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Abstract: We have experimentally demonstrated the flat supercontinuum (SC) generation using a 
10-m-long ZrF4-BaF2-LaF3-AlF3-NaF (ZBLAN) fluoride fiber pumped by an erbium-doped 
mode-locked fiber laser incorporating carbon-nanotube-based saturable absorbers. In order to 
improve the spectral flatness of SC, the standardized single-mode fiber with different lengths is 
connected to the output of the mode-locked fiber laser before the pulse amplification. The generated 
SC with ZBLAN fiber exhibits the best spectral flatness with fluctuation less than 1.29 dB over the 
wavelength of 1571.8 nm − 1803.1 nm, showing potential applications in optical sensing. 
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1.Introduction 

Supercontinuum (SC) laser sources with the 

ability to exhibit excellent wide bandwidth and good 

beam quality have attracted a significant scientific 

interest because of their wide applications covering 

the fields of metrology [1], molecular fingerprinting 

[2], infrared spectroscopy [3], as well as biomedicine 

[4]. SC sources also have potential applications in 

various long-distance optical sensing due to good 

beam profiles and high spectral stability [5]. Since 

Stolen and Lin observed SC generation in an optical 

fiber for the first time [6], various types of SC 

sources have been extensively investigated. Silica 

fibers have been the predominant nonlinear media of 

SC generation in the past decades due to their 

stability and low transmission loss in the visible and 

near-infrared regions [7]. However, using silica 

fibers as the nonlinear medium of SC generation is 

affected by the strong intrinsic material losses in the 

long wavelength, which limits the spectral 

broadening towards mid-infrared (mid-IR) [2]. 

Compared with silica glass fibers, soft-glass 

fibers have the lower transmission loss, higher 

damage threshold, and better environmental stability 

in the mid-IR [8–9]. Among all soft glass fibers, 

fluoride fibers and chalcogenide fibers are more 

technically mature and commercially available [10]. 

Generally, pumping the fibers close to their zero 

dispersion wavelengths (ZDWs) can obtain 

broadband SC effectively [11]. However, the ZDWs 

of chalcogenide fibers are usually above 4.5 μm [12], 
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making them difficult to find a suitable pump source 

to further broaden their spectrum. In contrast, 

fluoride glass fibers have higher damage threshold 

than chalcogenide fibers, which make them be ideal 

candidates for mid-IR SC generation, especially, 

ZrF4-BaF2-LaF3-AlF3-NaF (ZBLAN) fibers [10, 13]. 

So far, the wavelength range generated by ZBLAN 

fibers have been achieved from the ultraviolet to the 

mid-infrared [14, 15]. In practical applications, the 

SC source produces a flat spectrum over a wide 

range of wavelength, which not only satisfies the 

system’s spectral bandwidth requirements, but also 

improves the measurement accuracy and reduces the 

technical difficulty of power balance [16]. However, 

SC flatness, which is important for many 

applications, is still a challenge [7]. At present, the 

fluctuation of the spectrum is almost larger than    

3 dB, especially in the wavelength range of 1600 nm 

− 1800 nm. On the other hand, SC laser sources 

obtained in this range have potential applications in 

optimization of deeper layers biological tissue 

imaging, especially examining cholesterol and 

collagen contents in different tissues in the 

short-wave infrared region [17]. Therefore, the 

spectral performances of SC laser sources are 

expected to be improved. 

In this work, we have demonstrated flat SC 

generation using a 10-m-long ZBLAN fiber pumped 

by a 1.5-μm mode-locked fiber laser incorporating 

carbon-nanotube-based saturable absorbers (CNT- 

SAs). The standardized single-mode fiber (SMF) 

with different access lengths is connected to the 

output of the mode-locked fiber laser in order to 

improve the spectral flatness of SC. For the first 

time, the high spectral flatness with fluctuation less 

than 1.29 dB ranging from 1571.8 nm to 1803.1 nm 

has been demonstrated by using the ZBLAN fiber. 

The experimental observations indicate that the 

optimization of the initial pulse width and peak 

power can contribute to the generation of flat SC. 

2. Experimental setup 

Figure 1 exhibits the experimental schematic 

diagram of flat SC generation using the ZBLAN 

fiber. An erbium-doped mode-locked fiber laser 

incorporating a CNT-SA operating at 1550 nm is 

utilized as the seed source. The CNT-SA is 

fabricated by the optical-driven deposition method 

and plays the role of mode-locker. A ~55-cm-long 

erbium-doped fiber (EDF) is applied as the gain 

fiber which is pumped by a 980-nm pump laser via a 

980/1550 nm wavelength division multiplexing 

(WDM) coupler. A polarization-insensitive optical 

isolator is applied to prevent backward propagation 

of the light in the cavity. The 80/20 coupler extracts 

20 % of the optical power from the laser cavity as 

the laser output. The total length of the laser cavity 

is 11 m. A piece of the commercially standardized 

SMF outside the laser cavity is used to broaden the 

pulse width and reduce the peak power before the 

pulse amplification, thereby reducing the nonlinear 

effect in the amplification process. The optimized 

seed light is amplified by an erbium-doped optical 

fiber amplifier (EDFA) and then pumped into a 

10-m-long single-mode ZBLAN fiber which has a 

core/clad diameter of 6/125 μm, a numerical aperture 

(NA) of 0.2, and a cut-off wavelength at 1650 nm. 

The fitted dispersion profile of the ZBLAN fiber is 

shown in Fig. 2. The fiber has a zero-dispersion 

wavelength near 1700 nm, and the dispersion is 

relatively flat over the wavelength of 1550nm − 

2000 nm. A measurement of the fiber attenuation is 

provided by FiberLabs Inc., in 1000nm − 3000 nm, 

and the fiber exhibits losses below 0.1 dB/m. The 

performance of the optical spectrum is observed by 

an optical spectral analyzer (YOKOGAWA, AQ6375) 

with a resolution of 0.2 nm. The pulse width and the 

optical pulse trains are measured by a commercial 

autocorrelator (Femtochrome, FR-103HS) and 

oscilloscope (Tektronix, MSO4104), respectively. 
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Fig. 1 Experimental setup of spectrally flat supercontinuum 

generation pumped by the mode-locked laser. CNT-SA: 
carbon-nanotube-based saturable absorber; WDM: wavelength 
division multiplexing; PC: polarization controller; SMF: 
single-mode fiber; EDF: erbium-doped fiber; EDFA: 
erbium-doped fiber amplifier; OSA: optical spectrum analyzer. 
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Fig. 2 Fitted dispersion data of the single-mode ZBLAN 

fiber. 

3. Results and discussion 

The stable mode-locked condition of the seed 

laser is achieved at an input pump power of 72.6 mW, 

and the average output power of the laser is about 

804 μW. The corresponding peak power is ~37.6 W, 

and the time-bandwidth product is estimated to be 

~0.76. Figure 3(a) depicts the time-domain pulse and 

frequency-domain spectrum of the seed laser. The 

blue curve presents the mode-locked optical 

spectrum of the seed fiber laser, and the 3-dB 

spectral bandwidth is about 5.3 nm centered at 

1562.4 nm. The red curve shows the autocorrelation 

trace fitted by sech2-shaped pulse, and the pulse 

width is calculated to be ~1.16 ps. The 

corresponding radio frequency and oscilloscope 

trace are shown in Fig. 3(b). The output pulse train 

has a repetition rate of 18.44 MHz, and the 

signal-to-noise ratio (SNR) is ~45 dB at the 

fundamental frequency of 18.44 MHz. 

−20

−30

−40

−50

−60
1540 1550 1560 1570 1580 

Wavelength (nm) 

−8 −6 −4 −2 0 2 4 6 8
1.2

1.0

0.8

0.6

0.4

0.2

0.0

P
ow

er
 (

dB
m

) 

Time (ps) 

 

In
te

ns
it

y 
(a

.u
.)

 

 
(a) 

−50

−60

−70

−80

−90

−100

−110
18.0 18.2 18.4 18.6 18.8

Frequency (MHz) 

~ 45 dB 
P

ow
er

 (
dB

m
) 

In
te

ns
it

y 
(a

.u
.)

 

1.0
0.8
0.6
0.4
0.2
0.0

 
Time (ns)

−200 −100 100 200 0

 

 
(b) 

Fig. 3 Time and frequency domain characteristics of the seed 
laser: (a) mode-locked optical spectrum (blue curve) and 
autocorrelation trace of pulse and sech2-shape pulse fitting (red 
curve) and (b) corresponding RF spectrum, the insert picture is 
the output pulse train. 

Figure 4 shows the output spectra of SC after the 

ZBLAN fiber at different power levels. As the input 

average power increases, the spectrum gradually 

broadens to the longer wavelength. When the 

average output power (Pav) of SC is 0.61 mW 

corresponding to the input pulse with the peak 

power of 99 W, the spectral broadening is not 

obvious, and the 20-dB bandwidth is about 30 nm. 

When Pav of SC is 5.25 mW corresponding to the 

input pulse with the peak power of 934 W, the 

spectrum only broadens to 1800 nm, and the 20-dB 

bandwidth is about 185 nm. When Pav increases to 

52.5 mW (the power is limited by our existing 

equipment), at this point, the pulse split, the long 

wavelength side of the SC extends to 2000 nm, and 

the 20-dB bandwidth is about 290 nm. However, all 

the spectra show relatively large fluctuation over the 
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wavelength ranging from 1600 nm to 1800 nm. 
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Fig. 4 Spectral distribution after the ZBLAN fiber for 

different average output powers. 

In order to improve the spectral flatness, the 

SMF with the lengths of 0 m, 50 m, 100 m, 150 m, as 

well as 200 m, is connected to the output of the 

mode-locked fiber laser, respectively. The tendency 

of the pulse width and peak power varying with the 

access length of the SMF is presented in Fig. 5, the 

inset picture of Fig. 5 shows the autocorrelation trace 

after the 200-m-long SMF fitted by Gauss-shaped 

pulse, and the pulse width is calculated to be   

~23.7 ps. When the access length of the SMF is less 

than 200 m, as the length of the SMF (Lsmf) increases, 

the pulse width increases, and the pulse is chirped, 

so that the peak power lowers. When Lsmf extends to 

210 m, we observe that the pulse width and the 

spectral bandwidth are all slightly narrowed over the 

repeated experiments. Such changes of pulse in the 

time and frequency domains are believed to be 

originated from the excess loss of the increased 

number of fiber connectors. So, the access length of 

the SMF is optimized at 200 m in our experiment. 

The pulses after passing the SMF are then 

launched into the EDFA. In the experiment, in order 

to verify the role of the SMF, the chirped pulse is 

firstly amplified at an average power of tens of watts 

to avoid the pulse fission. Figure 6(a) shows the 

pulse width and the pulse energy, as well as the peak 

power varying with the access length of the SMF 

after the pulse amplification. Under the same setting 

of EDFA, as the length of the SMF increases, the 

amplified pulse energy increases, indicating that the 

conversion efficiency of the amplifier is improved. 

In the meantime, the peak power of the pulses 

decreases due to the pulse broadening during the 

amplification process. Figure 6(b) shows the 

measured autocorrelation trace when Lsmf is 200 m. 

The pulse width is calculated to be ~24.5 ps fitted by 

the Gauss-shaped pulse, which is slightly larger than 

the measured pulse width of ~23.7 ps before the 

pulse amplification. The time-bandwidth product of 

the pulse with the SMF of 200 m is calculated to be 

~12 when the 3-dB spectral bandwidth is measured 

to be ~4 nm, such highly chirped pulse with 

improved pulse energy could be further potentially 

compressed for obtaining the higher peak power. By 

further increasing the output average power from 

EDFA, although single pulse train can be observed 

in the oscilloscope, the autocorrelation trace shows 

multiple peaks, indicating that the pulse fission 

exists at a high power level. 
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Fig. 5 Tendency of pulse width (blue curve) and peak power 

(red curve) varying with the access length of the SMF before the 
pulse amplification. Insert: the autocorrelation trace after the 
200-m-long SMF fitted by the Gauss-shaped pulse. 

Figure 7 shows the SC spectrum exhibiting 

asymmetric broadening with the SMF of 200 m, and 

we achieve the spectral fluctuation less than 1.29 dB 

over 1571.8 nm − 1803.1 nm. In contrast, when the 

SMF is not connected as shown in the inset of Fig. 7, 

the fluctuation of the optical spectrum is about  

8.30 dB between 1571.8 nm and 1803.1 nm. When a 

50-m-long SMF is connected, the fluctuation of the 
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optical spectrum is about 4.93 dB between    

1571.8 nm and 1803.1 nm. When a 100-m-long SMF 

is connected, the spectral fluctuation turns to 2.63 dB 

in the interval aforementioned. The recent work, a 

compact broadband SC generation in a single-mode 

ZBLAN fiber pumped by femtosecond pulses from 

an erbium-doped fiber laser, shows the SC spectrum 

spanning from 1100 nm to 3200 nm with a spectral 

fluctuation less than 8 dB [18]. Differently, we have 

achieved the SC generation with the spectral 

fluctuation less than 1.29 dB over 1571.8 nm − 

1803.1 nm. The results indicate that optimizing the 

pulse width before the amplifier is of great 

significance for improving the spectral flatness. 
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(b) 

Fig. 6 Pulse characteristics after EDFA: (a) pulse width (blue 
curve), pulse energy (red curve), and peak power (green curve) 
varying with the access length of the SMF after the pulse 
amplification and (b) autocorrelation trace fitted by the 
Gauss-shaped pulse after EDFA when Lsmf is 200 m. 

Note that as the length of the SMF increases, the 

flatness of the optical spectrum is significantly 

improved. As the length of the SMF increases, the 

pulse width increases. During the whole process of 

pulse width broadening, the repetition rate remains 

unchanged, and the output power of the tail end of 

the SMF is reduced, causing a drop in the peak 

power. This method is used to suppress nonlinear 

effects in the amplification process to minimize 

pulse fission. When such amplified pulse train 

pumps a highly nonlinear fiber in the normal 

dispersion region, it is possible to generate an SC 

spectrum with better flatness and stability [19]. 

Previous works on numerical simulations of SC 

based on the generalized nonlinear Schrödinger 

equations have been performed [20‒22], in which 

the combination of dispersion and various nonlinear 

effects has been taken into account. It is found that 

the self-phase modulation is the primary cause of 

spectral broadening in the first stage when the fiber 

is pumped by the pulses in the normal dispersion 

region [23]. When the pulses further propagate along 

the nonlinear medium, most of the pulse energy is 

shifted toward the long wavelength side due to the 

nonlinearity of Raman soliton self-frequency 

shifting [24], resulting in a broadband SC spectrum. 
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Fig. 7 Spectral distribution after the ZBLAN fiber when a 

200-m-long SMF is connected. Insert: the comparison of 
spectral distribution when different lengths of the SMF are 
connected. 

4. Conclusions 

We have experimentally demonstrated a flat 

supercontinuum generation in a 10-m-long ZBLAN 

fiber pumped by CNT-SA passively mode-locked 

fiber laser. In order to improve the spectral flatness 

of SC, the SMF with different lengths is connected 

to the output of the mode-locked fiber laser. It is 
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found that optimizing the pulse width and peak 

power of the seed source can improve the flatness of 

the optical spectrum. The output SC spectrum 

exhibiting the best spectral flatness with the 

fluctuation less than 1.29 dB in the range of   

1571.8 nm to 1803.1 nm has been achieved. Since 

SC sources possess the good beam quality and high 

spectral stability, they have potential applications in 

various long-distance optical sensing. 
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