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Abstract.  Broadband supercontinuum (SC) generation in a tele-
communication fibre [8/125-mm single mode fibre (SMF) and 
50/125-mm multimode fibre (MMF)] directly pumped by a nano-
second Q-switched Tm, Ho : YVO4 laser is demonstrated. At a 
7-kHz pulse repetition frequency (PRF), an output average power 
of 0.53 W in the 1.95 – 2.5-mm spectral band and 3.51 W in the 
1.9 – 2.6-mm spectral band are achieved in SMF and MMF, respec-
tively (the corresponding optic-to-optic conversion efficiencies are 
34.6 % and 73.7 %). The output spectra have extremely high flat 
segments in the range 2070 – 2390 nm and 2070 – 2475 nm with 
neglig ible intensity variation (less than 2 %). The SC average power is 
scalable from 2.1 to 4.2 W by increasing the PRF from 5 to 15 kHz, 
while maintaining pump power. Compared with the input pump 
pulse, the output SC pulse width is broadened, and no split is found. 
The stability of the output SC power has been monitored for a week 
and the fluctuations being less than 6 %.

Keywords: supercontinuum generation, telecommunication fibre, 
Tm, Ho :YVO4 laser, nanosecond pulse.

1. Introduction

Supercontinuum  (SC)  generation  in  optical  fibres  has  been 
the  subject  of  extensive  research  in  recent  years  due  to  the 
great  fundamental  interest  and  its  potential  applications  in 
atmosphere  analysis,  spectroscopy,  free-space  communica-
tions, biology and medicine [1 – 3], especially in the mid-infra-
red (mid-IR) spectral region. With the recent development of 
various special optical fibres, including microstructure fibres 
(MFs) [4 – 6], fibre tapers [7], highly nonlinear fibres (HNLFs) 
[8, 9], fluoride fibres [10 – 12], tellurite fibres [13] and chalco-
genide fibres  [14], a broadband SC source can be efficiently 
generated by pumping with high power pulsed lasers (femto-
second, picosecond and nanosecond pulses) or even with cw 
lasers.

Many different experiment configurations for SC genera-
tion have been reported in recent years in the literature, mode-
locked  lasers or short pulse amplifiers being always used as 
pump sources, which make  it possible  to reach a high peak 
power. However, limited by pump pulse energy and the fibre 

core size, it is difficult to obtain SC with a high output energy, 
such as an up to 25.7-W SC based on a power scalable thulium-
doped  fibre  amplifier  (TDFA). SC  laser  spanning  from ~2 
to 2.5 mm was recently demonstrated by Alexander et. al. [15], 
but the PRF was ~1.1 MHz, and the pulse energy was only 
~23.4  mJ.  Additionally,  due  to  the  high  nonlinearity  and 
material dispersion in special optical fibres, the output time-
domain SC pulse is always broken up into a series of shorter 
pulses, and the pulse energy is dispersed. Furthermore, most 
researcher study SC generation in all kinds of special fibres, 
less attention has been paid to SC generation in the mid-IR 
range with use of a cheap and widely commercially available 
telecommunication fibre pumped by > 2000 nm nanosecond 
pulses of solid-state lasers.

In this paper, we demonstrate broadband SC laser genera-
tion in a conventional telecommunication fibre pumped by a 
nanosecond Q-switched Tm, Ho : YVO4 laser. Previously, the 
mid-IR SC laser generation in SMF or MMF relied on pump-
ing by a ~1550-nm pulsed fibre laser or amplifier [16 – 20] with 
the maximal output power being only 1.1 W at l > 1650 nm 
and PRF of 200 kHz  [18]. The maximal output power of a 
Tm, Ho : YVO4 laser emitting at 2.054 mm is ~9.2 W at 7 kHz, 
and the minimal pulse width is ~25 ns. The output wavelength 
of the SC laser exceeds 1900 nm, and the maximal achieved 
average  power  and  pulse  energy  are  4.2  W  and ~0.5  mJ, 
respectively. 

2. Experimental setup

Figure  1  shows  the  experimental  setup of SC generation  in 
telecommunication fibre. The fibre coupled laser diodes with 
a maximal output power of 35 W was used as a pump source, 
and the emitting wavelength was in the range of 798 – 802 nm. 
The diameter of the output fibre was 400 mm, and the numerical 
aperture (NA) was 0.22. The Tm, Ho : YVO4 laser resonator 
geometry was plano-concave, and the physical cavity length 
of the resonator was about 300 mm. A flat mirror (M7) had a 
40 % transmission in the range of 1.9 – 2.2 mm. The focal length 
of the coupling lens (L1) was 25 mm. Lenses (L2 and L3) were 
mode matching lenses with a focal length of 50 mm. A dichro-
matic mirror (M1) had a partial reflectivity of 50 % at ~800 nm, 
and  the  reflectivity R  of dichromatic mirrors  (M2, M3 and 
M4) was ³ 99.5 % at l ~ 800 nm. The Tm, Ho : YVO4 bond-
ing crystal  for  the experiment was a-cut with dimensions of 
3 ́  3 ́  8 mm, and the ion dopant concentrations were 4 at  % 
Tm3+, 0.4 at  % Ho3+. Both end faces of the crystal were anti-
reflection (AR) coated for the laser wavelengths around 2 mm 
and the pump wavelength around 800 nm. The laser crystal 
was placed in the vicinity of lens focus (L2 and L3), and the 
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measured confocal spot of 800-nm laser pump, inside of the 
laser crystal surface, was approximately 0.75 mm. 

The laser crystal was wrapped in indium foil, clamped in a 
copper heat-sink and placed  in a dewar, which was used as 
the liquid nitrogen reservoir. Q-switching was achieved with a 
46-mm-long  fused silica acousto-optical Q-switch.  Its maxi-
mum RF power was 50 W and  the  repetition rate could be 
tuned continuously from 1 Hz to 100 kHz. To achieve a single 
wavelength  operation,  a  0.1-mm-thick  Fabry – Perot  etalon 
was also inserted into the optical path, and the 2.054 mm output 
laser wavelength was selected. Dichromatic mirrors (M8, M9 
and M10) had R ³  97 % at 2.05 mm and a transmission coeffi-
cient T ³  90 % at 800 nm. The telecommunication fibre used 
in experiment had a graded refractive  index profile and  the 
core/clad  diameter  of  8/125 mm  or  50/125 mm.  The  double 
ends  of  fibre were  perpendicular  cleaved  and  clamped  in  a 
copper  heat  sink.  The  output  2.054  mm  laser  was  coupled 
into  fibre core by a  focusing  lens  (L4)  ( f = 9 mm), and the 
measured  coupling  efficiency  was ~29 %  (SMF)  or ~70 % 
(MMF). In order  to prevent  the Tm, Ho : YVO4 pump laser 
from being influenced by the fibre end feedback and the non-
linear  laser  (SBS),  an  optical  isolator  was  placed  into  the 
pump path.

3. Results and discussion

Spectral  measurements  were  acquired  using  a  monochro-
mator (300 mm focal length, 600 lines mm–1 grating blazed at 
2.0 mm), an InGaAs detector (rise/fall time < 23 ns) covering 
the spectral band of 1.2 – 2.6 mm, and a SR830 lock-in ampli-
fier which was used to extract the signal. The spectrum evolu-
tion of the laser SC, generated from the SMF and MMF, is 
shown in Fig. 2. The SMF or MMF used in the experiment 
had a length of 15 m. Note that the spectral width is set by the 
injected  pump  power.  However,  the  injected  pump  powers 
were limited by the damage threshold of fibre ends, and the 
maximal  injected  pump  powers  of  SMF  and MMF  in  the 
experiment were 1.53 and 4.76 W. In the case of SMF, the SC 
spectrum extends from ~1950 to ~2500 nm at 0.53 W output 
(Fig. 2a), the shape of the spectrum being virtually flat in the 
wavelength interval of 2070 – 2390 nm with a negligible inten-
sity  variation  (less  than 2 %). By  replacing  the SMF with a 
MMF,  the SC spectrum extends  from ~1920  to ~2600 nm 
at 3.51 W output  (Fig. 2b), and  the  flat output  spectrum  is 

observed in the wavelength interval of 2070 – 2475 nm. How-
ever, of particular  importance  is  the  fact  that  the extremely 
stable  output  spectrum  is  a  result  of  averaging  over  many 
laser pulses, and the main reason can be attributed to the slow 
detector used in experiment. 

The underlying physical mechanism for SC generation are 
the  modulation  instability  (MI),  which  plays  an  important 
role in the initial stage of SC generation, and the soliton self-
frequency shifted Raman scattering, which leads to a SC spec-
trum  shift  toward  the  long-wavelength  side  [21].  The  sym-
metrical MI side bands can be seen on both spectral sides in 
(Fig. 2b) when the SC output power was 1.97 W, and the side-
bands  were  separated  by  ~13,  ~26  and  ~39  nm  from 
the pump laser at 2054 nm. The frequency shift of MI gain 
peaks  from  the  pump  laser  can  be  calculated  by  Dnn  = 
n(2gP0 /|b2|)1/2/2p (n = ±1, 2, 3, ...), where g is the nonlinearity 
coefficient, P0  is  the pump peak power and b2  is  the group 
velocity dispersion parameter of the fibre at the pump wave-
length. When the output SC power is 1.97 W, the estimated 
pump peak power P0 is 12.61 kW. Then at g = 8 ́  10–2 W–1 km–1 
and  b2  =  –56  ps2  km–1,  and  the  calculated  frequency  shift 
Dnn = 0.955n (THz) and Dln = 13.5n (nm), which is close to the 
experimentally observed value.

At a maximal pump power, the spectral evolutions of the 
SC laser were studied for different MMF length (Fig. 3). As 
the MMF length  is cut back  from 30 m down to 15 m,  the 
long-wavelength  edge  of  the  SC  increases  from ~2500  nm 
to ~2600 nm along with an  increase  in  the overall  spectral 
density. One can see that the reason responsible for the wide 
spectrum  generation  is  the  nonlinear  processes  occurring 
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Figure 1. Experimental  setup of SC generation  in  telecommunication 
fibre.
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Figure 2. SC emission spectrum generation in (a) SMF and (b) MMF at 
different SC output powers. 
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within  the  first  few  meters  of  the MMF,  and  propagation 
through longer distances merely attenuates the spectrum due 
to  the  high  loss  associated  with  the  silica  glass  absorption 
beyond 2.4 mm. Thus, obtaining the broadest spectrum requires 
the  appropriate  fibre  length  where  nonlinearity  dominates 
over loss. 

The average output SC power was measured by a power-
meter  (Coherent,  PM30)  with  a  thermal  sensor  response 
range of 0.15 – 11 mm, covering the entire SC spectral band. 
The average output SC power as a function of pump power is 
shown  in Fig.  4. As  can be  seen,  the maximal obtained SC 
output  powers  in  SMF  and  MMF,  including  the  peak  at 
2054 nm, were 0.53 W and 3.51 W at 7 kHz, and the corre-
sponding  optic-to-optic  conversion  efficiencies  were  34.6 % 
and  73.7 % with  allowance  fot  the  coupling  efficiency.  The 
maximal achieved pulse energies of SC (EP) were 75.7 mJ and 
500 mJ in SMF and MMF. It also can be seen when the pump 
power is greater than 5.21 W in MMF, the output SC power 
begins to saturate, and a further increase in the pump power 
does not lead to a linearly increase in the SC output power. 
We attribute the SC power saturation to the power loss of the 
SC long-wavelength edge (> 2.4 mm) in MMF, caused by the 
multiphonon absorption in silica fibre. 

Figure 5 shows the output SC power at different PRFs. As 
can be noticed, for pump power of 7.1W, the obtained output 
SC power increased from 2.1 to 4.2 W by increasing the PRF 

from 5 to 15 kHz, and the corresponding optic-to-optic con-
version efficiency increased from 44.1 % to 88.2 %.

A fast InGaAs photodiode and a 350 MHz digital oscil-
loscope (Wavejet 332, Lecroy) were used to measure the time-
domain SC pulse duration. Typical temporal profiles of the 
SC pulses at a maximum output power are shown in Fig. 6. 
Compared to the pump pulse, the SC pulse shapes are some-
what distortion: the SC pulse shapes are not broken up into a 
series of short pulses, so that the SC energies are still concen-
trated  in  one  pulse. One  can  see  that  the  full-width  at  half 
maximum (FWHM) of SC pulse duration (tsc) SMF is ~42.1 ns 
(compared  to  a  29  ns  pump  pulse).  For  MMF,  the  tsc  is 
approximately ~35.7 ns (compared to 25 ns pump pulse). We 
attribute the main reason to the MI effect which was involved 
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Figure 3. Evolution of the SC spectrum for different MMF lengths.
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in  the  SC  generation  and  could  overmodulate  the  output 
pulse with signatures of pulse splitting. 

The peak SC power can be estimated as Psc = Esc /tscwith 
Psc » 1.8 and 14 kW for SMF and MMF, respectively.

The monitored stability of the output SC power in SMF 
and MMF revealed the presence of significant variations  in 
the SC output power in SMF, the main reason of which is the 
fact that the SMF core  is small, and the coupling efficiency 
of  the pump power  is  easily  influenced by  the  environment 
factor.  Figure  7  shows  the  fluctuation  of  the  SC  power  in 
MMF within a week. As can be, the maximal fluctuation of 
the output power was 0.2 W with the fluctuation proportion 
of  less  than  6 %.  The  beam  quality  of  the  SC  spectrum  in 
MMF was also evaluated. The SC light separated by a dichro-
matic  mirror  (R ³     90 %  at ~2.1  mm)  was  focused  by  an 
f = 150  mm coated lens, and the intensity profile of the laser 
beam was mapped  at  difference  axial  locations  around  the 
focal spot by using a 90/10 knife edge cutting across the beam. 
The M2 value was estimated by fitting the beam shape to the 
Gaussian beam propagation profile, and the estimated values 
was 1.15 at 3.51 W (see the inset in Fig. 7). 

4. Conclusions

A  broadband  SC  laser  based  on  telecommunication  fibre 
directly pumped by a nanosecond Q-switched Tm, Ho : YVO4 
laser is reported. An overall output SC power of up to 0.53 W 
in the band of ~1950 nm to 2500 nm from 15-m-long SMF 
is obtained, and the SC spectrum is characterised by a high 
flat spectrum distribution of the intensity (< 2 %) in the wave-
length interval of 2070 – 2390 nm. Pumping the same length 
MMF it is possible to achieve 3.51 W of output power in the 
~1900 – 2600 nm spectral band, and the SC spectrum has an 
extremely high flat profile with negligible intensity variation 
in  the band of  2070 – 2475 nm. The  time-domain SC pulses 
are measured,  and no  split  is  found. The SC output power 
is  stable  with < 6 %  fluctuation  in MMF. Due  to  the  high 
absorption of silica fibre in > 2.4 mm region, the output SC 
spectrum and average power are limited by the MMF length. 
In the future, we will couple the 2 mm pump to low mid-IR 
loss  fibre such as ZBLAN fluoride  fibre, due  to which  the 

output  SC  spectrum  can  be  extended  toward  longer  wave-
length.
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Figure 7. Fluctuation of the output SC power in seven days. The centre 
wavelength is 2.1 mm.


