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Broadband normal dispersion pumping supercontinuum (SC) generation in silica photonic crystal fiber (PCF) is in-
vestigated in this paper. A 1064-nm picosecond fiber laser is used to pump silica PCF for the SC generation. The length
of PCF is optimized for the most efficient stimulated Raman scattering process in the picosecond pump pulse region. The
first stimulated Raman Stokes peak is located in the anomalous dispersion regime of the PCF and near the zero dispersion
wavelength; thus the SC generation process can benefit from both a normal dispersion pumping scheme and an anomalous
dispersion pumping scheme. The 51.7-W SC spanning from about 700 nm to beyond 1700 nm is generated with an all-fiber
configuration, and the pump-to-SC conversion efficiency is up to 90%. In order to avoid the output fiber end face damage
and increase the stability of the system, an improved output solution for the high power SC is proposed in our experiment.
This high-efficiency near-infrared SC source is very suitable for applications in which average output power and spectral

power density are firstly desirable.
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1. Introduction

Supercontinuum (SC) sources have potential applications
in a wide market, such as in the areas of display systems, op-
tical communications, spectroscopy, microscopy, and so on.
And the SC generation in photonic crystal fiber (PCF) is a very
vast research topic.[!™ Some different parameters, such as
spectral bandwidth, spectral flatness, spectral power density,
output power, coherence properties, and output beam quality,
should be considered to evaluate an SC source. Also differ-
ent applications put emphasis on different parameters of the
SC source. For some applications, such as frequency metrol-
ogy and coherent spectroscopy, generating a phase-stable SC
is essential. For some other applications, however, achieving
a high average power or a strong spectral power density is de-
sirable. In recent years, fiber lasers have been utilized as a
standard pump source in high power SC generation, owing to
their low cost and preferable matching with PCF. A continu-
ous wave (CW) pumped SC source can realize a high power
and high spectral power density output,® while it requires a
long PCF for the spectral broadening. Also the spectral range
of the CW pumped SC is relatively narrow compared with the
pulse pumped counterpart. Pulse fiber laser is favourable for
the SC generation due to its high peak power. The initial SC
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source is pumped by using a standard femtosecond oscillator
system.®) Whereas the average output power of the femtosec-
ond pulse pumped SC is limited, a suitable high power pump is
lacking. The SC with picosecond or nanosecond pulse can be
generated in combination with PCF. High power SC sources
with average output power up to 50 W and 39 W were re-
ported in Refs. [7] and [8], which correspond to CW and pi-
cosecond pulse pumps, respectively. However, bulk-optic de-
signs have been used in both of the two impressive SC sources,
which can compromise the stability and practicality. All-fiber
architecture is desirable, because it can minimize mechanical
vibration and optical reflection, and provide convenience for
packaging and application. Recently, an all-fiber picosecond
pulse pumped SC source with 49.8-W average output has been
demonstrated.[”) A 100-W picosecond fiber master oscillator
power amplifier (MOPA), which delivered 350-ps pulse with
16-MHz repetition rate at 1050 nm, was utilized as a pump
source. A broadband continuum spanning from 500 nm to be-
yond 1700 nm was generated in a 5-m-long commercial PCF.
The PCF possessed a zero dispersion wavelength (ZDW) of
1040 nm and a mode field diameter of 4 pm. The pump-to-SC
conversion efficiency of this SC source was ~ 50%.

In order to generate the broadest SC, the pump wave-
length should be selected within the anomalous dispersion
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regime near to the ZDW,[!?1 which has been done in Ref. [9].
By suitably controlling the air-fill fraction and the lattice struc-
ture of the air holes in the microstructured cladding, it is
possible to fabricate a PCF with the ZDW down to 1 pm,
which could match the operating wavelength of the high power
ytterbium-doped fiber laser. Generally, the PCF with ZDW
at around 1 pm possesses a mode field diameter of ~ 4 pum.
Therefore, it is challenging to couple pump light into the PCF
with an all-fiber structure. Also it is prone to suffer optical
damage and thermal issues in such a small fiber core at high
power operation.

In fact, SC can also be formed with the normal disper-
sion pumping regime, though the continuous spectral range is
relatively narrow.!'%! The high coherent SC sources have been
demonstrated by pumping all-normal dispersion PCFs.!!1:12]
Recently, broadband SC was efficiently generated in a meter-
length air suspended core single mode tellurite PCF (with a
ZDW of 1380 nm and a large mode area of 500 um2), which
was pumped by a 1060-nm picosecond pulse in the deep nor-
mal dispersion region.!!3! There are several advantages for the
normal dispersion pumping scheme: firstly, the PCF with a
larger mode area can be adapted to generate the SC, which can
endure more pump power; secondly, it promises to achieve a
high pump-to-SC conversion efficiency and high spectral in-
tensity with this pumping scheme.[!3]

High power picosecond fiber lasers and SC generation
in long silica PCFs pumped by the self-made pulse lasers
were demonstrated in our previous work.!'4~17] The average
output power and the pump-to-SC conversion efficiency of
these SC sources were not so promising. In the present pa-
per, broadband normal dispersion pumping SC generation in
3.5-m-length silica PCF is investigated. The PCF possesses a
ZDW of 1117 nm and a mode field diameter of ~ 6 um. A
57-W picosecond pulse fiber MOPA delivering 14-ps pulse at
1064 nm is used as a pump source. By optimizing the length
of the PCF for the most efficient stimulated Raman scattering
process in the picosecond pump pulse region, the SC genera-
tion process could benefit from both normal dispersion pump-
ing and an anomalous dispersion pumping scheme in our ex-
periment. An average output power as high as 51.7 W is ob-
tained, which correspond to a high pump-to-SC efficiency of
up to 90%. The continuum spectrum spans from about 700 nm
to beyond 1700 nm. An improved solution for the high power
SC output is also proposed in our experiment. The details and
a discussion are presented in this paper.

2. Basic idea and experimental setup

According to Ref. [10], the underlying mechanism of
broadband SC generation through normal dispersion pumping
is as follows: if the pulse duration of the pump is several hun-
dreds of femtoseconds or less, self-phase modulation (SPM)
will dominate the pulse broadening and the spectral bandwidth
will be narrow due to the approximately symmetric temporal

pulse broadening. So the pump pulse duration should be rel-
atively long, e.g., a few picoseconds or longer. In this case,
stimulated Raman scattering (SRS) tends to dominate spec-
trum broadening at the initial stage. Typically, a series of cas-
caded discrete Stokes lines will appear. Given sufficient pump
power being available, the continuum will cross the ZDW and
rapidly extend to both sides of the pump wavelength due to
nonlinear effects, such as modulation instability (MI) and soli-
ton related mechanism, which now dominate in this disper-
sion regime. It should be noted that the walk-off effect has a
significant influence on the SRS process, especially at normal
dispersion.!'%! So how to minimize the walk-off effect should
be considered in the normal dispersion pumping scheme.

The ZDW of the tellurite bulk glass is around
2.0 um~2.3 pum;!! thus, a tellurite PCF will exhibit high
normal dispersion at 1.06 pm. As for the high Raman gain
coefficient, large Raman gain bandwidth and high nonlin-
ear refractive index n, of the tellurite PCF, a cascade of Ra-
man Stokes orders was initiated in the highly normal disper-
sion regime.!'3! Then the continuum quickly extended to long
wavelengths and a broadband SC from 1060 nm to beyond
1700 nm was generated. The whole SC generation process is
under the normal dispersion pumping scheme and a continuum
has not been formed at the short wavelength side of the pump.
Note that the pure silica possesses a ZDW at ~ 1.3 um.!'8]
If we choose a large mode field silica PCF, whose ZDW is
longer but not so far from the operating wavelength of the
high power ytterbium-doped fiber pump source, as the nonlin-
ear medium, the pump energy could shift to the Raman stokes
lines through the normal dispersion pumping regime at the ini-
tial stage. Given that the excited Raman Stokes line is just
within the anomalous dispersion region and near the ZDW, it
can act as the cascaded new SC pump with the anomalous dis-
persion pumping scheme. As a result, the SC generation pro-
cess can benefit from both normal dispersion pumping and an
anomalous dispersion pumping scheme. In other words, it can
obtain a relatively broadband SC with high spectral intensity
and high pump-to-SC conversion efficiency output.

The experimental setup of our all-fiber SC source is
schematically shown in Fig. 1. It consists of a picosecond
source, an SC generation unit (PCF), and a delivery double
cladding fiber (DCF). The picosecond source is an all-fiber
four-stage MOPA laser. A seed source, which delivers 14-ps
pulse with ~ 480-MHz repetition rate at 1064 nm, is ampli-
fied to 110 mW by single mode fiber amplifier 1, then 3.5 W
by the DCF amplifier 2. The DCF amplifier 3 is a power am-
plifier, and two 50-W 976-nm LD pump lasers are combined
into a gain fiber through a (2+1) x 1 fiber combiner. The gain
DCFs utilized in both amplifier 2 and amplifier 3 are of the
same type, and they have 15 pm/130 pm core/cladding diam-
eter. The amplifier 3 provides 57.2-W output with a matched
passive DCF.
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Fig. 1. (color online) Experimental setup of the SC source.

In our experiment, the silica PCF is composed of five
hexagonal rings of circular air-holes each with a hole diam-
eter d = 3.54 um and a pitch A = 5.42 um. The diameter
of the silica cladding is 125 um. The calculated ZDW of the
PCF is 1117 nm and the mode field diameter is ~ 6 um at
1064 nm. Readers should refer to Ref. [19] for the micro-
graph of the PCF. The Raman frequency shift is ~ 13.2 THz
in silica glass.!!'®) Theoretically, the first Raman Stokes order
in the silica PCF appears at about 1116 nm for the 1064 nm
pump wavelength. The walk-off length Ly, in this case, is
calculated to be 3 m between 1064 nm and 1116 nm (Lw =
To/|Bp(A) — Bs(A)|, where Ty is the duration of the pulse
(14 ps) and |Bp(A) — Bs(A)] is the separation between the
pump and the Stokes wave.!!3]) The attenuation of the PCF
at 1064 nm is 4.5 dB/km, and the effective fiber length L
of 3-m-long PCF is 2.987 m (Lesr = [1 — exp(—op - L)]/ ap,
where ap represents the optical loss of the fiber at the pump
wavelength and L is the fiber length.['8)) Since the L of the
PCF is comparable to the Ly, the walk-off effect will have an
influence on the SRS generation, especially for the PCF with
a long length. So 3.5-m-long PCF is adopted for the most effi-
cient stimulated Raman scattering process in the experiment.

Stability is important for an SC source with the purpose
of practical application. The laser-induced output fiber end
face damage and the optical reflection at the fiber end are two
key factors to reduce the stability of a high power fiber laser,
given that the laser power is still tolerable in the fiber. In or-
der to enhance the stability, splicing an end cap at the output
end of the delivery fiber is a routine solution for a high power
fiber laser. The main reason that the fiber end face are made
susceptible to laser-induced damage is the existence of surface
imperfections. It should be noticed that the microstructure of
the PCF could be easily contaminated or damaged due to the
dust or mist in the air, though the PCF has been carefully pol-
ished. Thus more attention should be paid to how to avoid
the output fiber end face damage for a high power SC source,
though it is difficult to directly splice an end cap with the PCF.
In order to avoid the output fiber end face damage and increase
the stability of the system, a 0.5-m-long 15/130 delivery DCF
arranged an end cap is spliced with the output end of the PCF.
The splices between the PCF and the DCF can introduce an
additional power loss. However, both ends of the PCF are
mode-field expanded by using the selective airhole collapse

technique,!'! and the super-low splice loss (~ 0.2 dB) is re-
alized at the splice points. Owing to the low splice loss, the
thermal issue caused by the splice points is not serious, which
ensures the safety of the splicing points even at a high power
level.

3. Results and discussion

At first, the output properties of the SC source are ob-
served directly from the polished output end of the PCF. The
output continuum spectra and output power are measured with
an Aglient 86142B optical spectrum analyzer (OSA) (using
a resolution bandwidth of 5 nm) and a Coherent EPM 2000
power meter.

The output spectrum evolutions of the SC source against
different picosecond pump powers are shown in Fig. 2. Two-
stage cascaded discrete Stokes peaks appear at about 1120 nm
and 1170 nm, respectively, when the pump power is 2.3 W (la-
beled as S; and S;). Meanwhile, a slight anti-Stokes peak at
1044 nm (labeled as AS) is observed. When the pump power
is increased to 5.6 W, no more Stokes peak is observed and
the output spectrum becomes continuous. And the anti-Stokes
peak shifts from 1044 nm to 1024 nm (labeled as AS,). The
SRS dominates the initial process of spectrum broadening, and
the most spectrum components extending to the long wave-
length side. The anti-Stokes spectral peak can be interpreted
with the Raman-assisted frequency mixing process. The MI
process is considered, and the corresponding frequency shift
for the maximum gain Q=+ (4yPy/|Ba|)"/? is numerically
calculated.!"8] The pump wavelength A, = 1064 nm, second-
order dispersion parameter 8, = 5.5244 ps>/km and the non-
linear coefficient of the PCF y = 26.9849 W~!.km~!. When
the pump power is 2.3 W or 5.6 W, the spectral pairs corre-
sponding to the maximum parametric gain are calculated to
1040 nm and 1090 nm or 1026 nm and 1105 nm, respectively.
The experimental results also show that the anti-Stokes peak
relating to the maximum parametric gain varies with launched
pump power. Therefore, the MI or degenerate four-wave mix-
ing process is mainly responsible for the generation of the anti-
Stokes spectral components. As for the overlap between Ra-
man and MI gain bands in this situation, the Stokes spectral
line is no longer fixed at the peak of the Raman gain but de-

pends on the most efficient frequency mixing process. [?’!
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Fig. 2. (color online) Output spectrum evolutions against different
pump powers. Form bottom to top, the pump powers are 2.3 W, 5.6 W,
10.5 W, 18.5 W, 27 W, and 57.2 W sequentially.

Note that the ZDW of the PCF is 1117 nm and the first
Raman Stokes peak is located in the anomalous dispersion
region and near to the ZDW of the PCF. Further increasing
pump power, the spectrum quickly broadens to both sides of
the pump and evolves to a broadband SC. Under the maximal
pump power, the continuum expands from about 700 nm to
beyond 1700 nm (spectrum component over 1700 nm is not
observed due to the limitation of the OSA). At this stage, soli-
ton fission, dispersion wave generation, and fission trapping
are mainly responsible for the broadband SC generation. The
SPM and XPM also help to smooth the SC. The numerical
calculation of group-velocity matching curve for the nonlinear
PCF is shown in Fig. 3. Examining the group-velocity match-
ing curve, it is clear that group-velocity matching is consistent
with the output spectral features.
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Fig. 3. (color online) Group-velocity matching curve of the PCF.

In the experiment, a 51.7-W SC is obtained under a 57.2-
W picosecond pump, which corresponds to a high pump-to-
SC conversion efficiency of up to 90%. As for its high aver-
age output power and relatively narrow continuum spectrum
range, the average spectral power density of this SC source is
very considerable. The SC output power versus incident pump
power is shown in Fig. 4. The SC power increases straightly
with the picosecond pump power increasing, which indicates

that the output power can be further scaled with higher pump
power. Several reasons likely contribute to the high pump-to-
SC conversion efficiency: 1) a short piece of PCF is used, and
the propagation loss of light in the PCF is very low; 2) with
the PCF post-processing techniques, the splice loss between
the DCF and PCF is very low; 3) due to the relatively narrow
continuum spectrum band, the quantum defect from the pump
photons to the generated photons is low.[!3
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Fig. 4. (color online) The SC output power versus incident pump power.

The SC source is tested for several minutes at ~ 50-W
output power level and no significant change about the out-
put power and the output spectrum is observed. While, due
to the dust and mist in the air, the polished output end of the
PCF could suffer an optical damage after a long time running.
In order to avoid this problem, an additional 0.5-m-long de-
liver DCF arranged an end cap is spliced following the PCF
as shown in Fig. 1. Though the total output power of the SC
source drops off to about 47 W after adding the additional de-
livery DCEF, this improved solution for the high power SC out-
put can effectively reduce the optical reflection, avoid the end
face damage, and increase the stability of the whole system.

The continuum spectrum of this SC source is wider than
that in Ref. [13], which just covers a spectral range from
1100 nm to 1700 nm. The silica PCF with a specially designed
ZDW is very crucial for broadband SC generation. Optimizing
the length of silica PCF is also important in our experiment.
The walk-off effect can significantly affect the SRS process
when the pump pulse duration is less than 100 ps,[!8] espe-
cially at a high normal dispersion. The PCF length should be
comparable to the walk-off length for the most efficient stimu-
lated Raman scattering process in the picosecond pump pulse
region. Though the continuum spectrum can be extended to
a wider range within a long PCEF, it also induces a high quan-
tum defect and an additional propagation loss. Meanwhile, the
effect on the spectral broadening through increasing the fiber
length is limited by the structure of the PCF, which has been
testified with experimental results in Ref. [17].
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It should be mentioned that the presented SC source can
have a good coherence at the initial stage of SC generation, be-
cause the spectrum broadening is caused by the Raman Stokes
orders and a low one otherwise. However, as for the long pulse
duration of the pump, the noise-induced MI and soliton dy-
namics are mainly responsible for the spectrum broadening
at the advanced stage of SC generation. Therefore, the co-
herence of the SC is degraded. However, this high efficiency
near-infrared SC source is very suitable for the applications
that the average output power and spectral power density are
firstly desirable.

4. Conclusion

In this paper, we experimentally investigate broadband
near-infrared SC generation in silica PCF. The PCF is pumped
by a 1064-nm picosecond fiber MOPA in a normal dispersion
region. A broadband SC spanning from about 700 nm to over
1700 nm is generated with an all-fiber configuration. The av-
erage output power of this SC source is 51.7 W and the pump-
to-SC conversion efficiency is up to 90%. In order to avoid
the output fiber end face damage and increase the stability of
the whole system, an additional delivery DCF arranged on an
end cap is spliced following the PCF. The experimental re-
sults prove that the normal dispersion pump in combination
with suitable PCF design is a feasible method to generate the
broadband, high-efficiency, and high-spectral power density
SC in silica PCF.

References

[1]
[2]
[3]
[4]
[5]
[6]
[7]

[8]

[9]

[10]
[11]

[12]
[13]

[14]
[15]

[16]
[17]

[18]

[19]
[20]

064211-5

Dudley J M and Taylor J R 2010 Supercontinuum Generation in Pho-
tonic Crystal Fibers (New York: Cambridge University Press) p. 87
Yuan J H, Sang X Z, Yu C X, Xin X J, Shen X W, Zhang J L, Zhou G
Y, Li S G and Hou L T 2011 Chin. Phys. B 20 054210

Wang X Y, Li S G, Liu S, Yin G B and Li J S 2012 Chin. Phys. B 21
054220

Fang X H, Hu M L, Huang L L, Chai L, Dai N L, Li J Y, Tashchilina A
Y, Zheltikov A M and Wang C Y 2012 Opt. Lett. 37 2292

Mussot A and Kudlinski A 2009 Electron. Lett. 45 29

Ranka J K, Windeler R S and Stentz A J 2000 Opt. Lett. 25 25

Travers J C, Rulkov A B, Cumberland B A, Popov S V and Taylor J R
2008 Opt. Express 16 14435

Chen K K, Alam S U, Price ] H V, Hayes J R, Lin D J, Malinowski A,
Codemard C, Ghosh D, Pal M, Bhadra S K and Richardson D J 2010
Opt. Express 18 5426

Hu X, Zhang W, Yang Z, Wang Y, Zhao W, Li X, Wang H, Li C and
Shen D 2011 Opt. Lett. 36 2659

Dudley J M, Genty G and Coen S 2006 Rev. Mod. Phys. 78 1135
Hooper L E, Mosley P J, Muir A C, Wadsworth W J and Knight J C
2011 Opt. Express 19 4902

Tu HH, Liu Y, Liu X M, Turchinovich D, Laegsgaard J and Boppart S
A 2012 Opt. Express 20 1113

ShiJ, Feng X, Horak P, Chen K, Teh P S, Alam S U, Loh W H, Richard-
son D J and Ibsen M 2011 J. Lightwave Technol. 29 3461

Chen S P, Chen H W, Hou J and Liu Z J 2009 Opt. Express 17 24008
Chen HW, Lei Y, Chen S P, Hou J and Lu Q S 2012 Appl. Phys. B 109
233

Chen S P, Chen H W and Hou J 2011 Laser Phys. 21 191

Chen H W, Chen S P, Wang J H, Chen Z L and Hou J 2011 Opt. Com-
mun. 248 5484

Agrawal G P 2010 Nonlinear Fiber Optics & Applications of Nonlin-
ear Fiber Optics, 2nd edn. (Beijing: Publishing House of Electronics
Industry) p. 205

Xi X M, Chen Z L, Sun G L and Hou J 2011 Appl. Opt. 50 ES0O
Vanholsbeeck F, Coen S, Emplit P, Martinelli C and Sylvestre T 2004
Opt. Lett. 29 9982


http://dx.doi.org/10.1088/1674-1056/20/5/054210
http://dx.doi.org/10.1088/1674-1056/21/5/054220
http://dx.doi.org/10.1088/1674-1056/21/5/054220
http://dx.doi.org/10.1364/OL.37.002292
http://dx.doi.org/10.1049/el:20093135
http://dx.doi.org/10.1364/OL.25.000025
http://dx.doi.org/10.1364/OE.16.014435
http://dx.doi.org/10.1364/OE.18.005426
http://dx.doi.org/10.1364/OE.18.005426
http://dx.doi.org/10.1364/OL.36.002659
http://dx.doi.org/10.1103/RevModPhys.78.1135
http://dx.doi.org/10.1364/OE.19.004902
http://dx.doi.org/10.1364/OE.20.001113
http://dx.doi.org/10.1109/JLT.2011.2169490
http://dx.doi.org/10.1364/OE.17.024008
http://dx.doi.org/10.1007/s00340-012-5119-1
http://dx.doi.org/10.1007/s00340-012-5119-1
http://dx.doi.org/10.1134/S1054660X11010051
http://dx.doi.org/10.1016/j.optcom.2011.08.024
http://dx.doi.org/10.1016/j.optcom.2011.08.024
http://dx.doi.org/10.1364/AO.50.000E50
http://dx.doi.org/10.1364/OL.29.000998
http://dx.doi.org/10.1364/OL.29.000998

	1. Introduction
	2. Basic idea and experimental setup
	3. Results and discussion
	4. Conclusion
	References

