2006).
4. N. Russo, R. Duchowicz, J. Mora, J. Cruz, and M. Andres,

Opt. Commun. 210, 361 (2002).
5. P. Pérez-Millán, J. L. Cruz, and M. V. Andrés, Appl. Phys.

Lett. 87, 011104 (2005).
6. W. Shi, E. Petersen, M. Leigh, J. Zong, Z. Yao, A.

Chavez-Pirson, and N. Peyghambarian, Opt. Express 17,
8237 (2009).

7. W. Shi, M. Leigh, J. Zong, and S. Jiang, Opt. Lett. 32, 949
(2007).

8. M. Leigh, W. Shi, J. Zong, S. Jiang, and N. Peyghambarian,
Opt. Lett. 32, 897 (2007).

9. W. Shi, M. Leigh, J. Zong, Z. Yao, D. Nguyen, A.
Chavez-Pirson, and N. Peyghambarian, IEEE J. Sel. Top.
Quantum Electron. 15, 377 (2009).

10. W. Shi, E. Petersen, D. T. Nguyen, Z. Yao, J. Zong,
M. A. Stephen, A. Chavez-Pirson, and N. Peyghambarian,
Opt. Lett. 35, 2418 (2010).

11. J. Geng, Q. Wang, T. Luo, F. Amzajerdian, and S. Jiang,
Opt. Lett. 34, 3713 (2009).

12. M. Eichhorn, Opt. Lett. 30, 3329 (2005).
13. M. Eichhorn and S. D. Jackson, Opt. Lett. 32, 2780 (2007).

Fig. 5. (Color online) Output pulse energy for the power
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