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Abstract  Photonic crystal fibers are a new class of 
single-material optical fibers with wavelength-scale air 
holes running down the entire fiber length. Photonic crystal 
fibers were first developed in 1996 and have subsequently 
been the focus of increasing scientific and technological 
interest in the field of fiber optics. The manufacturing, 
principles, basic properties, and some applications of 
photonic crystal fibers are briefly described in this paper. A 
review of our recent work on the nonlinear effects in 
photonic crystal fibers is presented, and special emphasis is 
placed on such effects as supercontinuum generation, 
frequency conversion, and solitons observed when 
femtosecond light pulses propagate in these fibers. 
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1 Introduction 

Photonic crystal fibers (PCFs) , also know as holey fibers 
(HFs) or microstructure fibers (MFs), are a new class of 
single-material optical fibers with wavelength-scale air 
holes running down the entire fiber length. The idea of 
arranging periodic air holes in the fiber cladding originated 
from the concept of photonic crystals proposed by 
Yablonovitch [1] and John [2] in 1987. It is known that due 

to Bragg-like diffraction the periodic potential induced by 
the periodic arrangement of atoms in electronic crystals 
creates electronic bandgaps for electrons. Various electronic 
devices result from the control of the motion of electrons by 
the energy bands and bandgaps. Similarly, by light 
scattering, photonic crystals, which are periodic dielectric 
media, can present photonic bandgaps for photons. Photons 
whose frequency range is within the bandgap are forbidden 
to propagate in the periodic medium. When a defect is 
introduced into the otherwise periodic structure, light can be 
localized at the defect or propagate down the defect, and 
thus the behavior of light can also be manipulated [3]. PCFs 
as two-dimensional photonic crystal waveguides were first 
proposed by Russell’s group at the University of Bath in 
1995 [4] and realized in 1996 [5]. However, in spite of the 
fact that the first reported PCF did not guide light by the 
photonic bandgap effect and the first photonic bandgap fiber 
was not demonstrated until 1998 [6], some intriguing 
properties different from and even superior to those of 
conventional optical fibers (COFs) have been found from 
PCFs and used to advantage [7]. Therefore, PCFs are 
currently of increasing scientific and technological interest 
in the field of fiber optics [8, 9].  

In this review, the nonlinear effects in PCFs are 
highlighted and the paper is organized as follows. In Section 
2, we briefly describe the manufacturing, principles, basic 
properties, and some applications of PCFs. The 
experimental setup we adopted is shown in Section 3. In the 
next three sections, we report on our recent work on 
supercontinuum generation, frequency conversion, and 
soliton effects in PCFs, respectively. Comments are made on 
the applications of these nonlinear effects in Section 7. 
Section 8 concludes this paper.  

2 Manufacturing, properties, and applications of 
photonic crystal fibers 

The first reported PCF was based on a two-dimensional 
triangular lattice with a solid defect, which did not guide 
light by the photonic bandgap effect but by modified total 

REVIEW ARTICLE 

 
LI Yan-feng, HU Ming-lie, CHAI Lu  
Ultrafast Laser Laboratory, College of Precision Instrument and 
Optoelectronics Engineering, 
Tianjin University, Tianjin 300072, China 
 
WANG Ching-yue( ) 
Key Laboratory of Opto-electronics Information and Technical 
Science (Tianjin University),  
Ministry of Education, Tianjin 300072, China 
E-mail: chywang@tju.edu.cn 
 
Received March 22, 2006 



 161 

internal reflection (MTIR) because the periodic air holes 
effectively lowered the refractive index of the cladding as 
compared to the solid core [5]. The PCF was produced by 
the so-called stack-and-draw method, which typically 
involves stacking capillary tubes and rods into the desired 
preform and subsequent drawing of the preform into the 
fiber. This method first adopted in Ref. [5] has become a 
standard technique for drawing air-silica PCFs. Other 
techniques [10] like extrusion have also been developed for 
producing PCFs based on other materials such as soft glass 

[11] and polymer [12]. The manufacturing techniques 
available have made PCFs with different structures possible. 
In particular, it was found that PCFs with a random hole 
distribution can also guide light by MTIR [13]. Thus, 
alternative names for PCFs like HFs and MFs were also 
coined. From an operating principle point of view, however, 
these fibers are either index-guiding or bandgap-guiding. 
Fig. 1 shows typical examples of these two types of PCFs. 
In the present paper, we just concentrate on the first type, 
namely, PCFs that guide light by MTIR. 

 
Fig. 1 Typical index-guiding (left) and bandgap-guiding (right) PCF 

As have been shown by intensive research activities [8, 
9], the holey structure in PCFs can bring about novel 
properties unimaginable with COFs: endless single mode 
operation [14], anomalous dispersion at visible and 
near-infrared wavelengths [15], tailorable mode area [16, 
17], and high birefringence [18], just to name a few.  

As is well known, in a COF the normalized frequency V 
must not exceed 2.405 for the fiber to be single mode. 
Likewise, a similar effective V value Veff is defined for a 
PCF, where a wavelength-dependent cladding index is used. 
It is found that Veff  tends to constant values when the 
wavelengthλ approaches the high frequency limit ( 0λ → ) 
and that below a certain ratio of the air hole diameter D to 
the air hole pitch Λ (about /d Λ≤0.4) [7] the fiber is 
single mode. This is due to the fact that more light is 
confined in silica regions when 0λ → and therefore the 
effective cladding index increases, counteracting the effect 
of the decrease of λ . This property is highly desirable in a 
wide variety of applications including optics 
communications, high power delivery, and so on.  

In a COF, the normal waveguide dispersion leads to the 
total dispersion being normal below 1.3 mµ , whereas in a 
PCF with a large air filling fraction strong light confinement 
to a small core region can be achieved by the large index 
difference between air and glass and this results in very high 
waveguide dispersion, which can act to cancel even the 
large negative dispersion of silica glass that exists at visible 
wavelengths. By tailoring the hole spacing and air filling 
fraction in the cladding, the zero-dispersion wavelength can 
be unprecedentedly tuned to a required wavelength [19]. 
This feature has been, as we will show below, exploited to 
advantage to enhance nonlinear phenomena in PCFs.  

By the stack-and-draw process, PCFs with tailorable 
mode area can be fabricated. On the one hand, PCFs with 
extremely large cores [16, 17] while maintaining 
single-mode operation are favorable for high-power 
operation [20]. On the other hand, extremely small-core 
PCFs can be fabricated with enhanced nonlinearity [17]. In 
combination with controllable dispersion, the enhanced 
nonlinearity makes small-core PCFs ideally suited as 
nonlinear media [21], as will be exemplified in detail in this 
review. 

The current research focuses on both the theoretical and 
experimental aspects of PCFs. On the theoretical side, how 
to numerically, by various methods, design PCFs with the 
expected properties and the correct parameters is an area of 
intensive and active study [10, 22]. On the experimental side, 
the fabrication and applications of PCFs receive the most 
attention. The research on fabrication techniques [10, 12, 23] 
is intended to draw fibers with more precision, to produce 
fibers of new variety, or to reduce loss. The applications are 
diverse and broad [24, 25] but are mainly in such areas as 
PCF fiber lasers and amplifiers [26] , signal processing 
devices [27], gratings and other devices, etc [28, 29].  

3 Nonlinear effects in photonic crystal fibers–experi- 
menttal setup 

The dispersion of PCFs can be tailored to such a degree that 
when ultrashort light pulses propagate in PCFs the nonlinear 
effects can be controlled and enhanced more than those in 
COFs [30]. In what follows, we will show our experimental 
results on nonlinear effects in PCFs conducted with 
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femtosecond light pulses, including supercontinuum 
generation, frequency conversion, and soliton effects, which 
are well-known phenomena in nonlinear fiber optics [31]. 

Figure 2 shows the typical setup used in our experiments. 
A home-made self-mode locking Ti: sapphire oscillator, 
running at a central wavelength of around 800 nm, 
generated femtosecond light pulses of about 30 fs with an 
average output power of 600–800mW. The pulse repetition 
rate was 80 or 100 MHz, depending on the particular system 

used. A Faraday isolator was placed just behind the Ti: 
sapphire oscillator to prevent retroreflected radiation from 
disturbing the operation of the laser oscillator. The 
femtosecond pulses were coupled into the PCF with an 
objective lens (typically×40). The spectral properties of the 
output pulses were measured by an optical spectrum 
analyzer. The coupling and output were monitored by CCD 
cameras. 

 
Fig. 2 Schematic of the experimental setup 

 

4 Nonlinear effects in photonic crystal  fibers–super- 
continuum generation 

The term supercontinuum refers to the phenomenon of 
dramatic spectral broadening of optical pulses and thereby 
potentially octave-spanning output, see Fig. 3. Supercontinuum 
generation (SG) through propagation of ultrashort 
picosecond or femtosecond high-power light pulses in 
nonlinear media was first discovered in the 1970 and the 
first observation of SG in PCFs was reported by Ranka et al. 
in 2000 [32]. Since then, SG in PCFs has been studied 
extensively and the results show that a number of linear and 
nonlinear effects that are well-known in conventional 
nonlinear fiber optics [31] like group-velocity dispersion 
(GVD),third and higher-order dispersion, self-phase modulation 

 
Fig. 3 Supercontinuum generation in a PCF 

(SPM), cross-phase modulation (XPM), four-wave-mixing 
(FWM), stimulated Raman scattering (SRS), higher-order 

soliton formation, self-steeping, birefringence all can come 
into play [21, 33].  

Nevertheless, depending on the pumping in the normal or 
anomalous dispersion regime, different effects may 
dominate [34]. In the case of picosecond pumping, the 
primary mechanism of spectral broadening is identified as 
the combined action of stimulated Raman scattering and 
parametric FWM, while the role of SPM is negligible [35]. 
In the case of femtosecond pumping, when light pulses lie in 
the anomalous dispersion region of the PCF, SG can be 
caused by spectral broadening through fission of 
higher-order solitons into red-shifted fundamental solitons 
and blue-shifted dispersive wave radiation and subsequent 
spectral smoothing through FWM [36−38]. When 
femtosecond light pulses lie in the anomalous dispersion 
region of the PCF, SG can be generated through SPM and 
FWM [34]. Here, we show some results on SG we got by 
propagating femtosecond light pulses in PCFs. 

In Fig. 4, we show how the spectrum can be broadened in 
a PCF by increasing the pump power of the light pulses of 
35 fs at a central wavelength of 825 nm [39]. The PCF used 
in the experiment was shown in the inset to Fig. 4, which 
was made by Crystal Fibre and whose zero dispersion is at 
780 nm. The role of anomalous dispersion and FWM is 
evident. In the anomalous dispersion regime, solitonic 
features are observed and by FWM phase-matched blue 
components are generated to smooth the spectrum. By 
tuning the wavelength of the input pulses, the 
phase-matching process can be tuned, and thus the output 
spectra are correspondingly changed, as shown in Fig. 5 
[39]. Furthermore, it has been shown that the output spectra 
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from PCFs are sensitive to the input pulse parameters and 
noise [40, 41]. This is also observed in our experiments. As 
shown in Fig. 6 [39], when the spectra of the input pulses 
contain DC components, the output spectra are more 

extended in the blue side and are broader but more complex 
than when there are no DC component in the spectra of the 
input pulses. 

 
 

 
Fig. 4 Output spectra for different pump powers by coupling pulses of 35 fs at 825 nm into a PCF as shown in the inset. 

 

 
Fig. 5 Output spectra for different pump wavelengths by coupling pulses of 35 fs and 450 mW into the same fiber as in Fig. 4. The  
corresponding spectra of the input pulses are shown in the inset. 
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PCFs with a random hole distribution (better called HF 

here) can also confine light by MTIR [13]. Extremely small 
cores can also be formed by irregularly arranged air holes 
(see the inset to Fig. 7) and thus similar SG can also happen 
due to enhanced nonlinearity [42]. Due to the random hole 
arrangement, this HF is birefringent and the modes along the 

two polarization axes have different dispersion properties, 
and thus SG processes can be further controlled by the 
combined effects of dispersion and nonlinearity [31], as 
shown in Fig. 7. When the generated supercontinuum 
propagates in such a birefringent HF, beating of the two 
polarization modes is observed, see Fig. 8 [43].

 

 
Fig. 7 Output spectra for different polarization angles with respect to the fast axis of the fiber by  
coupling pulses of 35 fs and 600 mW into the HF as shown in the inset. 

 
 

Fig. 6  Output spectra for pulses
containing (1) multiple DC
components (2) one DC component
and (3) no DC component. Spectra
of the input pulses (35 fs and 550
mW at 835 nm) are shown in the
inset. Fiber is the same as in Fig. 4. 
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Fig. 8 Beating in a birefringent HF. The arrows indicate the same color. 

Finally, we show how SG is tuned in a high-index-step 
PCF with a comma-shaped core [44]. The fiber (shown in 
the inset to Fig. 9) supports two different types of guided 
modes with bell- shaped intensity profiles. The GVD curves 
and the field intensity profiles of the two modes (labeled as 
1 and 2, respectively) are shown in Fig. 9. The central 
wavelength of the input pulses is 800 nm and falls in the 
anomalous dispersion regime, no matter whether modes of 

type 1 or type 2 are excited. The zero dispersion 
wavelengths are 783 nm and 630 nm for the first type and 
second type of modes, respectively. Two different physical 
mechanisms lead to different features in the output 
supercontinuum spectra: the supercontinuum emitted by the 
modes of type 1 is smooth covering from 450 to 1 400 nm, 
while the modes of the second type generate 
supercontinuum with an enhanced short-wavelength wing, 
dominated by intense spectral lines centered at 400–450 nm, 
as shown in Fig. 10. When the modes of the first type are 
excited, FWM around the zero dispersion wavelength plays 
an important role in the initial stages of SG and leads to the 
depletion of the pump field. When the modes of type 2 are 
excited, phase matching processes involving the red-shifted 
soliton and dispersive wave results in the pronounced 
short-wavelength wing. The two regimes of supercontinuum 
generation and the two types of output spectra can be 
switched by displacing the input end of the fiber with respect 
to the laser beam in the transverse direction, see Fig. 11. 

 
Fig. 9 GVD curves and field intensity profiles of the two modes (labeled as 1 and 2, respectively)supported  
by the PCF with a comma-shaped core (inset). 

 
Fig. 10. Output spectra by coupling 30 fs laser pulses into the first (left) and second (right) type mode of the fiber. The initial peak power of laser pulses is 
(1) 0.8 kW, (2) 5 kW, and (3) 15 kW. 
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. 
Fig. 11. Side images of the PCF generating supercontinuum in the first (a, 
b, c) and second (d, e, f) type modes with a peak power of the input field of 
(a, d) 8 kW, (b, e) 11 kW, and (c, f) 14 kW. 

5 Nonlinear effects in photonic crystal fibers–frequency 
conversion 

In nonlinear fiber optics, an important nonlinear effect is  

four-wave mixing [31], which occurs when photons from 
one or more waves are annihilated and new photons are 
created at different frequencies. In PCFs, degenerate FWM 
is common which through phase matching creates stokes 
and anti-stokes components by depletion of the pump waves. 
The phase-matching condition of FWM is 
dispersion-sensitive and thus is also sensitive to the 
polarization state of the mode. In addition, the condition can 
be mode-selective. Our work on frequency conversion in 
PCFs is shown in this section. 

Intense blue-shifted lines centered at 490 and 510 nm, 
respectively, are generated at the output of a birefringent 
PCF [45, 46] when the pump laser pulses of 35 fs at 820 nm 
are polarized along the fast or slow axis of the fiber core, 
due to the different GVD properties of the two eigenmodes  

of the PCF. This is shown in Fig. 12, and the PCF used is 
shown in the inset. The outputs are observed as bright blue  
and green emission, as shown in Fig. 13. This anti-stokes 
line generation is mode-selective, and modes of higher-order 
and very high order can be involved in the phase-matching 
process[47, 48]. Using a different PCF (shown in the inset to 
Fig. 14) and pulses with similar parameters, we can excite 
the first doublet of higher-order modes and the second 
multiplet of higher-order modes [49, 50], as shown in Fig. 
14. This mode-selective vectorial nonlinear process can be 
controlled by varying the tilt angle of the input beam and 
rotating the polarization of the input field [51]. The result is 
illustrated in Fig. 15, where the laser pulses are 30 fs at a 
central wavelength of 800 nm and the input average power 
of laser pulses is 300 mW.  

 

 
Fig. 12 Generation of anti-Stokes line emission in a PCF by pump pulses polarized along (1) the fast and (2) the slow axis of the fiber core. The average 
power of pump radiation is (a) 100 mW and (b) 200 mW. The fiber is shown in the inset. 

Adding polarization-separating devices to the 
experimental setup in Fig. 2, we can demultiplex the 
two-color frequency conversion shown in Fig. 13 by 
accurately polarizing the pump field along one of the 
principal axes of the elliptically deformed fiber core [52]. 
This is demonstrated in Fig. 16. Interestingly, when 30 fs 
light pulses are coupled into a random-hole HF, 
phase-matched multiplex frequency conversion occurs at an 
array of waveguiding channels formed in this fiber [53]. Fig. 

17 shows a close-up view of the HF and the corresponding 
output mode patterns. 

6 Nonlinear effects in photonic crystal fibers–soliton 
effects 

Soliton refers to special kinds of wave packets that can propagate 
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Fig. 13 Output of anti-Stokes line emission in a PCF by pump pulses polarized along (left) the fast and (right) the slow axis of the fiber core. 

 

 
Fig. 14  Output mode patterns of anti-Stokes line emission in a PCF 
shown in the inset:first doublet (left) and (middle) and the second multiplet 
(right) of higher-order modes 

 

Fig. 15 The output mode profiles of the frequency-shifted PCF (shown in 
the inset). The angle between the input beam and the PCF axis is 10º. The 
angle between the polarization vector of the input field and the slow axis of 
the fiber core is (left) 10º and (right) 90º, respectively. 

undistorted over long distances [31]. They are not only of 
fundamental interest but also of practical application 
significance in nonlinear fiber optics and fiber optic 
communications. The GVD of PCFs can be shifted to the 
visible and near-infrared wavelengths, thus making it 
possible for solitons to occur at wavelengths previously 
inaccessible. There have been many experiments on soliton 
effects in PCFs [54−58]. By tuning the input pulse energy, 
the solitons generated have covered the spectral range from 
0.78 µm to 1.677 µm. Here we show some of our recent 
results on soliton generation in PCFs. 

Although solitons have already been seen to play a 
significant role in SG processes in Section 4 (e.g., see Fig. 
4), we can observe distinct solitonic features by carefully 
choosing the fiber and pulse parameters. Fig. 18 shows the 
observed evolution of the soliton self frequency shift as the 
pulse energy is increased when light pulses of 30 fs at 820 
nm are coupled into the same PCF as in Fig. 12 [59]. Due to 
birefringence, when the input light is polarized along the 
two polarization axes, different features are observed [60], 
see Fig. 19. 

7 Applications of nonlinear effects in photonic crystal 
fibers 

The enhanced nonlinear effects in PCFs as shown above 
have found and are still finding wide applications in fiber 
optics and other fields. Particularly, the octave-spanning 
supercontinuum generated from PCF is now used in 
precision frequency spectroscopy [61, 62], carrier-envelope 
phase control of femtosecond mode-locked lasers [63, 64], 
optical coherence tomography [65, 66], and other 
spectroscopic and microscopic applications [67−69]. 
Besides, the supercontinuum is also possible for 
compression to yield ultrashort light pulses [70, 71] or as 
WDM sources for communications [29, 72]. As efficient 
frequency converters, PCFs can generate frequency-tunable 
ultrashort pulses, allowing the creation of new sources of  
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Fig. 16 Polarization-demultiplexed output of a birefringent PCF. The pump field is polarized at an angle of (a, b) 90º, (c, d) 0º, and (e, f) 45º with respect to the 
x-axis. The polarization analyzer selects radiation polarized along (a, c, e) the y-axis and (b, d, f) the x-axis. Respective beam images are shown in the insets.  

 

Fig. 17 Left: a
close-up view of the
random-hole HF used.
Right: output beams
patterns of anti-stokes
emission from
channels 1−6[(a)−(f)]
of the random-hole
HF 
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Fig. 18 Spectra of laser pulses transmitted through the PCF with a length of 
7 cm. The initial pulse duration is 30 fs. The initial pulse energy is (1) 340 
and (2) 540 pJ. 

 
Fig. 19 Spectra of laser pulses transmitted through the PCF for two 
orthogonal polarizations of the linearly polarized input field. The initial 
pulse duration is 30 fs. The initial pulse energy is 0.5 nJ. 

tunable radiation for applications in spectroscopy, 
photochemistry, optical metrology, photobiology, 
biomedicine, quantum optics and so on [73−77]. Solitons 
generated from PCFs are not only potential sources for 
communications, but they also provide a good means for the 
generation of tunable light sources [55, 78−80].  

At the same time, other nonlinear effects not covered here 
like SPM, XPM, SRS can all be utilized to make PCF-based 
devices like amplifiers, lasers, gratings, signal-processing 
units [26−28], which are essential components in fiber 
optics and fiber optic communications.  

8 Summary and outlook 

Photonic crystal fibers were developed ten years ago, but 
have shown in many ways their unique properties that 
cannot be obtained with conventional optical fibers. In this 
work, we presented a review of our efforts made in the 
understanding of the nonlinear effects of these fibers. These 
effects studied are supercontinuum generation, frequency 
conversion, and soliton effects. The properties of photonic 

crystal fibers and the phenomena observed in photonic 
crystal fibers are, however, much more diverse and colorful 
than we can shown here. The enhanced nonlinearity in 
photonic crystal fibers has found wide and important 
applications. The most persuasive example may be the 
development of precision spectroscopy based on 
supercontinuum generation from photonic crystal fibers (or 
the optical frequency comb technique), which has been 
recognized as one of the important contributions by J.L. 
Hall and T.W. Hänsch, two of the laureates of the Nobel 
Prize in Physics in 2005. The photonic bandgap effects, 
although not covered here, have equally important 
properties and applications. We have enough reason to 
believe that with the further development of the technology 
and a better understanding of the properties offered by 
photonic crystal fibers, the filed of fiber optics stands ready 
to be transformed.  
 
Acknowledgments  The authors would like to express their thanks to 
Professor A.M. Zheltikov and his group at M.V. Lomonosov Moscow 
State University, and Professor Lantian Hou and his group at Yanshan 
University for providing the fibers and illuminating discussions. 
Fiberhome Telecommunication Technology Co. Ltd is also 
acknowledged for providing fiber samples. This work was supported 
by the National Key Basic Research Special Foundation (Grant No. 
2003CB314904), the National High Technology Development Program 
of China (Grant No. 2003AA311010), and the National Natural 
Science Foundation of China (Grant No. 60278003). 

References 

1. Yablonovitch E., Phys. Rev. Lett., 1987, 58: 2059 
2. John S., Phys. Rev. Lett., 1987, 58: 2486 
3. Joannopoulos J. D., Meade R. D. and Winn J. N., Photonic 

Crystals: Molding the Flow of Light, Princeton: Princeton 
University Press, 1995 

4. Birks T. A., Roberts P. J., Russell P. S. J., Atkin D. M. and 
Shepherd T. J., Electron. Lett., 1995, 31: 1941 

5. Knight J. C., Birks T. A., Russell P. S. J. and Atkin D. M., Opt. 
Lett., 1996, 21: 1547 

6. Knight J. C., Broeng J., Birks T. A. and Russel P. S. J., Science, 
1998, 282: 1476 

7. Bjarklev A., Broeng J. and Bjarklev A. S., Photonic Crystal Fibres, 
Boston: Kluwer Academic Publishers, 2003 

8. Russell P., Science, 2003, 299: 358 
9. Knight J. C., Nature, 2003, 424: 847 
10. Fini J. and Bise R., Jpn. J. Appl. Phys., 2004, 43: 5717 
11. Kumar V., George A. K., Reeves W. H., Knight J. C., Russell P. 

S., Omenetto F. G. and Taylor A. J., Opt. Express, 2002, 10: 1520 
12. van Eijkelenborg M. A., Argyros A., Barton G., Bassett I. M., 

Fellew M., Henry G., Issa N. A., Large M. C. J., Manos S., 
Padden W., Poladian L. and Zagari J., Opt. Fiber Technol., 2003, 
9: 199 

13.Monro T. M., Bennett P. J., Broderick N. G. R. and Richardson D. 
J., Opt. Lett., 2000, 25: 206 

14. Birks T. A., Knight J. C. and Russell P. S. J., Opt. Lett., 1997, 22: 
961 

15. Knight J. C., Arriaga J., Birks T. A., Ortigosa-Blanch A., 
Wadsworth W. J. and Russell P. S., IEEE Photon. Technol. Lett., 
2000, 12: 807 



170  

16. Knight J. C., Birks T. A., Cregan R. F., Russell P. S. and de 
Sandro J. P., Electron. Lett., 1998, 34: 1347 

17. Broderick N. G. R., Monro T. M., Bennett P. J. and Richardson D. 
J., Opt. Lett., 1999, 24: 1395 

18. Ortigosa-Blanch A., Knight J. C., Wadsworth W. J., Arriaga J., 
Mangan B. J., Birks T. A. and Russell P. S. J., Opt. Lett., 2000, 
25: 1325 

19. Roberts P. J., Mangan B. J., Sabert H., Couny F., Birks T. A., 
Knight J. C. and Russell P. S. J., J. Opt. Fiber Commun. Rep., 
2005, 2: 435 

20. Limpert J., Liem A., Reich M., Schreiber T., Nolte S., Zellmer H., 
Tunnermann A., Broeng J., Petersson A. and Jakobsen C., Opt. 
Express, 2004, 12: 1313 

21. Hansen K. P., J. Opt. Fiber Commun. Rep., 2005, 2: 226 
22. Saitoh K. and Koshiba M., J. Lightwave Technol., 2005, 23: 

3580 
23. Tajima K. and Zhou J., IEICE Trans. Electron., 2005, E88C: 870 
24. Monro T. M. and Richardson D. J., C. R. Phys., 2003, 4: 175 
25. Laegsgaard J. and Bjarklev A., J. Am. Ceram. Soc., 2006, 89: 2 
26. Hougaard K. and Nielsen F. D., J. Opt. Fiber. Commun. Rep., 

2004, 1: 63 
27. Lee J. H., IEICE Trans. Electron., 2005, E88C: 327 
28. Eggleton B. J., Kerbage C., Westbrook P. S., Windeler R. S. and 

Hale A., Opt. Express, 2001, 9: 698 
29. Sang X. Z., Chu P. L. and Yu C. X., Opt. Quantum Electron., 

2005, 37: 965 
30. Reeves W. H., Skryabin D. V., Biancalana F., Knight J. C., 

Russell P. S., Omenetto F. G., Efimov A. and Taylor A. J., Nature, 
2003, 424: 511 

31. Agrawal G. P., Nonlinear Fiber Optics, Third Edition, San Diego: 
Academic Press, 2001 

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

33. Apolonski A., Povazay B., Unterhuber A., Drexler W., 
Wadsworth W. J., Knight J. C. and Russell P. S., J. Opt. Soc. Am. 
B, 2002, 19: 2165 

34. Genty G., Lehtonen M., Ludvigsen H., Broeng J. and Kaivola M., 
Opt. Express, 2002, 10: 1083 

35. Coen S., Chau A. H. L., Leonhardt R., Harvey J. D., Knight J. C., 
Wadsworth W. J. and Russell P. S. J., J. Opt. Soc. Am. B, 2002, 19: 
753 

36. Husakou A. V. and Herrmann J., Phys. Rev. Lett., 2001, 8720:  
37. Herrmann J., Griebner U., Zhavoronkov N., Husakou A., Nickel 

D., Knight J. C., Wadsworth W. J., Russell P. S. J. and Korn G., 
Phys. Rev. Lett., 2002, 88:  

38. Husakou A. V. and Herrmann J., J. Opt. Soc. Am. B, 2002, 19: 
2171 

39. Hu M. L., Wang Q. Y., Li Y. F., Wang Z., Zhang Z. G., Chai L. 
and Zhang R. B., Acta Phys. Sin., 2004, 53: 4243 

40. Corwin K. L., Newbury N. R., Dudley J. M., Coen S., Diddams 
S. A., Weber K. and Windeler R. S., Phys. Rev. Lett., 2003, 90:  

41. Dudley J. M. and Coen S., IEEE J. Sel. Top. Quantum Electron. , 
2002, 8: 651 

42. Hu M. L., Wang C. Y., Li Y. F., Wang Z., Ni X. C., Lu C., Li S. 
G., Hou L. T. and Zhou G. Y., Laser Phys., 2004, 14: 776 

43. Hu M. L., Wang Q. Y., Li Y. F., Ni X. C., Zhang Z. G., Wang Z., 
Chai L., Hou L. T., Li S. G. and Zhou G. Y., Acta Phys. Sin., 2004, 
53: 4248 

44. Hu M. L., Wang C. Y., Li Y. F., Chai L. and Zheltikov A. M., Opt. 
Express, 2006, 14: 1942 

45. Hu M. L., Wang C. Y., Chai L. and Zheltikov A. M., Opt. 
Express, 2004, 12: 1932 

46. Hu M. L., Wang C. Y., Chai L., Li Y. F., Dukel'skii K. V., 
Khokhlov A. V., Shevandin V. S., Kondrat'ev Y. N. and 
Zheltikov A. M., Laser Phys. Lett., 2004, 1: 299 

47. Efimov A. and Taylor A. J., Opt. Express, 2003, 11: 910 
48. Efimov A., Taylor A. J., Omenetto F. G., Knight J. C., Wadsworth 

W. J. and Russell P. S., Opt. Express, 2003, 11: 2567 

49. Hu M., Wang C. Y., Li Y., Wang Z., Chai L., Kondrat'ev Y. N., 
Sibilia C. and Zheltikov A. M., Appl. Phys. B, 2004, 79: 805 

50. Hu M. L., Wang C. Y., Li Y. F., Wang Z., Chai L. and Zheltikov 
A. M., IEEE Photon. Technol. Lett., 2005, 17: 630 

51. Hu M. L., Wang C. Y., Song Y. J., Li Y. F., Chai L., Serebryannikov 
E. E. and Zheltikov A. M., Opt. Express, 2006, 14: 1189 

52. Hu M. L., Wang C. Y., Li Y. F., Chai L. and Zheltikov A. M., Opt. 
Express, 2005, 13: 5947 

53. Hu M. L., Wang C. Y., Li Y. F., Wang Z., Chai L. and Zheltikov 
A. M., Opt. Express, 2004, 12: 6129 

54. Liu X., Xu C., Knox W. H., Chandalia J. K., Eggleton B. J., 
Kosinski S. G. and Windeler R. S., Opt. Lett., 2001, 26: 358 

55. Nishizawa N., Ito Y. and Goto T., Jpn. J. Appl. Phys., 2003, 42: 
449 

56. Druon F., Sanner N., Lucas-Leclin G., Georges P., Hansen K. P. 
and Petersson A., Appl. Opt., 2003, 42: 6768 

57. Abedin K. S. and Kubota F., Opt. Lett., 2003, 28: 1760 
58. Reid D. T., Cormack I. G., Wadsworth W. J., Knight J. C. and 

Russell P. S. J., J. Mod. Opt., 2002, 49: 757 
59. Serebryannikov E. E., Hu M. L., Li Y. F., Wang C. Y., Wang Z., 

Chai L. and Zheltikov A. M., JETP Lett., 2005, 81: 487 
60. Serebryannikov E. E., Hu M. L., Wang C. Y., Li Y. F., Wang Z., 

Chai L., Ren X. M., Dukel'skii K. V., Khokhlov A. V., Shevandin 
V. S., Kondrat'ev Y. N. and Zheltikov A. M., J. Raman Spectrosc., 
2006, 37: 416 

61. Holzwarth R., Udem T., Hansch T. W., Knight J. C., Wadsworth 
W. J. and Russell P. S. J., Phys. Rev. Lett., 2000, 85: 2264 

62. Diddams S. A., Jones D. J., Ye J., Cundiff S. T., Hall J. L., Ranka 
J. K., Windeler R. S., Holzwarth R., Udem T. and Hansch T. W., 
Phys. Rev. Lett., 2000, 84: 5102 

63. Jones D. J., Diddams S. A., Ranka J. K., Stentz A., Windeler R. 
S., Hall J. L. and Cundiff S. T., Science, 2000, 288: 635 

64. Helbing F. W., Steinmeyer G. and Keller U., IEEE J. Sel. Top. 
Quantum Electron., 2003, 9: 1030 

65. Hartl I., Li X. D., Chudoba C., Ghanta R. K., Ko T. H., Fujimoto 
J. G., Ranka J. K. and Windeler R. S., Opt. Lett., 2001, 26: 608 

66. Povazay B., Bizheva K., Unterhuber A., Hermann B., Sattmann 
H., Fercher A. F., Drexler W., Apolonski A., Wadsworth W. J., 
Knight J. C., Russell P. S. J., Vetterlein M. and Scherzer E., Opt. 
Lett., 2002, 27: 1800 

67. Fedotov A. B., Zhou P., Tarasevitch A. P., Dukel'skii K. V., 
Kondrat'ev Y. N., Shevandin V. S., Smirnov V. B., von der Linde 
D. and Zheltikov A. M., J. Raman Spectrosc., 2002, 33: 888 

68. Kano H. and Hamaguchi H., Appl. Phys. Lett., 2004, 85: 4298 
69. Nagahara T., Imura K. and Okamoto H., Rev. Sci. Instrum., 2004, 

75: 4528 
70. Chang G. Q., Norris T. B. and Winful H. G., Opt. Lett., 2003, 28: 

546 
71. Schenkel B., Paschotta R. and Keller U., J. Opt. Soc. Am. B, 

2005, 22: 687 
72. Yusoff Z., Petropoulos P., Furusawa K., Monro T. M. and 

Richardson D. J., IEEE Photon. Technol. Lett., 2003, 15: 1689 
73. Zheltikov A. M., Laser Phys. Lett., 2004, 1: 220 
74. Konorov S. O., Akimov D. A., Ivanov A. A., Alfimov M. V. and 

Zheltikov A. M., Appl. Phys. B, 2004, 78: 565 
75. Konorov S. O. and Zheltikov A. M., Opt. Express, 2003, 11: 

2440 
76. Lorenz S., Silberhorn C., Korolkova N., Windeler R. S. and 

Leuchs G., Appl. Phys. B, 2001, 73: 855 
77. Sharping J. E., Chen J., Li X. Y., Kumar P. and Windeler R. S., 

Opt. Express, 2004, 12: 3086 
78. Abedin K. S., Miyazaki T. and Kubota F., IEEE Photon. Technol. 

Lett., 2004, 16: 1119 
79. Lim H., Buckley J., Chong A. and Wise F. W., Electron. Lett., 

2004, 40: 1523 
80. Genty G., Lehtonen M. and Ludvigsen H., Opt. Lett., 2005, 30: 

756 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


