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High power supercontinuum generation witnessed rapid developments in the past few years. The mechanism and

the latest achievements in high power supercontinuum generation are reviewed both for the continuous wave pump

regime and the pulsed pump regime. The challenges in scaling the average power of supercontinuum generation are

analyzed. Some of our works on high power supercontinuum generation are summarized, and perspectives for the future

development are discussed.
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1. Introduction

The supercontinuum (SC) generation is a process
with which narrow-band optical pulses undergo strong
spectral broadening in a nonlinear medium to yield
an output with a strongly broadened spectrum. Since
the first observation in bulk media in 1970,["2 the SC
has attracted the attention of researchers across the
world for its spatial coherence, high brightness, and
broad bandwidth. Especially after the fabrication of
photonic crystal fiber (PCF) in 1996, the research
on the SC generation was reinvigorated owing to the
high nonlinearity and the flexible dispersion control of
the PCF.[*% The SC generation has been widely used
in spectroscopy, confocal microscopy, and optical co-

herence tomography.[6—9]

2. State of the art SC

tion in continuous wave pump

genera-

regime

The dominate method used in high power SC gen-

eration at present is to utilize a continuous wave (cw)
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or pulsed fiber laser to pump a piece of PCF. In the cw
pump regime, the central wavelength of the cw pump
laser usually lies in the anomalous dispersion region of
the PCF, and the SC starts from the noise. Typically,
the modulation instability (MI) breaks up the cw field
and gives rise to the first-order solitons. These solitons
undergo intrapulse Raman scattering, which results in
the soliton self-frequency shifts (SSFSs) and generates
a long-wavelength soliton Raman continuum.[*%! The
SC in the short-wavelength direction could resort to
the four wave mixing (FWM) and the soliton trap-
ping mechanisms. A 29 W SC was obtained by using
a 50 W commercial cw ytterbium-doped fiber laser as
the pump source.!'!] The optical spectrum covered the
range from 1.06 pm to 1.67 pum. A 20 m long PCF
with two zero dispersion wavelengths was used. The
optical glue was utilized to secure the splice point and
strip the stray light with only 0.4 dB loss between the
PCF and a high numerical aperture (NA) fiber.!'
In another experiment, a 50 W Yb fiber laser pro-
duced by the IPG Photonics, centered at 1.071 pum
with a linewidth of 0.3 nm, was directly spliced to a

100 m long PCF with zero-dispersion wavelength of
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1.068 um, nonlinear coefficient of 9.8 W—1-km~!, and
mode field diameter of 5 um. A maximum of 32.6 W
SC was obtained with no spectral component above
1.38 um owing to the 130 dB/km high water loss at
1.38 um."?) Another paper reported an over 50 W SC
extended from 1.06 um to 2.02 um with the 10 dB
width of spectrum over 900 nm achieved using a 20 m
HF840 fiber, and a 28 W SC extended from 0.6 pm
to 1.9 pm with over 2 mW /nm spectral power density
in the short wavelength side by using a 50 m HF1050
fiber. The pump was a commercial 432 W cw fiber
laser produced by the IPG Photonics with the cen-
tral wavelength at 1.07 um and a spectral linewidth
of 3.6 nm. The single mode output of the laser was
first collimated and then coupled into a series of mode
matching single mode fibers through bulk lens to re-
duce the mode field diameter before finally splicing to
the PCF. The free-space coupling efficiency was typ-
ically greater than 70%, and the total free-space to
PCF efficiency was between 30% and 50% depend-
ing on the splice loss to the PCF.!'3] Using cw pump
sources to obtain a high power SC is simple in config-
uration. However, it requires a long PCF, and special
attention should be paid to the splice point when the

power of the pump source is high.!'4

3. State of the art SC generation
in pulsed pump regime

In the pulsed pump regime, the SC starts from
the MI if the central wavelength of the pump source
lies in the anomalous dispersion region of the PCF,
or from the self-phase modulation (SPM) if the cen-
tral wavelength of the pump source lies in the normal
dispersion region of the PCF. The stimulated Raman
scattering (SRS) effect generates new frequencies of
long-wavelength, and when the soliton is produced,
its function in the long-wavelength continuum forma-
tion is the same as that in the cw pump regime. The
FWM and the soliton trapping mechanisms could pro-
duce new frequencies in the short wavelength if their
phase requirements are satisfied. A maximum average
output power of 39 W SC covering a spectral range of
0.4-2.25 pum was achieved at an incident pump power
of 57 W with a repetition rate of 114.8 MHz.[*3] The
pump laser was a robust, repetition-rate tunable, Yb-
doped fiber master oscillator power amplifier (MOPA)
configuration with a 21 ps gain-switched seed. The

spectral power density more than 30 mW /nm was rel-
atively uniform across the visible region. The peak
power density could be increased to 26.9 W/nm by re-
ducing the repetition rate to 28 MHz. The optical-to-
optical conversion efficiency was up to 74%.1° How-
ever, the configuration is not an all-fiber structure,
which greatly comprised the stability and the practi-
cality of the system. Over 100 W picosecond pump
power with the central wavelength at 1.05 um was
used to pump a 5-m-long commercially available PCF,
and a 49.8 W SC spanning from around 0.5 pum to
above 1.7 um was obtained.!*6) The PCF SC-5.0-1040
from the crystal fiber had a zero dispersion wavelength
(ZDW) around 1.04 pm and a nonlinear coefficient of
11 W—Lkm~! at 1.06 um. The single mode operation
across the whole spectral range was verified through
the quantitatively measurement of the beam quality.
An end-cap made of pure silica fiber with a length
around 200 pm was used to protect the end facet of
the PCF. The system could last for one hour under the
maximum output power.['8] The pulsed pump regime
is attractive owing to its high peak power and short
length requirement for the PCF. However, due to un-
available of high power ultrafast fiber lasers, the aver-
age output power of SC generation is still under the
hundred-watt level.

4. Challenges

There are three challenges in scaling the average
power of SC in the current method. The first challenge
is the conflict between the high peak power needed for
the SC generation in the PCF and the low peak power
needed for the nonlinear mitigation in the pump laser
itself. The second challenge is the heat produced, es-
pecially the heat produced at the splicing point. Be-
cause even very small splicing loss could result in a
disastrous result under high pump power. The third
challenge is the control of nonlinear effects both in the
pump laser source and in the PCF.

We demonstrated our first high power 100 W all-
fiber picosecond laser in 2009.0'”) The system was con-
structed in the four-stage MOPA configuration, and
the seed source was a YDF laser passively mode-
locked by a semiconductor saturable absorber mirror
(SESAM).['8] The nonlinear effects in the fiber ampli-
fiers were effectively suppressed by using a home-made

repetition increasing system. The ultimate outputs of
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that laser had a pulse width of 16 ps, a beam qual-
ity (M?) of less than 1.5, and an optical conversion
efficiency of 61.5%. In the same year, the problem
of low splicing loss between the large mode area dou-
ble clad fiber and the PCF was solved by using the
PCF post-processing methods.'”) The mode field of
the PCF could be increased up to three times by adi-
abatic collapsing two-inner-ring air holes, which acted
as the transition region between the double clad fiber
and the normal PCF. As a result, less than 10% splice
loss could be realized. The typical structure is shown
in Fig. 1.29 Our first SC source was constructed in
2010 with an average output power of 7 W. The pi-
cosecond pump fiber laser could output a maximum
average power up to 20 W at 480 MHz with the cen-
tral wavelength at 1.064 pm. A 40 m home-made
PCF with 7 um core was used, and the spectrum cov-
ered a range more than 1100 nm (from 0.6 pm to be-
yond 1.7 um) with an optical-to-optical conversion ef-
ficiency of 34%.121] In order to scaling the average out-
put power of the SC generation, the core of the PCF
was enlarged at the input end through a series of PCF
post-processing methods to match the output fiber of
the picosecond pump laser. With the optimization of
the splicing loss between the double clad fiber and the
PCF, a 20 W SC was achieved under 29.5 W picosec-
ond pump power, and the optical-to-optical conver-
sion efficiency was improved to 67.8%.22) The output
spectrum covered the wavelength range from 0.65 pum
to beyond 1.7 um, and a 31-m long PCF was used.

Further scaling the average output power is mainly

High power
cw or pulsed
fiber laser

DCF

transition region

limited by the available pump power. So increas-
ing the average output power of the ultrafast pump
laser source is a requisite in scaling the average out-
put power of the SC generation. In the same year, a
35.6 W SC was obtained by using a 57.7 W picosecond
pump source with the central wavelength at 1.064 pum,
the spectrum covered the range from 0.65 um to be-
yond 1.7 um with an optical-to-optical conversion ef-
ficiency of 62%.1%%] The results are shown in Fig. 2.
Further scaling the average output power of SC needs
novel designs to overcome the problems of high splice
loss, heat treatment, fiber facet damage, and control
In 2011, an all-fiber 70 W SC

source was achieved with an optical-to-optical conver-

of nonlinear effects.

sion efficiency of 67.3%.24 The spectrum covered the
range from 1.064 um to beyond 1.7 pm, and the spec-
tral flatness was better than 12 dB. The spectrum and
the experimental photograph are shown in Figs. 3(a)
and 3(b), respectively. Several months later, we re-
alized a 156.6 W high power picosecond laser in the
all-fiber MOPA configuration. A home-made repeti-
tion increasing system as well as a short gain fiber
with high concentration was utilized to suppress the
nonlinear effects under the high pump power, and an
optical spectrum width of 0.6 nm and a pulse width of
24 ps were obtain in the maximum output power.2%!
In the same year, a 177.6 W SC was achieved with its
spectrum ranging from 1.064 um to beyond 2 pm.2
The 10 dB optical spectrum width was 740 nm, and
the optical-to-optical conversion efficiency was 56%.

The experimental results are shown in Fig. 4.

OSA

PCF

Fig. 1. Typical structure in high power SC generation using PCF, the top panel shows the cross sections in

the corresponding regions shown in the bottom panel.20] The complete hole-collapse region is from B to C, the

gradual hole-collapse region is from C to D.
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Fig. 2. (colour online) (a) Output power versus ps laser pump power in an SC.[23] The inset is the spectrum

of the SC. (b) Photograph of the SC.
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Fig. 3. (colour online) (a) Output spectrum of an SC, (b) photograph of the SC.[24]
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Fig. 4. (colour online) (a) Output spectrum of an SC, (b) photograph of the SC.[26]
5. Conclusion References
) ) [1] Alfano R R and Shapiro S L 1970 Phys. Rev. Lett. 24 584
In conclusion, although the high power SC gen- (2] Alfano R R and Shapiro S L 1970 Phys. Rev. Lett. 24 592
eration has witnessed rapid progress in recent years, [3] Knight J C, Birks T A, Russell P S J and Atkin D M 1996

there is still a long way to go, and a great improvement

4
[5
of single mode fiber lasers with diffraction-limited 6

is still possible compared with the 36 kW power limit

quality.?] The SC generation with higher average
[7

output power is still under investigation, and we be- :
8

lieve some new breakthroughs could occur in the near

future.

094211-4

J
]
]

Opt. Lett. 21 1547

Jonathan C K 2003 Nature 424 847

Russell P 2003 Science 299 358

Alfano R R 2006 The Supercontinuum Laser Source (New
York: Springer)

Shi K, Li P, Yin S and Liu Z J 2004 Opt. Express 12 2096
Hartl I, Li X D, Chudoba C, Ghanta R K, Ko T H, Fuji-
moto J G, Ranka J K and Windeler S 2001 Opt. Lett. 26
608



Chin. Phys. B Vol. 21, No. 9 (2012) 094211

Lindfors K, Kalkbrenner T, Stoller P and Sandoghdar V
2004 Phys. Rev. Lett. 93 037401

Frosz M H, Bang O and Bjarklev A 2006 Opt. Express 14
9391

Cumberland B A, Travers J C, Popov S V and Taylor J
R 2008 Opt. Ezxpress 16 5954

Cumberland B A, Travers J C, Popov S V and Taylor J
R 2008 Opt. Lett. 33 2122

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

Stone J M and Knight J C 2008 Opt. Express 16 2670
Chen K K, Alam S, Price J 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 5428

Hu X B, Zhang W, Yang Z, Wang Y S, Zhao W, Li X H,
Wang H S, Li C and Shen D Y 2011 Opt. Lett. 36 2659
Chen S P, Chen H W, Hou J and Liu Z J 2009 Opt. Fx-
press 17 24008

Keller U, Weingarten K J and Kartner F X 1996 IEEE J.
Sel. Top. Quantum Electron. 2 435

19]
20]

(21]
(22]

23]

[24]
[25]
[26]

27]

094211-5

Chen Z L, Xiong C L, Xiao L M, Wadsworth W and Birk
T 2009 Opt. Lett. 34 2240

Wang Y B, Hou J, Chen S P, Song R, Li Y, Yang W Q
and Lu Q S 2011 Chin. Phys. B 20 074208

Chen H W, Chen S P and Hou J 2011 Laser Physics 21191
Chen S P, Wang J H, Chen H W, Chen Z L, Hou J, Xu
X J, Chen J B and Liu Z J 2011 Laser Physics 21 519
Chen S P, Wang J H, Chen H W, Chen Z L, Hou J, Xu X
J, Chen J B and Liu Z J 2010 Chinese Journal of Lasers
37 3018

Song R, Chen S P, Hou J and Lu Q S 2011 High Power
Laser and Particle Beams 23 569 (in Chinese)

Song R, Hou J, Chen S P, Yang W Q and Lu Q S 2012
Appl. Opt. 51 2497

Song R, Hou J, Chen S P, Wang Y B and Lu Q S 2012
Acta Phys. Sin. 61 054217 (in Chinese)

Dawson J W, Messerly M J, Beach R J, Shverdin M Y,
Stappaerts E A, Sridharan A K, Pax P H, Heebner J E,
Siders C W and Barty C P J 2008 Opt. Express 16 13240



