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Observation and optimization of 2 μm 
mode‐locked pulses in all‐fiber net anomalous 
dispersion laser cavity 
Wanzhuo	Ma1,2,	Desheng	Zhao1,2,	Runmin	Liu1,2,	Tianshu	Wang1,2*,	
Quan	Yuan1,2,	Hao	Xiong1,2,	Haiying	Ji1,2	and	Huilin	Jiang1,2	

We integrally demonstrate 2 μm mode-locked pulses performances in all-fiber net anomalous dispersion cavity. Stable 
mode-locking operations with the center wavelength around 1950–1980 nm can be achieved by using the nonlinear po-
larization rotation structure and properly designing the dispersion management component. Conventional soliton is firstly
obtained with a total anomalous dispersion cavity. Due to the contribution of commercial ultra-high numerical aperture 
fibers, net dispersion is reduced to -0.077 ps2. So that stretched pulse with 19.4 nm optical bandwidth is obtained and the
de-chirped pulse-width can reach 312 fs using extra-cavity compression. Under pump power greater than 890 mW, 
stretched pulse can evolve into noise-like pulse with 41.3 nm bandwidth. The envelope and peak of such broadband pulse
can be compressed with up to 2.2 ps and 145 fs, respectively. The single pulse energy of largely chirped stretched and
noise-like pulse can reach 1.785 nJ and 1.53 nJ, respectively. Furthermore, extra-cavity compression can also contribute 
to a significant increase of peak power. 
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Introduction 

The 2 μm fiber lasers have become the research focus 
because of its irreplaceable function in various fields such 
as laser medicine, LiDAR, gas detection, mid-IR optical 
parametric oscillator (OPO), free-space optical commu-
nication and supercontinuum generation1–6. Similar to 
fiber lasers at 1 μm and 1.55 μm band, the realization of 
ultrashort and high energy pulses at 2 μm band is of great 
importance in the fields of material processing and free 
space transmission. Various classical and emerging 
mode-locked structures such as nonlinear polarization 
rotation components7,8, nonlinear amplifier loop mir-
rors9,10, multimode interference structures11,12，actively 

mode-locking components13 and two dimensional mate-
rial saturable absorbers14,15 can be used to generate 2 μm 
ultra-short pulses in thulium or holmium doped fiber 
lasers. 

Theoretically, there is little difference in mode-locked 
mechanisms between 2 μm and other conventional band 
fiber lasers. However, at present there is still a major gap 
between 2 μm mode-locked fiber lasers and 1.55 μm fiber 
lasers in pulse-width, pulse-energy, repetition rate and 
other parameters. The main restriction is the strong 
anomalous group velocity dispersion (GVD) and trans-
mission loss of commercial silica fibers 2 μm band. It 
increases the difficulties of generating various types of 
high-energy mode-locked pulses such as dissipative 
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solitons, noise-like and dissipative soliton resonance 
pulses. It also results in the restrictions of compressing 
mode-locked pulses with all-fiber structures. An intuitive 
solution is to use bulk extra-cavity structure consisted of 
grating pairs. It can achieve 2 μm mode-locked pulses 
with average power greater than 1 kW and pulse-widths 
of 265 fs16. Similarly, bulk Martinez compressor has been 
applied as dispersion management component in 2 μm 
mode-locked fiber lasers so that higher pulse energy can 
be achieved17–19. However, due to its complex structure, it 
relies heavily on environmental stability, which makes it 
difficult to be applied in practical optical systems.  

By using all-fiber dispersion management devices, the 
sensitivity and stability against free-space bulk structure 
can be further improved. It can be applied effectively in 
both pulse compression and intra-cavity dispersion 
management. By properly designing the net dispersion 
and nonlinearity in cavity, superior mode-locked states 
such as stretched pulse20, dissipative soliton21, self-similar 
pulse22 and noise-like pulse23 can be obtained. There are 
several methods to move the zero dispersion point to 
longer wavelength such as using novel materials instead 
of silica, fabricating chirped Bragg grating, changing nu-
merical aperture or core diameter. The third method has 
obvious advantages in cost and practicability. Further, a 
significant discovery in recent years is that several com-
mercial ultra-high numerical aperture (UHNA) fibers 
exhibit positive GVD at the 2 μm band. In 2011, it is con-
firmed by experiments in bulk structure for the first time, 
and 470 fs, 0.4 nJ, 2 μm mode-locked pulses in normal 
dispersion region24 have been successfully realized. Soon 
after, dissipative soliton and noise like pulse at 2 μm band 
can be generated in all-fiber cavity using the UHNA fiber 
as intra-cavity dispersion management component and 
single-wall carbon nanotubes as saturable absorber21. So 
far, there have been extensive reports on 2 μm all fiber 
mode-locked lasers using the UHNA fiber as dispersion 
management component, consequently leading to signif-
icant improvements on both pulse-width and pulse en-
ergy21,25–28. Nevertheless, through our previous research, 
we find that besides the cavity shapes, the output charac-
teristics of the generated 2 μm mode-locked pulses are 
particularly sensitive to the feature and distribution of the 
UHNA fiber. It affects both intra-cavity dispersion and 
dynamics. Consequently, it is meaningful and intriguing 
to systematically and integrally investigate 2 μm 
mode-locked pulses with the all-fiber dispersion man-
agement cavity using UHNA fibers. 

In this work, we demonstrate several 2 μm 
mode-locked pulses and their performances in all-fiber 
net anomalous dispersion fiber lasers. By reducing net 
dispersion to -0.077 ps2 using commercial UHNA4 fibers, 
stretched pulse with 19.4 nm optical bandwidth is ob-
tained and the de-chirped pulse-width can reach 312 fs 
using extra-cavity compression. By increasing pump 
power to 890 mW, stretched pulse can evolve into 
noise-like pulse with a much broader bandwidth up to 
41.3 nm. The envelope and peak of such broadband pulse 
can be compressed to 2.2 ps and 145 fs respectively. The 
pulse energy and peak power of the proposed two pulses, 
together with small chirped stretched pulse are fully dis-
cussed. 

Experimental setup and operation principles 

The experimental setup of the proposed all-fiber thuli-
um-doped mode-locked fiber laser is shown in Fig. 1. 
The whole laser structure consists of three subcompo-
nents: mode-locked laser cavity, extra-cavity compression 
component, and subsequent amplifier, respectively. The 
mode-locked laser employs a conventional fiber ring cav-
ity. A commercial laser diode combining with an Erbi-
um-doped fiber amplifier (EDFA) is used as pump source. 
The center wavelength of pump laser locates at C band 
and the maximum output power is 1 W. A segment of 16 
cm high thulium-doped fiber (TDF1 SM-TSF-5/ 125) is 
used as gain medium, which is pumped by the C band 
laser through a 1550/1900 wavelength division multi-
plexer (WDM). The GVDs of single-mode fiber and 
highly-doped TDF are -0.085 ps2/ m and -0.051 ps2/ m, 
respectively. A classic nonlinear polarization rotation 
(NPR) structure consisting of a polarization-dependent 
isolator (PD-ISO) and two squeezed polarization con-
trollers (PC) is used to realize mode-locking operation. 
Additional single-mode fiber or UHNA fibers with cus-
tomized length are spliced in cavity to control the non-
linearity and net dispersion respectively. The 
mode-locked pulses are compressed outside the cavity. 
The output pulses are firstly injected into a segment of 
the UNHA fiber, and then amplified by a homebuilt 
master oscillator power amplifier to meet the detection 
condition of autocorrelator (FR-103XL). In order to 
avoid the fusing of the splicing point under high power 
pump, the gain medium in amplifier is selected as 3.5 m 
TDF2 (SM-TSF-9/125) with GVD of -0.088 ps2/ m. Note 
that the length of UHNA fiber is specially designed to 
compensate both the intra-cavity and extra-cavity  
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anomalous dispersion induced by amplifier. In addition, 
the place of the UHNA fiber is of vital significance be-
cause its broadening effect on pulses can avoid the distor-
tion due to nonlinear effects caused by high peak power 
during power amplification. If the UHNA fiber is spliced 
after amplifier, the distortion of autocorrelation trace will 
be noticeable due to the high nonlinearity of UHNA fiber. 
The output spectrum can be observed by an optical spec-
trum analyzer (OSA, Yokogawa AQ6375). The pulses are 
detected by a 2 μm InGaAs PIN photo-detector with 12 
GHz bandwidth and 28 ps rising time. The RF pulse is 
observed by an oscilloscope (Agilent, DSO9254A) with 
the bandwidth of 2.5 GHz. The RF spectrum is measured 
by a radio frequency spectrum analyzer (Agilent, 
N1996A). 

Nonlinearity and dispersion in cavity are the key ele-
ments to determine the mode-locked pulse dynamics. By 
virtue of nonlinearity, the SMF length is properly set to 
meet the requirements of high stability and spontaneous 
mode-locking operations. The normal dispersion char-
acteristics at 2 μm band of the UHNA fibers are attribut-
ed to their specific waveguide dispersion which is altered 
by drastically increasing the numerical aperture (NA) 
and decreasing the radius. The parameters of three com-
mercial UHNA fibers from Nufern company are shown 

in Table 1. It should be noted that the GVD value of 
UHNA fibers are scarce and inconsistent in some of the 
previous reports21,29. Herein we followed the GVD values 
of UHNA4, UHNA7 and SM2000D fibers measured by 
improved spectral interferometry technique30. Another 
notable feature here is that the mismatch of NA and ra-
dius between the UHNA fibers and SMF will lead to a 
considerable splicing loss. Considering both loss and 
dispersion value, UHNA4 fiber has presented best prac-
ticability in our experiments. 

Results and discussions 

To start with, the mode-locked laser firstly operates 
without any dispersion-management component. By 
gradually increasing pump power to 232 mW, conven-
tional soliton can be obtained by setting the cavity length 
as 6.04 m, which only consists of SMF pigtails, additional 
3.06 m SMFs and 0.16 m TDF. The net dispersion is 
about -0.508 ps2. The center wavelength of soliton spec-
trum locates at 1980 nm. It contains symmetrical Kelly 
sidebands on both sides and the 3 dB bandwidth is about 
8 nm, as shown in Fig. 2(a). The pulse train is shown in 
Fig. 2(b) and one can see the pulse interval is about 30.3 
ns, indicating the round trip time of soliton in cavity. The 
autocorrelation trace is measured by directly injecting 
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Fig. 1 | Experimental set-up of dispersion-managed mode-locked thulium-doped fiber laser. 

Table 1 | Parameters of commercial UHNA fibers.

Fiber NA Radius (μm) β2 (ps2/m) 

UHNA4 0.35 2.2 +0.091 

UHNA7 0.41 2.4 +0.046 

SM2000D 0.37 2.1 +0.137 
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soliton pulses into the subsequent amplifier, and the av-
erage output power is increased up to 50 mW to meet the 
detection conditions of autocorrelator. The initial auto-
correlation trace and its hyperbolic secant fitting profile 
are shown as Fig. 2(c), indicating that the pulse-width is 
1.3 ps. The corresponding time-bandwidth product (TBP) 
is 0.796. The difference value between the output pulse 
and Fourier transform limit pulse is caused by both ex-
tra-cavity dispersion and nonlinearity during amplifica-
tion. In addition, as the initial output power is lower than 
2 mW, the background noises induced by amplifier also 
partly contribute to the distortion of autocorrelation 
trace. This problem can be improved by replacing the 
detector with a more sensitive one in autocorrelator or 
employing a commercial low-noise amplifier. Figure 2(d) 
shows the RF spectra with a fundamental repetition rate 
of 33 MHz and the side mode suppression ratio (SMSR) 
is about 45 dB. Both SMNR and the frequency comb 
spectrum (insert) indicate a good stability. 

Based on the realization of soliton pulse, the composi-
tion of cavity is readjusted. A segment of 2.9 m UHNA4 
fiber is spliced between TDF and OC. The total cavity 
length is 6.98 m with -0.077 ps2 net dispersion. 
Mode-locked operation can be achieved with pump 
power greater than 500 mW. The alternating dispersion 
components in cavity can result in a proportional reduc-
tion of continuous wave. Dispersion management also 

plays a key role in avoiding excessive accumulation of 
nonlinear phase shifts, so that the optical spectra become 
broader and smoother. Herein, compared with conven-
tional soliton at -0.508 ps2 net dispersion, the pulse with 
dispersion management has its net dispersion precisely 
decreased and it leads to a broadening of optical spec-
trum up to 19.4 nm, as shown in Fig. 3(a). As there is 
little difference between normal and anomalous disper-
sion in value, mode-locked pulse is periodically com-
pressed and broadened in cavity. Consequently, the peak 
power can be reduced and it leads to a higher splitting 
threshold. Due to this process, mode-locked pulse can 
still keep stable fundamental frequency operation when 
pump is increased to the maximum power of 1 W. The 
round trip time of stretched pulses is 33.9 ns (see Fig. 
3(b)) and the SMSR of RF spectra remains around 50 dB 
(see Fig. 3(c)). The mode-locked pulse is largely chirped 
because of the alternating dispersion, which can be visu-
ally observed by autocorrelation trace and its Gauss fit-
ting profile as shown in Fig. 3 (d). The initial pulse-width 
is 4.91 ps corresponding to the TBP of 7.29, which is far 
greater than limiting value, indicating a large space for 
compression. We also use UHNA4 fiber to compress the 
stretched pulse outside the cavity. Considering that the 
amplifier has induced anomalous dispersion of 0.648 ps2, 
the UHNA length in compressor is selected to be 7.5 m. 
The compressed autocorrelation trace with 312 fs  
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minimum pulse-width is shown in Fig. 3(e). The corre-
sponding TBP is only 0.463, indicating a good compres-
sion process. In addition to the narrower pulse-width, 
another advantage is the tolerance to high pump power. 
Once the PC state is fixed, stretched pulse can maintain 
fundamental frequency operation even with maximum 
pump power of 1 W, and this feature will be further dis-
cussed in the subsequent section. 

On the basis of stretched pulse operation, when pump 
power is further increased to 890 mW and PC is carefully 
adjusted, an interesting phenomenon occurs that the 
spectrum is suddenly broadened to about 30 nm, and 
there is a continuous light component in the spectrum, as 
shown in Fig. 4(a). The continuous light component can 
be gradually suppressed by constantly optimizing the PC 
state. As a result of this evolution, the whole spectrum 
becomes smoother and broader with up to 41.3 nm 
bandwidth, as shown in Figs. 4(b–d). The profiles of op-
tical spectra keep close to the original one while the 
pump power is gradually increased to 1 W, as shown in 
Fig. 4(e). The obtained mode-locked pulse keeps stable 
fundamental frequency operation during this process 
which is similar to stretched pulse in Fig. 3 and the SMSR 
of RF spectra remain around 46 dB which is shown as Fig. 
4(f). By fixing pump power at 890 mW, the autocorrela-
tion trace is shown in Fig. 4(g). One can see that the au-

tocorrelation trace has a large base and there is a distinct 
peak with pulse width on femtosecond level around the 
center location. Based on the performance of autocorre-
lation trace and optical spectrum, the newly generated 
mode-locked pulse can be determined as noise-like pulse 
at anomalous dispersion region with dispersion-managed 
cavity which is due to the soliton collapse effect31,32. De-
pending on the linear cavity phase delay, soliton can be 
switched into noise-like pulse with an appropriate cavity 
position and pump power31. The noise like pulse is essen-
tially a pulse envelope composed of multiple ultrashort 
pulses with randomly varying width and peak power 
within a certain range. Consequently, to investigate the 
pulse with performance, the autocorrelation traces ob-
tained here are averagely sampled with 256 times. One 
can see the original base width is about 9.7 ps corre-
sponding to the pulse envelope width. Zooming in at the 
peak signal, one can see the average peak width is 539 fs 
as shown in Fig. 4(h) and the estimated TBP is 1.6. It has 
been confirmed in previous simulation studies the 3 dB 
duration of coherent peak corresponds to the average 
width of the ultrashort pulses in the envelope. The mul-
ti-pulses can also be de-chirped using extra-cavity com-
pressor, and the duration of coherent peak after com-
pression is only 145 fs as shown in Fig. 4(j). The corre-
sponding TBP is 0.459. Another interesting observation 
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is that the envelope width after compression is also de-
creased to 2.2 ps as shown in Fig. 4(i). We deduce that it 
is because multi-pulses in envelope have different group 
velocities during the transmission outside the cavity, so 
that the average interval between adjacent sub-pulses is 
reduced.  

The scheme has shown superior performance of 
mode-locked pulses evolution and optimization. Howev-
er, in the experiment, UHNA4 fiber always causes an 
inescapable insertion loss which contains both splicing 
and transmission loss. In order to estimate the specific 
values of the above two losses, both ends of the UHNA4 
fiber with different lengths are spliced to SMFs, as shown 
in Fig. 5. The input and output power are measured by 
power meter (Thorlabs S302C) in real time. Herein the 
splicing loss is approximately considered as constant by 
keeping the readings on welding fusion splicer at 0.02 dB, 
and the transmission loss of 0.4 m SMF is ignored. 
Thereby the splicing and transmission loss can be calcu-
lated by testing the total loss with 5 m and 9 m UHNA 
fiber respectively. The testing and calculating results are 
shown in Table 2. One can see the transmission loss of 
the UHNA4 fiber dramatically increases from 0.026 
dB/m to 0.075 dB/m as laser wavelength is shifted from 

1550 nm to 1980 nm. Meanwhile the splicing loss in-
creases slightly from 0.395 dB to 0.4125 dB. Consequent-
ly, the length of UHNA fibers and their proportion to 
total cavity should also be noticed because of their influ-
ence to output dynamics and energy performance. 

To further investigate energy and power characteristics 
of the proposed scheme, another smaller chirped 
stretched pulse with about 12 nm bandwidth is also es-
tablished by only controlling the net dispersion properly. 
The single pulse energy without any amplification of 
stretched pulse with small chirp, stretched pulse with 
large chirp in Fig. 3, and noise-like pulse in Fig. 4 is pre-
sented in Fig. 6(a). One can see slightly chirped stretched 
pulse presents the highest single pulse energy in the 
pump power range of 550 mW–690 mW and it reach 
1.38 nJ when pump power is 690 mW. However, it is 
difficult to keep fundamental frequency operation at 
higher pump power. For largely chirped stretched pulse, 
it can maintain stable fundamental frequency operation 
in the pump power range of 500 mW–1 W and the 
maximum single pulse energy can reach 1.785 nJ. The 
noise like pulse can only be generated under high pump 
power (890 mw–1 W) and the maximum single pulse 
energy is 1.53 nJ. It should be noted that the energy of 
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largely chirped stretched pulse and noise like pulse will 
be further enhanced with the increase of pump power. 
Multi-pulse phenomenon will also occur when they ex-
ceed their respective splitting thresholds. The energy of 
three pulses has been increased by an order of magnitude 
comparing with conventional soliton in Fig. 2. The peak 
power of the three types of pulses as a function of pump 
power is shown in Fig. 6(b). One can see the maximum 
peak power of proposed three pulses without any com-
pression is 1.46 kW, 0.36 kW and 0.162 kW respectively. 
Considering the insertion losses of UHNA4 fibers, the 
corresponding peak power after compression can be 
changed to 1.9 kW, 2.94 kW and 0.49 kW respectively 
(Fig. 6(c)), as the pulse-width of largely chirped stretched 
pulse and noise like pulse is greatly reduced. Similarly, 
the peak power of largely chirped broadening pulse and 
noise like pulse can be further improved by increasing 
the pump power within a certain range. 

Conclusion 

In conclusion, we have systematically and integrally dis-
cussed a series of 2 μm mode-locked pulses performances 
in net anomalous dispersion fiber lasers. By using UHNA 
fibers and properly designing the cavity, conventional 
soliton can be optimized to stretched pulse with 19.4 nm 
optical bandwidth. The de-chirped pulse-width can reach 
312 fs using extra-cavity compression. In the same cavity, 
stretched pulse can evolve into noise-like pulse with 41.3 
nm bandwidth under pump power greater than 890 mW. 
The envelope and peak of such broadband pulse can be 
compressed up to 2.2 ps and 145 fs respectively. Both 
stretched pulses and noise-like pulses have presented the 
capacity to maintain stable operation with single pulse 
energy greater than 1 nJ and more. On this foundation, 
extra-cavity compression based on UHNA fibers can also 
further increase peak power to kilowatt level. This work 
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Fig. 6 | (a) Single pulse energy as a function of pump power. (b) Peak power as a function of pump power before compression (at point a in Fig. 1).
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Table 2 | Testing results of insertion loss. 

Wavelength (nm) 1550 1980 

Input power (dBm) 10 10 

Total loss with 5m UHNA4 fiber (dB) 0.92 1.2 

Total loss with 9m UHNA4 fiber (dB) 1.024 1.5 

Estimated transmission loss (dB/m) 0.026 0.075 

Estimated splicing loss per point (dB) 0.395 0.4125 

Input 

SMF UHNA4 SMF

Output 

Fig 5 | Schematic diagram of UHNA4 fiber loss measurement. 
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has made significant improvements on the basis of pre-
vious studies and can also help further understanding 2 
μm mode-locked pulses in all-fiber lasers. 
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