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Abstract: We present the development of an As2S3 fiber-based reusable inline optical
connector; and, for the first time to the best of our knowledge, integrated it into a 2 µm
chirped pulse amplification system as the pulse stretcher. By this mechanism, a near 20
times pulse stretching ratio was achieved in 0.5 m-long this As2S3 fiber and the introduction
of insertion loss as low as 2.84 dB while it was connected with silica fiber. After the follow-up
fiber amplification and self-compression mechanism, the laser average output power was
boosted to 1.97 W and pulse duration was optimized to 2.53 ps. Moreover, to further inspect
the laser pulse property, the pulses were then delivered into a 5.3 m-long ZrF4-BaF2-LaF3-
AlF3-NaF (ZBLAN) fiber which was fusion spliced to SM1950 fiber. Thanks to the 0.4-dB low
fusion splice loss between these fibers, a 1.56-W supercontinuum source with bandwidth
of 1.93-3.50 µm is obtained. The measured two hours of root-mean-square value of power
fluctuation of this laser source is 0.13%, indicating an ultra-high long-term power stability.
This work will lay a solid foundation in the realization of the all-fiber structured high-power
thulium-doped fiber amplifier with high compactness.

Index Terms: As2S3 fiber connector, pulse stretcher, chirped pulse amplification, super-
continuum generation.

1. Introduction
All-fiber 2 µm ultrashort pulsed laser sources with good beam quality and high stability have at-
tracted much attentions owed to their potential applications in such fields as optical frequency comb
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[1], [2], multi-modal imaging [3], [4], cascaded Raman laser realization [5], [6], and mid-infrared
supercontinuum (Mid-IR SC) generation in soft-glass fibers [7], [8]. Thus far, two approaches,
direct mode-locking [9]–[11] and Raman soliton self-frequency shift (SSFS) [12]–[18], are usually
used to realize all-fiber 2 µm femtosecond sources. Compared with direct mode locking, SSFS
enabled 2 µm sources in silica fiber pumped by 1.55 µm Er-doped femtosecond fiber laser is more
advantageous in terms of long-term stability, signal-to-noise ratio (SNR), compactness and costs.

Fiber chirped pulse amplification (FCPA) is a well-developed technology for ultra-short pulses
power scaling [19]. The key parts in the CPA system include pulse stretcher, laser amplifier and
pulse compressor. Due to the wavelength of 2 µm far beyond most standard commercialized fiber
zero-dispersion wavelength (ZDW), such as standard single-mode fibers (SMF) and fluoride fibers,
and normally in their anomalous dispersion region; the most reported 2 µm CPA systems adopted
the stretchers are mainly the traditional bulk grating configuration such as Offner-type stretcher,
Martinez-type stretcher and chirped volume Bragg grating (CVBG) stretcher [20]–[23]. In 2016, C.
Gaida et al. demonstrated a 2 µm CPA system, in which the seed pulses were stretched in an
Offner-type stretcher to 1 ns, and the power was amplified to 35.8 W [20]. In 2018, S. A. Rezvani
et al. used a Martinez-type stretcher in a Tm:YAG crystal based regenerative amplifier, in which
the pulse duration was stretched to 100 ps [21]. In 2020, J. Huang et al. stretched the 3 µm pulse
duration from 126 fs to 13 ps by using a Martinez-type stretcher in an Er: ZBLAN fiber-based
nonlinear CPA system [22]. After that, L. von. Grafenstein et al. reported that they used a CVBG
in a regenerative system and stretched the 2 µm pulse duration from 0.43 ns to 1 ns in a double
passing configuration [23]. However, although the grating-based free space stretchers show high
pulse stretching capacity, the introduction of the bulky and complicated structures in the light path
will unavoidably result in extra optical loss and the deterioration of the long-term system stability.
The best solution to these issues is to find some effective alternatives of the pulse stretchers that
are fiberized and with high compactness.

In the realization of the all-fiber structured thulium-doped fiber CPA system, the ultra-high
numerical aperture (UHNA) fibers such as UHNA 4 and UHNA 7 fibers are the available fiber-type
pulse stretchers[24], [25]. These fibers can provide normal dispersion at 2 µm wavelength by the
specially fiber structure designing and large wave-guide dispersion introduction. In 2017, P. Elahi et
al. used a 37 m-long UHNA 7 fiber as the pulse stretcher in 2 µm all-fiber structured CPA system,
in which the seed pulse duration was extended from 1.5 ps to near 40 ps, and the average power
was then boosted to 1W [24]. In 2019, Z. Q. Ren et al. stretched the 1.92 µm SESAM mode-locked
picosecond laser pulse duration from 25 ps to 105 ps by combining a 58 m-long the UHNA 7 and
a 25 m-long the UHNA 4 fiber [25]. These seem good solutions to achieve an all-fiber structured
high-power 2-µm femtosecond laser. However, due to the small normal dispersion value of these
fibers at 2 µm wavelength (∼88 ps2/km of UHNA 4 and ∼46 ps2/km of UHNA 7 fiber) [26], tens or
hundreds of meters long of these fibers are required to achieve the expected amount of dispersion,
which will lead to large amount of nonlinearity accumulation because of the long-distance pulse
transmission in so small core the UHNA fiber (UHNA fiber core diameter < 3 µm).

Chalcogenide glass (ChG) fiber possesses ultra-high normal dispersion value (350–400 ps2/km)
and low transmission loss (0.2 dB/m) at 2 µm wavelength, which is the only commercially available
infrared fiber that can provide so large the normal dispersion in this wavelength region, and can
potentially be used as an effective pulse stretcher in the thulium-doped fiber CPA system. However,
till now, there are very few reports on all-fiber structured CPA system using ChG fiber as the
pulse stretcher, due to its poor mechanical properties, complexity in plug-in device fabrication, high
nonlinear refractive index (n2 = 2-20×10-18 m2/W) [27] and low coupling efficiency in the in-line
coupling process.

In this work, we successfully fabricated a novel plug-in and reusable As2S3 fiber-based connec-
tor, which was proved with low insertion loss while connecting with silica fiber; and, for the first time
to the best of our knowledge, attempted to use it in a 2 µm Raman soliton seeded all-fiber structured
thulium-doped fiber CPA system as the pulse stretcher, achieved near 20 times pulse stretching
ratio in 0.5 m-long this As2S3 fiber. The stretched pulses were then amplified by the succeeding
fiber amplifiers and compressed by the fiber-based self-compressor. The obtained pulses with
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Fig. 1. The flow chart of the ChG fiber connector fabrication process. (a) Polymer coating stripping. (b)
Fiber inserts into the ceramic ferrule with glue. (c) Baking ceramic ferrule with fiber in the oven at high
temperature. (d) Assembled connector. (e) The polishing machine used. (f) Fiber end-face inspection.
(g) The well-polished fiber end-face. (h) The well-fabricated fiber connector with 0.5 m-long As2S3 fiber.

duration of 2.53 ps and peak power of 15.8 kW. To further check the quality of these pulses by
delivering them into a 5.3 m-long ZBLAN fiber which was fusion spliced to SM1950 fiber with 0.4
dB fusion splice loss, a 1.56 W Mid-IR SC source with spectrum spanning from 1.93 µm to 3.50 µm
was achieved; the power fluctuation of this SC source was also measured with root-mean-square
(RMS) value of less than 0.13% within 2 hours, indicating an excellent power stability.

2. The ChG Fiber Connector Fabrication
Fig. 1 depicts the detailed process on fabrication of the high-quality ChG fiber connector. The
adopted commercial As2S3 fiber (IRflex Inc.) has a core diameter of 9 µm, a cladding diameter
of 170 µm and a numerical aperture (NA) of 0.3. Fig. 1(a)-(d) is the flow chart, which shows
some key and representative points on how As2S3 fiber-based connector was prepared. Firstly, the
fiber was immersed in dichloromethane (CH2Cl2) solution for about 1 minute to soften the polymer
coating of this fiber, as depicted in Fig. 1(a). Then it was stripped away the length of around 15
mm and the bare fiber was carefully inserted into a customized ceramic ferrule with curing glue
to fix it at high temperature, as shown in Fig. 1(b). Fig. 1(c) depicts the ceramic ferrule together
with the fiber were baked for about 6 hours at 85°C in a programmable logic controller equipped
high-temperature oven. The oven temperature was set gradually increase from room temperature,
and the rise time is set about 7 hours. When the curing time is enough, it was then naturally cooled
to room temperature and the remaining fittings of this connector were assembled as shown in
Fig. 1(d).

As shown in Fig. 1(e), the fiber connector was then mounted on the polishing machine to obtain a
smooth fiber end-face, the polishing quality is closely related to the precision of the polishing paper.
In our work, based on our empirical parameters, the 9 µm, 3 µm, 1 µm (here the parameters mean
the precision of the polishing paper) polishing papers were placed on the 80° rubber pad and the
0.02 µm polishing paper was placed on the 70° rubber pad (here the parameters of 80° and 70°
mean the hardness of the polishing pads). Their corresponding polishing time was 30, 30, 60,
and 60 seconds, respectively. Besides, the abrasive material should be sprayed on the polishing
paper in the last step. As shown in Fig. 1(f), the As2S3 fiber connector should be inspected after
each polishing step to ensure a flawless operation. Fig. 1(g) shows the well-polished fiber end-face
picture taken by the super depth-of-field microscope (Keyence, VHX-1000E) at magnification of
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Fig. 2. Schematic diagram of the Raman soliton seeded thulium-doped fiber CPA and Mid-IR SC gener-
ation system. FR: Faraday rotation mirror; WDM: wavelength division multiplexer; OC: optical coupler;
SESAM: semiconductor saturable absorption mirror; EDF: erbium-doped fiber; ISO: isolator; SMF:
single-mode fiber; SM-TDF: single-mode thulium-doped fiber; LD: laser diode; DC-TDF: double-clad
thulium-doped fiber; UHNA: ultra-high numerical aperture; PC: polarization controller.

1000 times. From this picture, we can see that there are no obvious scratches on the end-face
of the As2S3 fiber, indicating a perfect surface polishing result. Fig. 1(h) shows the well-fabricated
As2S3 fiber connector with 0.5 m-long this fiber in between these two heads.

3. Experimental Setup
Fig. 2 depicts the employed schematic diagram of the Raman soliton seeded thulium-doped
fiber CPA and Mid-IR SC generation system. The seed source is a home-made semiconductor
saturable absorption mirror (SESAM) passively mode-locked Er-doped fiber femtosecond oscillator.
The oscillator consists of a 0.32 m-long Er-doped fiber (Nufern, SM-ESF-7/125) with absorption
coefficient of 50 dB/m at 1530 nm, a 980/1550 nm wavelength division multiplexer, an optical
coupler, a Faraday rotation mirror and a SESAM module. The SESAM shows a modulation depth
of 25% and a relaxation time of 10 ps; the pump energy is provided by a fiber-coupled 980 nm
laser diode (LD); the passive fiber in the oscillator is the standard SMF (Corning, SMF-28e) with
negative dispersion of −22 ps2/km at wavelength of 1.5 µm. The total cavity length is ∼2 m,
and the corresponding pulse repetition rate is 50 MHz. After the polarization-independent optical
isolator (ISO), the 1.5 µm laser average power were then scaled to 332 mW in a single-mode
fiber EDFA, which was pumped by an 8 W/980 nm LD. To obtain a stable pulsed laser source at
2 µm wavelength, the amplified laser pulses were then delivered into a 200 m-long SMF-28e fiber
to convert the wavelength from 1.5 µm to 2 µm by SSFS effect. In addition, a 5 m-long SM-TDF
(Nufern, SM-TDF-9/125) was adopted to absorb the spectral components from 1.5–1.8 µm and to
shape the pulse spectrum at 2 µm wavelength.

The generated Raman soliton pulses were then injected into a 0.5 m-long As2S3 fiber, which was
directly connected with silica fiber via the well-fabricated connectors on both ends. The dispersion
profiles of different fibers were presented in Fig. 3(a). The As2S3 fiber dispersion calculation related
parameters were mainly referenced from the reported result [28]. The group velocity dispersion
of As2S3 fiber (blue line) value at 2 µm wavelength is normal and is much larger than that of
UHNA 4 fiber (red line). Moreover, as shown in Fig. 3(b), As2S3 glass shows a considerably high
transmittance (blue line) and As2S3 fiber presents relatively low-loss (red line) at the wavelength of
2 µm. These mean that it owns great advantages in terms of pulse stretching in this wavelength
band.

The stretched 2 µm laser pulses were then coupled into a two-stage thulium-doped fiber amplifier
which includes two similar single-mode thulium-doped fiber amplification units. These units are
comprised of a high-power in-line ISO, a 793 nm LD as pump laser, a segment of double-clad
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Fig. 3. (a) Group velocity dispersion curves of As2S3 (blue line), UHNA 4 (red line) and SMF-28e
fiber (black line), UHNA 4 fiber dispersion referenced from [26]. (b) Transmittance curve (blue line) of
As2S3 glass (10 mm thickness) and loss curve (red line) of the As2S3 fiber with 100 µm core diameter,
referenced from [29], [30].

thulium-doped fiber (DC-TDF, Nufern, SM-TDF-10/130) with the first cladding NA of 0.46 and the
inner-cladding absorption coefficient of 3 dB/m at 793 nm as the gain medium. The pump and
signal laser were combined by a (2 + 1) × 1 optical combiner and then were coupled into the gain
fiber. The DC-TDF fiber length in the first stage is 0.9 m and LD pump power is 6 W, and fiber
length is 1.5 m and pump power is 30 W in the second stage. To lower the system nonlinearity, a
4.5 m-long UHNA4 fiber was used to further stretch the pulse duration, and a polarization controller
(PC) was placed behind the second ISO to compensate for the nonlinear phase shift induced by
the amplifier, and to stabilize and optimize the pulses at the same time. After the second TDFA,
the residual pump light from double-clad fiber was then stripped by using a 1.4 m-long SMF-28e
fiber, which also acts as a fiber-based pulse compressor. The amplified pulses were then delivered
into a 5.3 m-long ZBLAN fiber (Le Verre Fluoré Inc.) which was fusion spliced to SM1950 fiber
with a loss of 0.4 dB. In this process, for a better mode-field matching, a 0.5 m-long SM1950 fiber
was used as a bridge fiber between SM-28e fiber and ZBLAN fiber; since the SM1950 fiber core
diameter is 7 µm, smaller than that of SM-28 fiber, and the ZBLAN fiber that we adopted in this
work with core and cladding diameter ratio of 7.5/148 µm, so these fibers can be well-matched
with each other in the ultra-low-loss fusion splicing. The inset in Fig. 2 shows the microscope photo
of the fusion splicing joint between SM1950 fiber and ZBLAN fiber, it can be clearly seen that the
fused ZBLAN is wrapped onto the SM1950 fiber end, shaping a cap-like bulge that enhanced the
splicing strength. This ZBLAN fiber has a ZDW of 1.65 µm, a NA of 0.26, and a single-mode cutoff
wavelength of 4.5 µm, so it is suitable to generate Mid-IR SC by using a 2 µm ultra-short pulsed
laser pump.

In our experiment, the output spectra (<2.4 µm) were measured by an optical spectrum analyzer
(Yokogawa, AQ6375) with a resolution of 0.05 nm; the longer wavelength spectra (>2.4 µm)
were measured by a grating-based monochromator (Zolix, Omni-300) in combination with a
liquid-nitrogen cooled InSb detector (Zolix Inc.); the radio-frequency (RF) spectra were measured
by a signal analyzer (Rigol, DSA875); the output power was monitored by a thermal power meter
(Thorlabs, PM100D, and PM200); the temporal waveform of these pulses was also observed by
an InGaAs photodetector (Eothch, ET-3500F) together with a 2.5 GS/s high-speed digital oscillo-
scope (Yokogawa, DLM2000); the pulse duration was analyzed by the commercial autocorrelator
(Femtochrome, FR-103XL).

4. Experimental Results
The recorded the output pulse characteristics of the seed laser were presented in Fig. 4. Fig. 4(a)
shows the oscillator output spectrum with the central wavelength of 1550.3 nm and the full width at
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Fig. 4. Output pulse characteristics of the seed laser. (a) Pulse spectrum. (b) Pulse train. (c) Pulse RF
spectrum. Inset: the pulse RF spectrum with a 1.5 GHz frequency span. (d) Pulse duration.

Fig. 5. (a) Pulse spectra from the 200 m-long SMF-28e fiber (blue line) and SM-TDF (red line). (b)
Measured pulse duration from the SM-TDF.

half-maximum (FWHM) of 11.5 nm. Fig. 4(b) describes the typical oscilloscope pulse train with a
20 ns pulse time interval. Fig. 4(c) shows the measured pulse RF spectrum at resolution bandwidth
of 100 Hz, the SNR is as high as 76 dB; the inset image is the pulse RF spectrum with a wide
frequency span of 1.5 GHz, which confirms stable fundamental mode-locking operation of the
oscillator; Fig. 4(d) shows the measured pulse duration, which FWHM is 579 fs while assuming a
sech2 pulse profile.

These pulses were then amplified to 332 mW by an EDFA to excite the SSFS in the following
fiber. As shown in Fig. 5(a), a broadband spectrum (blue line) ranging from 1.5 µm to 2.0 µm was
generated in 200 m-long SMF-28e fiber. One can see that there is a separate peak located at
1954 nm in the spectrum longer wavelength edge, which is rightly the Raman soliton pulses that
we expected. It is worthy of noting that since the gain spectrum peak of thulium-doped fiber locate
near 1.9 µm wavelength region; so as to achieve a more effective spectrum shaping effect, the
soliton spectral wavelength was optimized to match the peak of the gain spectrum by adjusting
the pump parameters and the length of the nonlinear fiber. Fig. 5(a) shows the output spectrum
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Fig. 6. (a) Measured pulse spectrum and (b) pulse duration from the As2S3 fiber. (c) Measured pulse
spectrum and (d) pulse duration from the first TDFA at 5 W pump power.

(red line) after a 5 m-long SM-TDF in which the spectral components between 1.5 µm and 1.8
µm were absorbed. The central wavelength and the FWHM of the Raman soliton pulse spectrum
are 1954 nm and 35 nm. The existence of the same spectral peak of the blue and red lines at
1954 nm are the result of optimizing the pump parameters and fiber length based on the gain
peak of the thulium-doped fiber. The obtained SM-TDF average output power is 101 mW, and the
corresponding pulse energy is 2.02 nJ. Fig. 5(b) shows the measured pulse duration of the 2 µm
Raman soliton after the SM-TDF, assuming a sech2 pulse profile. We obtained the pulse with a
duration of 343 fs and the corresponding peak power of 5.89 kW.

Before the Raman soliton pulses were injected into the first TDFA, a 0.5 m-long As2S3 fiber with
our home-made connectors in both ends was used as the pulse stretcher; the connectors were
proved to be well-matched with the counterparts of silica fiber, while they were fixed by flanges.
In the fiber connector fabrication, the fiber end-face processing quality is the key that determines
the power handling capacity and the coupling efficiency between these heterogeneous fibers. In
our experiment, a 101 mW of the 2 µm pulsed laser were injected into As2S3 fiber and obtained
52.5 mW output power from the SMF-28e fiber, introduced insertion loss of 2.84 dB, including
Fresnel reflection loss, coupling loss and background loss. The recorded the output spectrum from
As2S3 fiber is shown in Fig. 6(a), the central wavelength and the FWHM of the spectrum are
1971 nm and 75 nm, respectively. We also measured the stretched pulse duration as depicted in
Fig. 6(b), which is 6.64 ps while assuming a sech2 pulse profile, and no significant pulse quality
deterioration was observed at this power level.

In the first TDFA, the stretched pulse power was boosted to 150 mW at a pump power of 5 W.
Fig. 6(c) depicts the corresponding output spectrum, which has a central wavelength of 1946 nm.
Fig. 6(d) shows the measured amplified pulse duration, the FWHM is 400 fs, while assuming a
sech2 pulse profile. Then, the amplified pulses were injected into the second TDFA for further
power scaling, but the pulse peak power is above 7.5 kW. To reduce the nonlinear accumulation in
the second TDFA, we further temporally stretched the pulse in a 4.5 m-long UHNA 4 fiber. Since
the amplified pulse peak power is far beyond the nonlinear threshold of chalcogenide fiber, if the
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Fig. 7. (a) Measured pulse spectrum and (b) pulse duration from the UHNA 4 fiber.

Fig. 8. (a) Average output power from the SMF-28e (red line), SM1950 (blue line) and ZBLAN fiber
(black line). (b), (c) and (d) are the pulse spectrum, pulse duration and pulse RF spectrum from the
SMF-28e fiber at an output power of 1.97 W, respectively.

As2S3 fiber still be used here as pulse stretcher, it will result in a strong nonlinear accumulation
and will exert a detrimental impact to the pulse compression. Fig. 7(a) and (b) depict the output
spectrum and the pulse duration from UHNA 4 fiber. We can see that the spectrum was slightly
broadened with a central wavelength of 1943 nm, and the pulse was well stretched to 12.9 ps.

In the pulse compression stage, a 1.4 m-long SMF-28e fiber was used to manage the pulse
duration. Fig. 8(a) shows the compressed laser pulse output average power (red line) from the
SMF-28e fiber vary with the pump power, which is near linearly with the increase of pump power
[31] and leads to a maximum output power of 1.97 W at a pump power of 18 W. The corresponding
pulse spectrum at an output power of 1.97 W is shown in Fig. 8(b), whose FWHM is 50 nm and the
central wavelength is 1978 nm. The measured pulse duration (red line) of the compressed pulse is
2.53 ps while assuming a sech2 pulse profile, as shown in Fig. 8(c), the corresponding pulse peak
power is 15.8 kW. Fig. 8(d) shows the RF spectrum of the amplified pulses, which showing a SNR
exceeding 60 dB.
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Fig. 9. (a) Spectra evolution versus different average output power from the ZBLAN fiber. (b) Long-term
power stability test at an average output power of 1.56 W.

For a better mode-field matching and high-quality fusion splice between SMF-28e and ZBLAN
fiber, a 0.5 m-long SM1950 fiber was used as the bridge fiber, but due to the small core size
and relatively high transmission loss, the maximum average output power from SM1950 fiber is
attenuated to 1.82 W (blue line) in 0.5 m-long this fiber, as is shown in Fig. 8(a). But benefiting from
the 0.4 dB low-loss fusion splicing between SM1950 and ZBLAN fiber, the measured Mid-IR SC
maximum average output power (black line) can reach up to 1.56 W, the overall efficiency is very
high. Fig. 9(a) depicts the Mid-IR SC spectra with different average output power. With the increase
of power transmission in ZBLAN fiber and the increase of the peak power and nonlinearity, the SC
spectrum was gradually broadened to the long Mid-IR wavelength region, the spectral flatness also
became better and better. At the highest power pump condition, the SC spectrum long-wavelength
edge is extended to 3.5 µm, with 3 dB spectrum covering 1.93 µm to 3.10 µm. Fig. 9(b) shows
the tested long-term power stability (2 hours) at the maximum average output power of 1.56 W. Its
power fluctuation RMS value is less than 0.13%, indicating an excellent power stability.

5. Conclusion
In conclusion, we demonstrated the high-quality As2S3 fiber connector fabrication and for the first
time used it in an all-fiber structured watt-level 2 µm pulsed laser CPA system as the pulse stretcher,
which showed great advantages in both insertion loss and pulse stretching ratio. In the pulse
amplification and self-compression configurations, we achieved a pulsed laser with a maximum
average output power of 1.97 W and a pulse duration of 2.53 ps, corresponding to a peak power of
15.8 kW. We then delivered these laser pulses into a 5.3 m-long ZBLAN fiber to test the property of
this laser. Thanks to the ultra-low fusion splice loss of 0.4 dB between SM1950 and ZBLAN fiber,
we got a Mid-IR SC with a maximum average output power of 1.56 W, 3 dB spectrum covering 1.93
µm to 3.10 µm. After a two-hour power stability test, the obtained RMS value of power fluctuation
is as low as 0.13%, indicating a high power stability. However, in ultra-fast laser applications, ChG
still shows some imperfections including the intrinsic high nonlinearity and low damage threshold,
which will result in too much nonlinearity accumulation, and will then affect the characteristics of
the compressed pulse in the high-power femtosecond pulse operation mechanism.
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