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Abstract
A double-clad single-mode tellurite optical fiber (DC-SMTOF) with a loss of 0.5 dB/m @1545.1 nm was fabricated based 
on the TeO2–ZnO–Li2O–Bi2O3 (TZLB) material. During the fiber drawing process, a low level of residual birefringence was 
produced, which gave a chance for the investigation of the polarization modulation instability (PMI). With a nanosecond 
laser operated at 1545.1 nm as the pump source, the PMI effect in the DC-SMTOF was investigated using different fiber 
length and different average pump power. This investigation of the PMI generation in non-silica optical fibers may provide 
guidance for the generation of the highly repetitive optical pulse train.

1  Introduction

Modulation instability (MI) is a nonlinear four-wave mix-
ing process in which the amplitude and phase modulations 
of a wave grow as a result of an interplay between the non-
linear and dispersive effects, and the energy is exchanged 
between an intense pump wave and two weak sideband 
waves [1–4]. When MI was first observed in optical fibers 
[1], it was regarded possible only in the anomalous disper-
sion regime, because the nonlinear phase mismatch of this 
regime is positive, while MI requires a negative one to occur 
[5–7]. Therefore, extensive investigations have been carried 
out concerning MI in the anomalous dispersion regime of 
various optical fibers [8, 9]. However, in the birefringence 
optical fibers, MI process may occur in the normal disper-
sion regime, among which is the polarization modulation 
instability (PMI) [10–13], where the coupling induced by 
the two orthogonally polarized wave contributes to the linear 
phase mismatch and, therefore, plays a predominant role in 
the phase-matching condition [5].

PMI was first theoretically predicted in 1970 by Berkhoer 
et al. [14], and since then, many investigations concerning 
PMI have been conducted. In 1988, Wabnitz et al. reported 
PMI in a nonlinear birefringent dispersive medium [15]. In 
1995 Murdoch et al. published the first experimental obser-
vation of PMI in a weakly birefringent optical fibers [16]. 
Kruhlak et al. investigated PMI effect in a photonic crys-
tal fiber (PCF) in 2006 [17]. Frisquet et al. demonstrated 
the generation of PMI sidebands in the normal dispersion 
regime of a relatively long span of dispersion-compensat-
ing fiber in 2015 [18]. Recently, Fatome et al. reported the 
observation of PMI process occurring in a fiber Kerr reso-
nator [19]. Zhang et al. reported isotropic PMI in single-
mode conventional telecom fibers [20]. Despite the extensive 
exploration in nonlinear media or silica optical fibers, PMI 
in soft-glass optical fibers with high nonlinear refractive 
index has not been touched yet.

Tellurite optical fibers have high nonlinear refractive 
indices and wide transmission window in the mid-infrared 
region [21–24], which have already been applied to fiber 
sensors, fiber lasers and amplifiers, etc. [25–27]. They pro-
vide a desirable platform for PMI generation.

In this paper, a double-clad single-mode tellurite opti-
cal fiber (DC-SMTOF) was fabricated based on the 
TeO2–ZnO–Li2O–Bi2O3 (TZLB) material. With a nanosec-
ond laser operated at ~ 1545.1 nm as the pump source, PMI 
was experimentally demonstrated. Furthermore, the influ-
ence of fiber length and average pump power on the PMI 
effect was investigated.
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2 � Fabrication and property 
of the DC‑SMTOF

The DC-SMTOF was fabricated following the three-step 
process using the rod-in-tube drawing technique, as detailed 
previously [28]. During the fiber drawing process, a very low 
level of the residual birefringence was produced, which gave 
a chance for the generation of PMI in the DC-SMTOF [20]. 
Compared to the single cladding optical fibers, the double 
cladding structure can improve the light confinement ability 
and reduce the fiber loss.

Figure 1 shows the group velocity dispersion (GVD) 
of the fundamental mode in the DC-SMTOF, which was 
calculated using the full-vectorial mode solver (MODE 
SOLUTIONS). The SEM image of fiber’s cross-section is 
presented in the inset, and the diameter was ~ 2.45 μm. The 
diameter of the 1st and 2nd cladding was ~ 33 and 124 μm, 
respectively. The linear refractive index of the core material 
was 2.05, and the refractive index difference between the 
core and the first cladding was ~ 2.0%@ ~ 1545.1 nm, which 

were measured using prisms based on the glass samples. 
The measured values were fitted to the Sellmeier formula to 
obtain Sellmeier coefficients shown in Table 1. The attenu-
ation of the tellurite fiber was ~ 0.5 dB/m @ ~ 1545.1 nm, 
measured by the cutback technique. The nonlinear coeffi-
cient and the effective mode area were calculated, as shown 
in Fig. 1b.

3 � Experiment results and discussion

The experimental setup is shown in Fig. 2. The pump source 
was a nanosecond laser with a pulse width of ~ 4.1 ns and 
a repetition rate of ~ 25 kHz. The center wavelength of the 
pump source was ~ 1545.1 nm, which located within the 
normal dispersion regime of the DC-SMTOF. A polari-
zation controller (PC) was used in the experiment to con-
trol the polarization state. A fiber collimator (FC) helped 
to form a free-space collimated beam which, after pass-
ing through a neutral density (ND) filter and a half-wave 
plate (HWP), was coupled into the DC-SMTOF fiber core 
by an aspheric lens (AL) with a focal length of ~ 6.24 mm 
and an numerical aperture (NA) of ~ 0.40 (NEWPORT, 
F-LA11, 510–1550 nm). Finally, an optical spectrum ana-
lyzer (OSA, Yokogawa) using a single mode fiber (SMF) 

Fig. 1   a Calculated GVDs of the fundamental mode. Inset is cross-
section of the DC-SMTOF. b Calculated nonlinear coefficient and 
effective mode area

Table 1   Sellmeier coefficients of the core and the first cladding 
glasses

n
2(�) = 1 +

∑3

i=1

A
i
�
2

�2−L2
i

Core glass First cladding glass

Ai Li/μm Ai Li/μm

1 1.67189 0.0216 1.63758 0.02193
2 1.34862 0.23971 1.34201 0.24061
3 0.62186 6.8356 0.65885 6.97016

Fig. 2   Experimental setup for investigating MI in the DC-SMTOF. 
PC polarization controller, FC fiber collimator, HWP half-wave plate, 
AL aspheric lens, SMF single mode fiber, OSA optical spectrum ana-
lyzer
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was used to record the output spectrum from the other end 
of the DC-SMTOF.

We first fed the experimental system with a 2.5 m DC-
SMTOF and an average pump power of 47 mW. With the 
rotation of the HWP, the observed MI effect evolved regu-
larly. The azimuth of the HWP was regarded as 0° at the 
occurrence of the maximal MI, as shown in Fig. 3a. When 
the HWP shifted to 45°, the sidebands disappeared and no 
MI effect was observed, as shown in Fig. 3b. After that, 
with the every shift of 45°, the MI spectrum would gradu-
ally change from none to the maximal and the maximal to 
none. From this experimental observation, we can conclude 
that the generated MI process was closely associated with 
the polarization state. Then an analyzer was connected to 
the output end of the DC-SMTOF, and we found that both 
of the sidebands were orthogonal to the polarization state 
of the pump. The above observation was consistent with the 
properties of PMI stated in [5, 20], so we confirmed that the 
MI generated in this DC-SMTOF was PMI. To the best of 
our knowledge, it was the first demonstration of PMI in the 

tellurite optical fibers, which may provide guidance to the 
generation of the highly repetitive optical pulse train.

To investigate the effect of fiber length on PMI effect, 
the DC-SMTOFs of 10, 50 and 2.5 m were tried out in turns 
at the average pump power of 47 mW. The output spec-
tra are shown in Fig. 4, where the intensity of the output 
peak power dwindled continually (0.58, 0.31 and 0.22 mW, 
respectively), while the PMI effect became more and more 
obvious. This was because the fiber length has a direct influ-
ence on the fiber loss as well as the intensity of the non-
linear effect. The longer the length, the larger the loss and 
in turn the more damage to the output peak power. On the 
other hand, The longer the length, the stronger the nonlinear 
effect, and the more obvious the PMI. During the following 
investigation, the 2.5 m DC-SMTOF was used to guarantee 
the easy observation of the PMI spectrum.

To investigate the influence of average pump power on 
the PMI effect, the average pump power was adjusted within 
the range of 6.5–126 mW, and the measured PIM spectra are 
shown in Fig. 5. At 6.5 mW, no PMI was observed due to 
the low pump power, and the spectrum can be considered as 
that from the laser source. When the average pump power 
increased to 15 mW, the first order (1st) PMI was observed. 
At 19 mW, the second order (2nd) PMI was obtained, but 
due to the noise from the laser and the SRS, the Stokes band 
was not obvious. When the average pump power increased 
to 26.5 mW, the third order (3rd) PMI appeared, together 
with a more prominent 2nd Stokes band. However, with the 
further increase of the average pump, at 47 mW the 3rd 
PMI disappeared, and from 70 to 126 mW only the 1st PMI 
survived. From the figure we can see that the PMI effect 
became more and more prominent till 26.5 mW and then 
began to turn weak. The 1st PMI persisted throughout the 
whole experiment process, but it was also subject to the 

Fig. 3   a MI in the 2.5 m DC-SMTOF at the azimuth of 0°. b MI in 
the 2.5 m DC-SMTOF at the azimuth of 45°

Fig. 4   Experimental output spectra of the DC-SMTOF at the average 
pump power of 47 mW with different fiber lengths. a 10 cm; b 50 cm; 
c 2.5 m



	 T. Cheng et al.

1 3

180  Page 4 of 6

variation of the average pump power, which can be clearly 
seen from the following investigation.

Figure 6a shows the evolution of the 1st PMI’s total 
average output power (Ptotal) and peak power (Ppeak) at the 
average pump power range of 6.5 ~ 126 mW, both of which 
were measured by OSA from 1440 to 1640 nm. Figure 6b 
shows the peak power of the 1st PMI sidebands (PStokes 
and PAnti-Stokes). From 6.5 to 26.5 mW, Ptotal and Ppeak 
increased continuously, together with PStokes and PAnti-Stokes. 
At 26.5 mW, we obtained the maximal Ptotal = 574.9 μW, 
Ppeak = 485 μW, PStokes = 15.03 μW and PAnti-Stokes = 9.91 μW. 
After the average pump power exceeded 26.5 mW, Ptotal, 
Ppeak, PStokes and PAnti-Stokes plunged sharply. Figure 6c shows 
the wavelengths of the 1st PMI’s Stokes and anti-Stokes 
bands. From 15 to 26.5 mW, both of the two wavelengths 
shifted far away from the pump wavelength, which indicated 
the PMI effect became continuously stronger. At 26.5 mW, 
the maximal wavelength shift was obtained, being 1568.8 
and 1521.7 nm respectively. With the further increase of 
the average pump power, both wavelengths began to draw 

nearer to the central pump wavelength, for the PMI effect 
was weakening with the increase of the average pump power. 
From these three figures we can see clearly that the 1st PMI 
was also under the influence of the average pump power 
variation.

The above experimental observation showed that the PMI 
effect did not simply go stronger with the increase of the aver-
age pump power, which was different from its regular evolu-
tion pattern. To reveal the reason behind it, the experimental 
spectrum from 1440 to 1900 nm was recorded at the aver-
age pump power of 47 mW, as shown in Fig. 7. Because the 
pump wavelength (~ 1545.1 nm) located within the normal 
dispersion regime of the DC-SMTOF, the stimulated Raman 
scattering (SRS) could occur easily. From the figure we can 
see that at 1745 nm strong SRS was observed, for the pump 
power satisfied the threshold of Raman scattering. From 1440 
to 1900 nm, the total output average power at the end of the 
DC-SMTOF was measured to be 2.462 mW by OSA. How-
ever, from 1600 to 1900 nm, the power of SRS was 2.121 mW 
(accounting for 86.1% of the total power), which indicated that 

Fig. 5   PMI spectra at the average pump power of 6.5, 15, 19, 26.5, 47, 70, 86, 100 and 126 mW
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SRS carried most of the power away from the pump and made 
the pump depletion. After the average pump power exceeded 
26.5 mW, the SRS effect became increasingly prominent and 
carried more power away from the pump, which severely 
affected the generation of PMI. This resulted in the evolution 

pattern, where the PMI effect first went strong and then turned 
weak with the increase of the average pump power.

4 � Conclusions

We experimentally demonstrated the PMI generation and 
evolution in a DC-SMTOF. First the relationship between the 
polarization state and the MI effect was investigated, which 
helped confirm the generation of PMI. Then the effect of fiber 
length on PMI effect was investigated, which showed that the 
longer the fiber, the stronger the PMI effect. Next the influ-
ence of the average pump power variation was investigated, 
where the PMI effect became more and more prominent till 
26.5 mW and then began to turn weak. This was because after 
26.5 mW, SBS became increasingly prominent, which carried 
power away from the pump and severely affected the genera-
tion of PMI. This investigation of the PMI generation in the 
DC-SMTOF with the weak level of residual birefringence may 
provide the potential application in generating the optical pulse 
train with a high repetition rate.
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