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Abstract
3–5-μmmid-infrared (MIR) ultrafast laser sources have garnered significant attention due to their critical applications in
spectroscopy, environmental monitoring, and imaging. However, 4–5-μm compact fiber laser sources remain a
significant technological challenge due to the lack of MIR fibers with good chemical stability, thermal stability, high
nonlinearity, and low loss. Here, we develop fluorotellurite fibers based on 60TeO2-20BaF2-10AlF3-10Y2O3 (TBAY)
glasses with a wide transmission window, demonstrating tunable Raman soliton and dispersive wave (DW) generation
beyond 4 µm in centimeter-length fluorotellurite fibers pumped by a 3.54 μm femtosecond laser source. Fluorotellurite
fibers with a loss of 0.39 dB/m were fabricated using a rod-in-tube method. The high numerical aperture
(NA ~ 1.1@3.5 μm) of TBAY fibers allows the zero-dispersion wavelength (ZDW) to be tuned over a wide range by
varying the core diameter of the fibers. The dispersion-engineered TBAY fibers with a core diameter of 6.5 μm enabled
4584 nm Raman soliton generation, while fibers with a core diameter of 3 μm enabled 4177 nm DW generation. We
conducted detailed experiments to investigate the influence of pump power and fiber length on SSFS and dispersive
wave dynamics. Theoretical analysis and numerical simulations based on the generalized nonlinear Schrödinger
equation corroborate the experimental results. Our results show that TBAY fibers are promising nonlinear media for
constructing compact ultrafast laser sources in the 4-5 μm wavelength range.

Introduction
Mid-infrared (MIR) ultrafast laser sources have gar-

nered significant attention due to their critical applica-
tions in spectroscopy1,2, environmental monitoring3,4, and
two-photon fluorescence imaging5,6. In particular,
coherent light sources beyond 4 μm open new avenues for
exploring molecular vibrations and other phenomena
unique to this wavelength range7,8. MIR fiber lasers are
primarily based on two mechanisms: rare earth ion-doped
fiber amplification and fiber nonlinear effects9,10. Laser

emission around 3–4 μm can be achieved using Dy3+,
Ho3+, and Er3+-doped fluoride fibers11–14. However,
achieving lasing at wavelengths longer than 4 μm with
rare earth ion-doped fibers is challenging due to the
dominance of nonradiative transitions in the process15.
Therefore, mechanisms based on fiber nonlinear effects
are more effective for generating lasing at wavelengths
beyond 4 μm.
Raman soliton and dispersive wave (DW) generation in

optical fibers, as promising methods for obtaining fiber-
based mid-infrared light sources, have been widely
investigated. Raman soliton generation is induced by
Raman gain, where the blue portion of the soliton spec-
trum pumps the red portion, causing a continuous red
shift in the spectrum, known as soliton self-frequency
shift (SSFS)16–18. Interestingly, SSFS can be canceled by a
negative dispersion slope, allowing for the generation of
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tunable red-shifted dispersive waves in fiber19. To gen-
erate MIR Raman soliton or DW laser sources, significant
efforts have been made to develop non-silica fibers, such
as tellurite, fluoride, and chalcogenide fibers, with low
transmission loss in the MIR region20–23. So far, 4–5 μm
Raman soliton and DW laser sources have only been
achieved using fluoroindate (InF3) fibers as the nonlinear
medium. Tang et al. reported a fiber-based system that
generates 100 fs pulses with 5 nJ energy, continuously
wavelength-tunable over 2–4.3 μm through the SSFS in a
2-m long InF3 fiber24. Recently, Gauthier et al. experi-
mentally demonstrate SSFS tuning of femtosecond pulses
up to 4.8 μm in a 20m long InF3 fiber

25. In the InF3 fiber-
based laser system, long fiber (several meters or tens of
meters) is required due to the weak nonlinear refractive
index of InF3 glass, which limits the compactness of laser
systems. On the other hand, Bei et al. investigated the
chemical durability of InF3 glass by leaching glass samples
in deionized water26. The absorption due to OH-
stretching and HOH bending vibrations in InF3 glass
increased with the amount of hydrated layers formed
during leaching. An endcap should be used to protect the
InF3 fiber tip from potential optical or thermal damage
when developing high-power MIR laser sources27. These
results show that the poor chemical and thermal stability
of InF3 glasses limits their practical application. Despite
recent progress in this field, exploring novel fiber mate-
rials with good chemical and thermal stability is essential

for realizing 4–5 μm Raman soliton and DW laser
sources.
In this Letter, we report the development of fluor-

otellurite fibers based on TBAY glasses with a wide
transmission window and good chemical and thermal
stability, demonstrating tunable Raman soliton and DW
generation beyond 4 μm in TBAY fibers pumped by a
3.54 μm femtosecond laser source. The dispersion-
engineered TBAY fibers with a core diameter of 6.5 μm
enabled Raman soliton generation at 4584 nm, while
those with a core diameter of 3 μm enabled DW genera-
tion at 4177 nm. Our results demonstrate that TBAY
fibers are promising nonlinear media for the development
of ultrafast laser sources beyond 4 μm.

Results
Characteristics of glass
The transmission spectra of the TBAY (60TeO2-20BaF2-

10AlF3-10Y2O3) and ABCYSM (35AlF3-10BaF2-20CaF2-
15YF3-10SrF2-10MgF2) glasses are depicted in Fig. 1a,
represented by the blue and red solid curves, respectively.
These two types of glass exhibit high transmittance within
the wavelength range of 0.5–6 μm. The aforementioned
results demonstrate that the incorporation of BaF2 and AlF3
significantly reduced the hydroxyl group content within the
glass matrix. To evaluate the water resistance of TBAY and
ABCYSM glasses, the transmission spectra of the cladding
and core glasses were measured after immersion in
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ultrapure water for 24 h. The results are illustrated in Fig.
1a, with the red and blue dashed curves representing the
TBAY and ABCYSM glasses, respectively. No significant
changes were observed in the transmission spectra, indi-
cating that both TBAY and ABCYSM glasses exhibit
excellent water resistance. The core attenuation curve of the
TBAY fiber from 0.5 to 6 μm was also calculated from glass
transmittance, the thickness of TBAY glass sample is
0.2mm, as shown in Fig. 1a. It is noticeable that beyond
4.3 μm, the core attenuation exhibits a significant increase
resulting from the multiphonon absorption edge effect,
which is an intrinsic material constraint28. Multiple pho-
nons are created in conjunction with the absorption of a
single photon during absorption processes. They can lead to
substantial absorption tails in spectral regions where one
would otherwise have low absorption. The contributed
absorption decays exponentially towards shorter optical
wavelengths, as increasingly higher-order processes are
required in that spectral region. The temperature depen-
dence of elongation (ΔL) for TBAY and ABCYSM glass
rods of identical length (~0.2 cm) is presented in Fig. 1b.
Both glasses exhibited similar glass transition temperatures
(Tg) and onset crystallization temperatures (Tx). Specifi-
cally, the Tg and Tx values of TBAY glass were 427 °C and
534 °C, respectively, while those of ABCYSM glass were
425 °C and 503 °C, respectively. These results demonstrate
that step-index fluorotellurite fibers can be successfully
fabricated utilizing TBAY glass as the core material and
ABCYSM glass as the cladding material. The measured
refractive indices of TBAY and ABCYSM glasses are pre-
sented in Fig. 1c. The refractive index difference between
ABCYSM and TBAY glasses is significantly large, enabling
the fabrication of high numerical aperture (NA) fluor-
otellurite fibers. As illustrated in Fig. 1d, the calculated NA
of fluorotellurite fibers based on these two glasses reaches

~1.1 at 3.54 μm. This high NA value provides exceptional
dispersion design flexibility for the fibers.

Design of fiber
The cross section of the fabricated high numerical

aperture (NA) fluorotellurite fiber is presented in Fig. 2a,
revealing a step-index structure. The background loss of
the fibers was ~0.39 dB/m at 3.54 μm, as determined by
the cut-back method. The calculated group velocity dis-
persion (GVD) curves of the fundamental propagation
mode for the TBAY fiber with core diameters of 10, 6.5,
3.0, and 2.0 μm are presented in Fig. 2b. The first zero-
dispersion wavelengths (ZDWs) for these core diameters
were 2102 nm, 1805 nm, 1315 nm, and 1162 nm, respec-
tively. Additionally, the second ZDWs for fibers with core
diameters of 3.0, and 2.0 μm were 3723 nm, and 2540 nm,
respectively. The nonlinear coefficients at 3.54 μm for the
corresponding core diameters were calculated to be 15.47,
22.91, 86.15, and 98.67 km⁻¹ W⁻¹, respectively, using a
nonlinear refractive index of 3.5 × 10⁻19 m² W⁻¹ for
fluorotellurite glasses21,22. Generally, the generation of
MIR Raman solitons requires fluorotellurite fibers with a
high nonlinear coefficient and anomalous dispersion at
the pumping wavelength (∼3.54 μm). For the generation
of MIR dispersive waves (DWs), fibers with a negative
dispersion slope at MIR wavelengths (>3.5 μm) are
essential. Based on these requirements, a fluorotellurite
fiber with a core diameter of 6.5 μm was selected as the
nonlinear medium for generating MIR Raman solitons,
while a fiber with a core diameter of 3.0 μm was used for
generating MIR DWs in our experiments.

Experimental setup
To demonstrate the potential of the fluorotellurite fiber

for generating tunable MIR Raman solitons and DWs, we
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conducted the following experiments. The experimental
setup is illustrated in Fig. 3a. The pump source comprises
a 2.8 μm seed laser and two-stage amplifier. The 2.8 μm
seed laser is a passively mode-locked ring laser incor-
porating a ~3m segment of Er3+-doped fluoride fiber.
The mode-locking system, based on nonlinear polariza-
tion evolution (NPE) technology, generates 295 fs pulses
with a pulse energy of 2.4 nJ, corresponding to a peak
power of ∼8.14 kW. The emission spectrum of the seed
laser, measured using a FTIR spectrum analyzer (Thermo,
Nicolet iS50), is presented in Fig. 3b. The inset of Fig. 3b
displays the autocorrelation trace of the seed laser,
obtained using an autocorrelator. The pulse train of the
seed laser is depicted in Fig. 3c, with a pulse interval of
23.6 ns, corresponding to a repetition rate of 42.4MHz.
The inset of Fig. 3c displays the radio frequency (RF)
spectrum measured by an oscilloscope (Tektronix,

MDO3102) with a photodetector (VIGO System, MIP-
10k-100M-F-M4). The fundamental frequency of the
mode-locked pulse is 42.4MHz with a signal-to-noise
(SNR) of 75 dB, indicating excellent stability. Subse-
quently, a pulse picker reduces the repetition rate from
42.4MHz to 100 kHz to optimize pulse energy manage-
ment. The pulses, after repetition rate adjustment and
first amplification, undergo a second amplification stage.
During this stage, the central wavelength of the pulses
shifts from ~2.8 μm to ~3.54 μm due to the Raman soliton
self-frequency shift effect in the fluoride fiber amplifier.
The laser beam is then collimated by an aspheric ZnSe
lens L1 (f= 20mm) and passes through a filter to refine
the spectral profile. In the second stage, the filtered
ultrashort pulse centered at 3540 nm is focused into the
TBAY fiber using an aspheric Black Diamond-2 lens L2
(f= 4mm). After the second-stage amplifier, the
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maximum pulse energy of the filtered 3.54 μm pulse
reaches 260 nJ. The measured spectrum of the 3540 nm
laser is shown in Fig. 3d, with the inset displaying the
autocorrelation trace, revealing a pulse width of 274 fs.
Figure 3e illustrates the pulse train of the 3540 nm fem-
tosecond laser, with a pulse interval of 10 μs, corre-
sponding to a repetition rate of 100 kHz.

SSFS in TBAY fiber
In the experiments, a 48-cm-long TBAY fiber was

initially utilized, the spectrum performance of the TBAY
fiber is measured using a spectrum analyzer (Fastlite,
Mozza). However, the coupling efficiency of the pump
pulse into the TBAY fiber was relatively low, estimated at
~25.8%, due to the small core size and high Fresnel
reflection (~8%) at the fiber ends. To investigate the
influence of fiber length on the soliton self-frequency
shift, the cut-back method was employed. This involved
gradually reducing the length of the TBAY fiber while
monitoring the evolution of the Raman soliton. Figure 4a
presents the measured output spectra for different fiber
lengths under an incident pulse energy of 154.8 nJ. The
spectral characteristics and power of the generated soliton
were meticulously monitored as the fiber length was
progressively reduced. When the fiber length was 48 cm,
the SSFS phenomenon was clearly observed. As the fiber
length was decreased from 48 cm to 13 cm, the intensity
of the first Raman soliton centered at 4584 nm gradually
increases due to the reduction of wavelength-dependent
fiber-loss. For a fiber length of 13 cm, the maximum
output pulse energy of the first Raman soliton was esti-
mated to be 1.89 nJ, with a conversion efficiency of 7.2%,
as illustrated in Fig. 4b. However, it is noteworthy that the
4.6 μm soliton was not observed in the 48-cm-long fiber,
while it became detectable in the shorter fiber setup. This
can be attributed to two primary mechanisms. First, the
wavelength-dependent loss in the TBAY fiber becomes
increasingly significant at longer wavelengths, particularly

around 4.6 μm, where the material absorption is sub-
stantially higher, as shown in Fig. 1a. In the 48 cm fiber,
this enhanced attenuation suppresses the 4.6 μm soliton
component, making it below the detection threshold.
Second, the high-order soliton undergoes temporal split-
ting and energy redistribution among multiple spectral
components. This process disperses the available energy
across a broader wavelength range, consequently reducing
the power fraction allocated to the specific 4.6 μm soliton.
The combination of these two effects results in the 4.6 μm
soliton having an extremely low power ratio in longer
fibers, making it practically undetectable. Conversely, the
reduced fiber length of 13 cm reduces both the loss effects
and the extent of soliton fission, thereby preserving suf-
ficient power in the 4.6 μm spectral region for experi-
mental observation.
Figure 5a shows the dependence of the measured output

spectra from the 13 cm long fluorotellurite fiber on the
incident pulse energy of the 3540 nm femtosecond fiber
laser. The GVD value at 3540 nm of the fiber was about
−73.61 ps2/km and the calculated dispersion length LD
was ~25 cm. For the soliton A(0, T)=N sech (T/T0), the
soliton order N of the input pulse is determined by both
the pulse and fiber parameters through N2= LD/LNL,
where LNL is nonlinear length

10. The soliton fission length
is defined as Lfiss= LD/N. For the 13 cm long fluor-
otellurite fiber, the first Raman soliton with a central
wavelength of ~3804 nm was generated by the soliton
fission as the incident pulse energy reached 7.2 nJ (In this
case, Lfiss= 1.38 cm). As the incident pulse energy was
increased to ~9 nJ, the SSFS phenomenon became clearly
observable, with the first Raman soliton redshifted to
~4192 nm due to intra-pulse Raman scattering. When the
incident pulse energy was further increased to 13.5 nJ, the
Raman soliton redshifted to ~4349 nm. The first soliton
can be frequency-shifted to 4584 nm at an incident pulse
energy of 106.6 nJ and maintains its central wavelength
until the pulse energy reaches 154.8 nJ. Figure 5b
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illustrated the output pulse energy and conversion effi-
ciency for first Raman solitons at different wavelengths in
the 13-cm-long fluorotellurite fiber. The conversion effi-
ciency for the generated 4584 nm Raman soliton was
~7.2%. The increased material loss and soliton fission-
induced energy transfer leads to a significantly decreased
conversion efficiency of first Raman soliton. These results
demonstrate that tunable MIR Raman solitons, spanning
from 3540 nm to 4584 nm, can be achieved in the fluor-
otellurite fiber through the SSFS mechanism. To the best
of our knowledge, this study represents the first demon-
stration of tunable Raman soliton generation beyond
4.5 μm in fluorotellurite fibers.
Additionally, we conducted numerical simulations of

MIR Raman soliton generation in fluorotellurite fibers by
solving the generalized nonlinear Schrödinger equation
(GNLSE). In the simulations, the following parameters
were used: a calculated nonlinear coefficient of 22.91 km⁻¹
W⁻¹; the chromatic dispersion data shown in Fig. 2b; a
pump laser with an operating wavelength of ~3540 nm, a
pulse width of ~274 fs, and a repetition rate of 100 kHz;
and the Raman response function derived from the
Raman gain spectrum of the fluorotellurite glass. The
Raman response function was characterized by dual time
constants of τ1= 7.03 fs and τ2= 65.18 fs, with a frac-
tional Raman contribution fR= 0.32 for the TBAY glass
composition. These parameters were determined from the
intermediate-broadening model to accurately represent
the vibrational dynamics of the TBAY glass29 (See Sup-
plementary Information). To account for wavelength-
dependent transmission characteristics, the simulations
incorporated the measured attenuation profile illustrated
in Fig. 1a. Figure 6a presents a comparison between the
simulated (gray curve) and measured (red curve) Raman
soliton spectra output from the fluorotellurite fiber under
the same incident pulse energy of 154.8 nJ. The close
agreement between the simulated and experimental
results confirms the appropriateness of the parameters

used in the numerical simulations. The experimentally
observed three spectral peaks at 3.6 μm, 4.0 μm, and
4.6 μm exhibit characteristic hyperbolic secant function-
based distribution profiles (See Supplementary Informa-
tion), confirming their origin as fundamental Raman
solitons generated through higher-order soliton fission
and subsequent self-frequency shift. The spectral and
temporal evolution of Raman soliton generation in the
fluorotellurite fiber for an incident pulse energy of
154.8 nJ is shown in Fig. 6b, d. As shown in Fig. 6b, the
initial spectral broadening in the Raman soliton evolution
was caused by higher-order soliton compression as the
pump pulse propagated through the fiber segment from 0
to 2 cm. For the pump pulse propagating through the fiber
segment from 2 to 5 cm, further spectral broadening was
observed. Since the operating wavelength of the pumping
laser was located in the anomalous dispersion region of
the fluorotellurite fiber, we considered that the mechan-
isms of large spectral broadening were a combination of
higher order soliton compression, soliton fission, and the
soliton self-frequency shift. As the pump pulse propagated
through the fiber segment from 5 to 13 cm, the Raman
soliton further redshifted to 4584 nm due to intra-pulse
Raman scattering. Figure 6c illustrated the simulated
pulse propagation in 13-cm-long TBAY fiber, and the
simulated pulse duration of the obtained 4.6 μm Raman
soliton is shown in the inset, with a pulse duration of
187 fs and an estimated peak power of 10.1 kW, loss-
corrected theoretical net output pulse energy and peak
power are 2.12 nJ and 11.34 kW, respectively. The tem-
poral evolution shows in Fig. 6d corresponds well to the
spectrum evolution, indicating the reliability of our
simulation. Although direct measurement of the Raman
soliton pulse duration was difficult due to limited output
power, simulations indicate sub-picosecond durations
consistent with the measured spectra. To enable full
temporal characterization in future work, strategies such
as pump pre-amplification using mid-IR fiber amplifiers30,
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and integration of Pr3+ or Dy3+-doped fiber amplifiers are
promising31,32. Additionally, coupling efficiency can be
improved via optimized alignment, mode-matching
optics, and anti-reflection coatings. These enhancements
could increase soliton output power sufficiently for
autocorrelation or FROG measurements, advancing the
practical development of compact ultrafast sources
beyond 4 μm.

DW generation
In our experiments, a fluorotellurite fiber with a core

diameter of 3 μm was employed for generating MIR DWs.
The coupling efficiency of the pump pulse into the 3-μm
core TBAY fiber was estimated to be ~10.8%. Figure 7a
presents the measured optical spectra at different fiber

lengths. The initial experiment utilized a 25.5-cm-long
TBAY fiber. When the incident pulse energy was
increased to 220 nJ a wavelength component near
4177 nm was observed. To investigate the influence of
fiber length, the fiber was progressively cut to shorter
lengths of 21.3 cm, 16.9 cm, 13.1 cm, and 9.8 cm. For each
length, the experimental observations were consistent
with those from the 25.5-cm-long fiber: a spectral com-
ponent near 4177 nm emerged at low pump powers, and
no significant wavelength shifts were observed as the
pump power increased. As the fiber length was reduced
from 13.1 cm to 9.8 cm, the Raman soliton further
transferred energy to a redshifted dispersive wave DW.
The dip observed at 4250 nm is attributed to CO2

absorption. Figure 7b illustrates the output pulse energy

0

5

10

15

20

Fiber length (cm)

P
ul

se
 e

ne
rg

y 
(n

J)

13 nJ

3.3 nJ

49.5%

35.3%

0

15

30

45

60

 P
ow

er
 c

on
ve

rs
io

n 
ra

tio
 (

%
)

5 10 15 20 25 303000 3500 4000 4500 5000

Wavelength (nm)

9.8 cm

13.1 cm

In
te

ns
ity

 (
a.

u.
)

16.9 cm

21.3 cm

25.5 cm

ba

Fig. 7 Output characteristics of 3 μm core diameter TBAY fibers. a Measured optical spectrum at different fiber length with the incident pulse
energy of 260 nJ. b Output power and conversion efficiency

−1 0 1

Simulated
Fitted

Delay (ps)

187 × 1.54 fs

In
te

ns
ity

 (
a.

u.
)

   Exp.
   Sim.

ca

d

0

2

4

6

8

10

12

F
ib

er
 le

ng
th

 (
cm

)

0

–5

–10

–15

–20

–30

–25

b

3000
0

2

4

6

8

10

12

F
ib

er
 le

ng
th

 (
cm

)

3500 4000 4500 5000 5500 6000

0

–10

–20

–30

–40

–50

Soliton 1

Soliton 2

Pump

Wavelength (nm) Delay (ps)

In
te

ns
ity

 (
a.

u.
)

–5 0 5 10

In
te

ns
ity

 (
a.

u.
)

Fig. 6 Simulated output characteristics of 6.5 μm core diameter TBAY fibers at incident pulse energy of 154.8 nJ. a Measured (red) and
simulated (gray) output spectrum. b Spectrum evolution. c Simulated pulse propagation, inset: simulated pulse duration of 4.6 μm Raman soliton.
d Temporal evolution

Wang et al. Light: Science & Applications          (2025) 14:340 Page 7 of 11



and power ratio of DWs for different fiber lengths. For the
9.8-cm-long fiber, the maximum output pulse energy and
power ratio of the generated DW were ~13 nJ and 49.5%,
respectively. We attribute the enhanced DW generation in
shorter fibers to the reduced infrared absorption loss at
wavelengths beyond 4 μm.
Figure 8a illustrates the dependence of the output

spectra from the 16.9-cm-long TBAY fiber on the incident
pulse energy. As the incident pulse energy was increased
from 18.9 nJ to 60.1 nJ, the DW was observed at 4177 nm.
Since the pump laser wavelength was located in the
anomalous dispersion region of the fluorotellurite fiber,
the generation of DWs can be attributed to a combination
of higher-order soliton compression, soliton fission, SSFS
and the SSFS cancellation effect. When the incident pulse
energy was further increased from 60.1 nJ to 260 nJ, the
conversion efficiency and output pulse energy of the DWs
increased to 41.7% and 7 nJ, respectively, as shown in Fig.
8b. The loss-corrected theoretical net output pulse energy

and peak power is 7.9 nJ and 68.7 kW, respectively. The
dual-peak spectral structure observed in Fig. 8a arises
from the dynamic balance between soliton self-frequency
shift toward longer wavelengths and dispersive wave
generation that creates complementary blue-shifted
components through energy-conserving soliton recoil.
The broadband supercontinuum formed by pump and
soliton overlap contributing 58.3% power.
To verify the mechanism for the generation of the 4177 nm

dispersive wave, we performed numerical simulations by
solving the generalized nonlinear Schrödinger equations, the
spectral and temporal evolution of MIR dispersive waves
generation in the dispersion-engineered fluorotellurite fibers
was simulated. The dispersion data of TBAY fiber with 3-μm
core diameter is from Fig. 2b, the pump conditions are the
same as to those in SSFS, the incident pulse energy is set to
260 nJ. Figure 8c presents a comparison between the theo-
retically simulated and experimentally measured spectra,
demonstrating excellent agreement. The spectral evolution
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shows in Fig. 8d indicate that, since the wavelength of the
pump laser was located at the anomalous dispersion region
of the fluorotellurite fiber, the mechanisms of DW genera-
tion is combination of higher-order soliton compression,
soliton fission, Raman soliton self-frequency shift. Interest-
ingly, as the red-shifted soliton moves into the spectral region
in which the dispersion slope of the dispersion engineered
fiber with two ZDWs is negative, the soliton would emit a
radiation band with a wavelength of longer than the second
ZDW through the Cherenkov mechanism, the Cherenkov
radiation is also called red-shifted dispersive wave. This
triggers energy transfer from the soliton to the DW, visible as
a sharp spectral peak at 4177 nm. The corresponding tem-
poral evolution of DW generation was shown in Fig. 8e,
which confirmed the above interpretation.

Discussion
Finally, we compared the performance of this work with

other ultrashort pulse fiber lasers operating in the 4–5-μm
wavelength range. Table 1 summarizes recent advances in
gain medium characteristics and key performance metrics
of 4–5 μm ultrashort pulse fiber lasers. Compared with
InF3-based systems, TBAY fiber enables significantly
shorter device length of 13 cm due to its higher non-
linearity, while maintaining stable 4.6 μm output
(1.82 mW, 0.63% RMS) over 90min, demonstrating
superior output stability, as illustrated in Fig. 9a. Infor-
mation on output repeatability can be found in the Sup-
plementary Information. Within the available pump

power range, the fiber end face was not damaged (See
Supplementary Information). Our developed TBAY fiber
holds significant potential for generating compact, high-
energy 4–5 μm Raman solitons and dispersive waves. The
MIR laser source demonstrated in this study exhibits great
promise for cross-disciplinary applications, including
trace gas detection, organic material processing, biome-
dical research, and other fields.
In summary, we have developed a novel TBAY glass with a

broadband infrared transmission window, excellent thermal
stability, chemical stability, and high nonlinearity. By carefully
controlling dispersion and optimizing nonlinear processes,
we successfully generated Raman solitons and dispersive
waves with wavelengths exceeding 4 μm in centimeter-length
TBAY fibers. The dispersion-engineered TBAY fibers with a
core diameter of 6.5 μm enabled the generation of 4584 nm
Raman solitons, while a core diameter of 3 μm facilitated the
generation of 4177 nm DW. Detailed experiments were
conducted to investigate the influence of pump power and
fiber length on SSFS and DW dynamics. However, further
reductions in fiber loss and improvements in power handling
are necessary to extend the tuning range and increase output
power. Future work should focus on optimizing fiber com-
position to improve nonlinearity and reduce losses, as well as
exploring polarization-maintaining designs and advanced
pumping schemes. Our results demonstrate that TBAY
fibers are highly promising nonlinear media for generating
MIR Raman solitons and DWs beyond 4 μm. This study
provides a solid foundation for the development of integrated

Table 1 Recent advances in gain medium characteristics and key performance metrics of 4–5-μm ultrashort pulse fiber
lasers

References Fiber material Mechanism Working wavelength Output RMS Fiber length n2 (m2 W−1) Tg (°C) Water resistance

24 InF3 SSFS 4.3 μm / 2m 4.0 × 10−20 ~30933 Poor26

25 InF3 SSFS 4.8 μm / 20 m 2.1 × 10−20 ~30933 Poor26

This work TBAY SSFS & DW 4.6 μm & 4.1 μm 0.63% 0.13 m 3.5 × 10−19 427 Good
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MIR fiber sources and enhances our understanding of non-
linear optics in this critical spectral region.

Materials and methods
Preparation of glass materials
The cladding and core materials of the fluorotellurite

fibers were 35AlF3-10BaF2-20CaF2-15YF3-10SrF2-
10MgF2 (ABCYSM) and 60TeO2-20BaF2-10AlF3-10Y2O3

(TBAY) glasses, respectively. In the core material, BaF2
was added to reduce the hydroxyl group content, as F⁻
ions can break the O–H bonds in the glass. AlF3 was
incorporated to further enhance the removal of hydroxyl
groups and to adjust the refractive index of the glass.
Additionally, Y2O3 was included to improve the thermal
stability of the glass, preventing crystallization during
fiber drawing. In our experiments, starting chemical
materials with a purity of 99.99% were used. First, bulk
glass samples of TBAY and ABCYSM were prepared
using a melting method. The glass samples were polished
to a thickness of 2 mm for optical measurements. The
transmission spectra from ultraviolet to mid-infrared
were recorded using a Perkin-Elmer Lambda 750
UV–VIS–NIR spectrophotometer (190–3300 nm) and a
Perkin-Elmer FTIR spectrometer (2500–25000 nm),
respectively. The refractive indices of the glass samples
were characterized using a spectroscopic ellipsometer
(SE850, Sentech). Thermal properties were determined by
differential thermal analysis (DTA) with a PerkinElmer
TG-DTA6200 analyzer at a heating rate of 10 °C/min in
the temperature range of 25–770 °C.

Fabrication of fiber
The fibers were fabricated using the rod-in-tube method

and feature a single-cladding structure. First, the core and
cladding materials were melted at 950 °C under a dry
atmosphere composed of 90% nitrogen and 10% oxygen.
The molten materials were then poured into a preheated
brass mold to form the preform. Next, the preform was
heated and drawn into a ‘rod’ structure, consisting of a
TBAY core glass surrounded by ABCYSM cladding glass.
Simultaneously, the ‘tube’ (ABCYSM glass) was produced
using the rotational casting method. Finally, the thinner
rod was inserted into an ABCYSM glass tube and drawn
into fibers.
To enhance optical quality and system performance,

several fabrication optimizations were implemented,
including upgrading from 4N to 5N purity raw materials
for both TBAY core (60TeO2-20BaF2-10AlF3-10Y2O3)
and ABCYSM cladding (35AlF3-10BaF2-20CaF2-15YF3-
10SrF2-10MgF2) glasses with sealed crucible melting and
enhanced stirring to reduce transition metal and hydroxyl
contamination. During preform processing, we replaced
deionized water with anhydrous ethanol for moisture-
sensitive ABCYSM polishing to ensure precise geometric

control, while fiber drawing employed 99.999% high-
purity Ar atmosphere instead of nitrogen to achieve lower
dew points and minimize hydroxyl absorption during
controlled temperature and tension processes.

Supplementary information
Supplementary information for the calculation of

Raman response function, output repeatability of 4.6 μm
Raman soliton, damage threshold of TBAY fiber and
hyperbolic secant function-based optical soliton spectrum
fitting accompanies the manuscript on the Light: Science
& Applications website (http://www.nature.com/lsa).
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