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We report a single-frequency linearly polarized Q-switched fiber laser based on an NbyGeTe, saturable absorber (SA).
The NbyGeTes SA triggers passive Q-switching of the laser, and an un-pumped Yb-doped fiber together with a 0.08-nm-
bandwidth polarization-maintaining fiber Bragg grating (FBG) acts as an ultra-narrow bandwidth filter to realize single-
longitudinal-mode (SLM) oscillation. The devices used in the laser are all kept polarized, so as to ensure linearly polarized
laser output. Stable SLM linearly polarized Q-switching operation at 1064.6 nm is successfully achieved, producing a laser
with a shortest pulse width of 1.36 s, a linewidth of 28.4 MHz, a repetition rate of 28.3 kHz—95.9 kHz, and a polarization
extinction ratio of about 30 dB. It is believed that the single-frequency linearly polarized pulsed fiber laser studied in this
paper has great application value in gravitational wave detection, beam combining, nonlinear frequency conversion, and

other fields.
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1. Introduction

The Q-switched fiber lasers are widely used in applica-
tions such as optical fiber sensing, material processing, and
optical communications due to their virtues of narrow pulse
width, high peak power, and high pulse energy.l'* Cur-
rently, most of Q-switched fiber lasers operate in the multi-
longitudinal-mode (MLM) regime. However, compared with
MLM Q-switched fiber lasers, SLM Q-switched fiber lasers
with ultra-narrow linewidth and long coherence length are
very preferable in the fields of beam combining, nonlinear fre-
quency conversion, and lidar.>~!

The SLM laser can be achieved by using Fabry—Perot
cavity, saturated absorber (SA), and stimulated Brillouin
scattering.[19-12] Recently, the use of SA combined with FBG
to generate SLM laser has been widely studied.!'3-131 Q-
switching operation of SLM fiber lasers can be achieved
through either active approach or passive approach. 1181 Ac-
tive Q-switching usually requires an additional electro—optic
or acoustic-optic modulator in the laser cavity. Li er al.
achieved a mode-hopping-free SLM pulsed laser output by us-
ing an electro—optic modulator as an active Q-switched com-
ponent and injecting the single-frequency seed laser into the
ring cavity.['”) Wang et al. obtained the SLM pulsed laser by
using an acoustic—optic modulator as the active Q-switcher
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and injecting SLM seed light into the cavity.[?”) Zhao er al.
utilized a fiber stretcher to introduce stress-induced birefrin-
gence modulation, combined a distributed Bragg reflector res-
onant cavity with polarizations loss anisotropy, and realized an
SLM actively Q-switched fiber laser with uniform Gaussian-
shape pulses output.!?!! Active Q-switched fiber lasers have
the advantages of stable performance, strong practicability,
and adjustable repetition rate.[?”) However, it will inevitably
increase the complexity and cost of the system due to the
additional devices in the cavity. In recent years, passive Q-
switching has been vigorously developed due to the virtues of

compact structure, simplicity, and flexibility in design.[?3-2]

H6.17] the researchers realized the

As shown in earlier reports,
SLM pulsed laser output at 1.5 pm and 2 wm based on a semi-
conductor saturable absorber mirror (SESAM). The SESAM
provides several benefits, such as being compact, robust and

26-28] Ag an alter-

free from optical alignment, and portable. !
native to SESAM, the other saturable absorbers such as two-
dimensional (2D) materials, specifically, topological insula-
tors (TIs), 2D ternary tellurides, have attracted a lot of atten-
tions due to the virtues of low cost and ideal nonlinear optical
properties.?*3!1 Li et al. added a few-layer Bi>Ses (which is
a kind of TIs) saturable absorber in the ring cavity to achieve
passive Q-switching, and used an un-pumped erbium-doped

fiber together with a 0.06-nm-bandwidth fiber Bragg grating

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

074203-1


https://doi.org/10.1088/1674-1056/acad6d
surongtao@126.com
mailto:wujian15203@163.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 32, 074203 (2023)

as an ultra-narrow filter to obtain single-frequency pulsed laser
with a central wavelength of 1550 nm and a pulse duration
of 2.54 us.>>) Compared with the Bi>Ses, the Nb,GeTey,
which is a kind of 2D ternary telluride, is more preferable for
short pulse generation due to its lower saturation intensity and
higher modulation depth.[?3-3%]

The laser with the linearly-polarized property possesses
unique advantages in the fields of gravitational wave detection,
beam combining, and nonlinear frequency conversion, while
none of the above studies seem to give the linearly-polarized
property. In this work, we demonstrate a single-frequency lin-
early polarized passively Q-switched fiber laser, in which all
the devices are kept polarized. The un-pumped Yb-doped fiber
(YDF) combined with a fiber Bragg grating is used to achieve
the SLM oscillation. The passive Q-switching is performed by
using the saturable absorption effect of the Nb,GeTes SA. We
therefore obtain the single-frequency linearly polarized pulsed
laser at 1064.6 nm. And the laser has a pulse width in a range
of of 1.36 ps—1.84 us, a repetition rate ranging from 32.6 kHz
to 95.9 kHz, a linewidth of 28.4 MHz, and a polarization ex-
tinction ratio of about 30 dB. The maximum average output
power is 4.34 mW, and the maximum single-pulse energy is
calculated to be 51.8 nJ. This type of single-frequency pulsed
fiber laser has extensive application prospect in nonlinear fre-
quency conversion, lidar systems, and gravitational wave de-
tection.

2. Experimental setup

The experimental setup of single-frequency linearly po-
larized Q-switched fiber laser based on an Nb,GeTeyq SA is
shown in Fig. 1. A 976-nm laser diode was used as a pump
source to couple the pump light into the ring cavity through
a 976 nm/1064 nm polarization-maintaining wavelength divi-
sion multiplexer (PM-WDM). The gain medium was a sec-
tion of 1-m polarization-maintaining Yb-doped fiber (PM-
YDF1) with a core/cladding diameter of 6 nm/125 um. A
polarization-maintaining circulator (PM-CIR) was used to en-
sure unidirectional laser operation in the cavity. A mechan-
ical exfoliation process was used to create the high-quality
Nb,GeTes SA. To maximize the number of Nb,GeTes lay-
ers, repetitive stripping was done by using a blue tape. The
material on the tape was pressed by the optical fiber cabler
and transferred to it after being stripped several times. A ter-
minated fiber adapter was then used to link the patch cable
to another equally clean one. The material created SA must
completely cover the core in order to ensure that all of the
light beams in the optical fiber travel through the NbyGeTe,.
Consequently, a high-quality SA was obtained by numerous
transfers and observations. Then the prepared Nb,GeTes SA
was inserted into the ring cavity for passive Q-switching. The
Nb,GeTes SA possesses a wide-band absorption in a range of

1000 nm to 1700 nm, and shows excellent saturated absorbent
properties with a saturation intensity of ~ 0.41 MW/cm? as

B32] The combination

well as a modulation depth of ~ 16.6%.
of a 1-m un-pumped polarization-maintaining Yb-doped fiber
(PM-YDF2) and a polarization-maintaining fiber Bragg grat-
ing (PM-FBG) was connected to the second-port of the PM-
CIR to ensure the SLM operation. The central wavelength of
the PM-FBG was about 1064 nm with a reflectivity of 90%,
and the 3-dB bandwidth was as narrow as 0.08 nm. The light
reflected in the cavity formed a dynamic grating with the inci-
dent signal light in the PM-YDF2, and selected the SLM laser.
The remaining light, which is also the output laser, was ex-

tracted from the laser cavity through the PM-FBG.

&f 976-nm LD /,.._\

PM-YDF1

PM-FBG

NbQGGTGrSA

Fig. 1. Experimental setup of single-frequency linearly polarized Q-switched
fiber laser based on Nb,GeTe4 SA.

3. Experimental results and discussion

The SLM operation is established by employing a sec-
tion of PM-YDF and a PM-FBG. The PM-FBG enables 10%
of the signal light output without reflection, while it reflects
90% of the signal light to the cavity. The reflected light to-
gether with the incident signal light generates standing wave
interference in the PM-YDF2 and causes periodic spatial hole
burning (SHB), resulting in refractive index changing periodi-
cally along the longitudinal direction of the PM-YDF2. Thus,
the dynamic grating with ultra-narrow bandwidth is formed to
achieve an SLM laser output.

The frequency interval between two adjacent longitudinal
modes of the resonant cavity is calculated to be about 29 MHz
from Av = ¢/(negL), where ¢ = 3 x 108 m/s is the speed of
light in vacuum, neg = 1.47 is the refractive index of the fiber,
and L = 7 m is the length of laser cavity. The bandwidth
of PM-FBG is 0.08 nm (AA = 0.08 nm), corresponding to a
linewidth of 21 GHz (Av = 21 GHz). The linewidth of PM-
FBG is much longer than the frequency interval, so the reso-
nant cavity allows MLM oscillation.

The PM-YDEF?2 together with PM-FBG is used as an ultra-
narrow bandwidth filter in the experiment to perform the fre-
quency selection operation. According to the coupled-mode
theory, the expression for equivalent bandwidth of the dy-
namic grating is given as follows: 3334

Anc A2
Av(A,An)x% An? +
eff

ey

3 .
LYDF
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Here, An < 2 x 107 is the modulation amplitude of refractive
index, 8 = 1 m is the dimension compensation parameter of
mode coupling, and LypF is the length of PM-YDF2. In our
experiment, A, nefr, and Lypg are 1064 nm, 1.47, and 1 m, re-
spectively. The theoretical bandwidth of the dynamic grating
Av is about 27 MHz calculated from Eq. (1), which is smaller
than the frequency interval of 29 MHz, so the SLM operation
can be realized.

The characteristics of the output laser are measured. The
following analysis focuses on the frequency—domain charac-
teristics, time—domain performance, and power of the output
laser.

The single-frequency pulsed laser is achieved in a pump
power range of 240 mW-350 mW. The frequency—domain
characteristics of the laser measured by Fabry—Perot interfer-
ometry with a free spectral range (FSR) of 4 GHz are given in
Fig. 2(a), showing that the laser operates in the SLM regime.
Figure 2(b) displays the typical frequency—domain character-
istics of the single-frequency pulsed laser. The red line repre-
sents the experimental data, and the spectral line exhibits a dis-
crete spike sequence resulting from the pulsed laser. The blue
line is its fitted curve, and the laser linewidth of the laser is
28.4 MHz. Figure 2(c) gives the optical spectrum at the pump
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power of 300 mW, which is measured by an optical spectrum
analyzer with a resolution of 0.02 nm. The central wavelength
is 1064.6 nm, corresponding to the central wavelength of PM-
FBG, and the signal-to-noise ratio (SNR) is greater than 47 dB.
When the pump power increases to 360 mW, the laser changes
from the SLM oscillation to the MLM oscillation, as can be
seen in Fig. 2(d). This is attributed to the fact that as the pump
power increases, the modulation depth of the index increases,
resulting in a stronger dynamic grating. And the stronger grat-
ing reflects more light beams, thus less light is involved in
the establishment of the dynamic grating, leading the dynamic
grating to be weakened. The reflectivity decreases with the
weakening of the dynamic grating, allowing more light to en-
ter into the PM-YDF?2 to participate in the establishment of the
dynamic grating, so the dynamic grating is strengthened again.
At the high pump power, it is in this dynamic cycle process,
which greatly reduces the stability of grating and thus cannot
trigger off a stable frequency selection mechanism. Conse-
quently, the laser operates in the MLM regime. 3! The polar-
ization characteristics of the laser are also measured by using
an extinction ratio meter. Under different pump power, the

polarization extinction ratio of the laser is about 30 dB.
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Fig. 2. Frequency—domain characteristics of SLM Q-switched laser: (a) longitudinal mode characteristics, (b) laser linewidth, (c) optical
spectrum in a 200-nm span, and (d) MLM oscillation at pump power of 360 mW.

The obtaining of pulsed laser is based on the saturable ab-
sorption effect of the Nb,GeTes SA. The relationship between
the absorption coefficient of the SA at the central frequency
and the laser intensity is as follows: (3!

%)
o= .
1+1/I

Here, « is the absorption coefficient of the small signal light at

2

the central frequency; I and I are the incident light intensity

and saturated light intensity at the central frequency, respec-
tively. It can be seen from Eq. (2) that the absorption coef-
ficient decreases with the incident light intensity increasing.
And when the light is extremely strong, the absorption coeffi-
cient is nearly zero and almost all of the incident light beams
are transmitted. The process of generating pulse trains by us-

ing SA for passive Q-switching is as follows. At the beginning

074203-3
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of the pump, the laser cannot be initiated, which is because
the large absorption coefficient of the SA results in the large
loss in the ring cavity. With the accumulation of the popula-
tion inversion, the amplified spontaneous emission gradually
increases. The absorption coefficient decreases significantly
when the light intensity is comparable to the saturation light
intensity, and the laser starts to oscillate. As the laser inten-
sity increases, the absorption coefficient continues to decline,
which in turn leads the laser intensity to increase more rapidly,
forming a positive feedback process in the laser and establish-
ing a high-intensity pulsed laser. 3!

The stable pulse trains in a pump power range of
240 mW-350 mW are obtained.

domain performance of the laser is optically bistable in a

Interestingly, the time-

pump power range of 240 mW-290 mW. No pulse trains are
observed when the pump power increases from 240 mW to
290 mW. Further increasing the pump power to 300 mW, it
can be seen that there is an output of pulse trains. Then the
pump power decreases gradually, and only when the pump
power decreases to 230 mW, will there be no output of pulse
trains. By repeating the process, the phenomenon can be re-
produced, indicating that the time—domain performance of the
laser is optically bistable in a pump power range of 240 mW-
290 mW. That is, in the optically bistable range of 240 mW-
290 mW), no pulse trains are obtained when the pump power
increases, while there is an output of pulse trains in the pro-
cess of reducing the pump power as shown in Fig. 3. More-
over, when the pump power decreases to 230 mW, no pulse
trains are observed. The reason is that the pump power is too
small to reach the threshold of the SA, thus the cavity loss is
so large that the laser cannot initiate oscillation. When fur-
ther increasing the pump power over 360 mW, it can be ob-
served that the pulse trains become unstable with strong am-
plitude fluctuations and even disappear, and the corresponding
frequency—domain characteristics behaves as the MLM state.
The phenomenon may be associated with the over-bleaching

of the Nb,GeTe4 SA at high pump power. >
With pulse |
ulse bistabilitly
region
No pulse
—_—
200 250 300 350

Pump power (mW)

Fig. 3. Evolution of time—domain performance of laser with pump
power.

To further clarify the time—domain performance of the
SLM pulsed laser, the typical pulse trains at different pump

powers, as shown in Fig. 4(a), are measured by using a dig-
ital oscilloscope and a photoelectric detector. It is illustrated
in Fig. 4(a) that the repetition rate gradually increases with
pump power increasing. The pulse width, repetition rate, and
average power each as a function of the pump power are also
measured. The pulse width decreases from 1.84 us to 1.36 us
when the pump power increases from 240 mW to 350 mW as
displayed in Fig. 4(b). It can be illustrated by the following
explanation. As the pump power increases, An;/An; becomes
larger, where An; is the initial population inversion and An is
the critical population inversion. And a larger An;/An; means
a larger gain coefficient in the cavity, which leads the number
of photons in the cavity to increase faster, and the population
inversion to decay more rapidly. Thus, the pulse build-up and
extinguishing time becomes shorter, that is, the pulse width
becomes narrower.3®! As can be seen in Fig. 4(b), when the
pump power varies from 240 mW to 350 mW, the repetition
rate almost linearly increases from 28.3 kHz to 95.9 kHz. This
is due to the fact that the power density in the cavity increases
continuously as the pump power increases, so the time to reach
saturation absorption turns shorter, corresponding to a higher
repetition rate. Figure 4(b) shows that the average power of
the laser grows linearly with the pump power increasing. It
is indicated that as the pump power increases, the slope effi-
ciency of average power remains nearly the same value, i.e.,
2.6%.
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Fig. 4. (a) Variations of pulse trains with time for different pump pow-
ers, and (b) variation of pulse width, repetition rate, and average power
with pump powers.
When the pump power values increase to 240 mW,
270 mW, 290 mW, 310 mW, 330 mW, and 350 mW, the single-
pulse energy values are 51.8 nJ, 47.3 nJ, 46.5 nJ, 46.5 nJ,
47.6 nJ, and 45.3 nJ, respectively, and the corresponding peak
power values are 33.5 mW, 36.9 mW, 38.5 mW, 36.3 mW,
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36.3 mW, and 32.8 mW, respectively. It can be observed that
the single-pulse energy and the peak power fluctuate up and
down with the increase of the pump power. This phenomenon
may be attributed to the combined effect of two aspects. On
the one hand, the increase of the pump power leads the total
energy of all pulses to increase within a certain time. And on
the other hand, the repetition rate increases with pump power
increasing, and the number of pulses also increases within a
certain time, resulting in the decline of single-pulse energy.
The single-pulse energy or peak power increases due to the
fact that the effect of raising the total pulse energy is greater
than that of increasing the repetition rate caused by increasing
the pump power; and vice versa.

Finally, the fiber laser is continuously observed for 7 h un-
der the pump power of 340 mW. Figure 5 shows that the spec-
trum is quite stable, and the output power fluctuates slightly
around 4 mW.

1150 ~ 5
- ) £ °[(b)
g —30 B Al MWW v m————
= 1100 —40 L
< o 3
o z
tén =50 %
5} 2
'T'g 1050 -60 =
[o¥
g — o g 1
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1000 —80 0
01 2 3 4 5 6 7 0 2 4 6 8

Time (h) Time (h)

Fig. 5. Output laser properties within 7 h under pump power of 340 mW,
showing (a) stability of spectrum and (b) stability of output power.

4. Conclusions

In this work, a single-frequency linearly polarized Q-
switched fiber laser based on an NbyGeTes4 SA is proposed.
The pulse trains are achieved by using the saturable absorp-
tion effect of the Nb,GeTes SA. The PM-YDF2 combined
with the PM-FBG forms a dynamic grating, which acts as an
ultra-narrow bandwidth filter to achieve a stable SLM laser
output. The SLM pulsed laser at 1064.6 nm is obtained, and
it possesses a repetition rate in a range of 28.3 kHz-95.9 kHz,
a pulse width of 1.36 ps—1.84 us, a linewidth of 28.4 MHz,
a polarization extinction ratio of about 30 dB, a maximum
single-pulse energy value of 51.8 nJ, and a maximum peak
power value of 39 mW. Compared with the MLLM pulsed laser,
the SLM pulsed laser possesses high stability and low noise.
This work is of significance in putting the SLM pulsed lasers
into applications in lidar, coherent optical communication, and
high-resolution optical sensing.
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