Chapter 2

New Wavelength Generation Based
on PCF with Two Zero-Dispersion
Wavelengths (TZDWs)

2.1 Multipole Method

Since the PCF has flexible cladding structures, the simulation method for con-
ventional optical fibers cannot be used for the evaluation of the PCF characteristics
accurately. In recent years, several methods have been developed to improve the
numerical precision, such as the plane wave expansion method, beam propagation
method, finite element method, and multipole method. In this thesis, we mainly use
the multipole method to estimate the fiber performances.

Compared with other methods, the limited cladding structure is considered in the
multipole algorithm, which is especially suitable for the microstructured fibers with
circle air holes distributed in the cladding. The calculation about the
mode-propagation constant for the PCFs with complex structure can be finished
more accurately and faster than other methods.

In the multipole method, every air hole in the cladding is considered as a
scattering cell. The electromagnetic field components can be expressed by the
Bessel functions in the cylindrical coordinate system. The solution of the Helmholtz
equation can be obtained by using the boundary conditions. The longitudinal
component of the electric field in the nth air hole can be expressed as follows [1, 2]:

E.= ) ai)Jn(K 1) exp(ime,) exp(if) (2.1)

The longitudinal component of the electric field in the substrate material around
the nth air hole can be expressed as follows:

Z [b (K 7)) + cOH" (k. rn)] x exp(img,) exp(ifz)  (2.2)
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where
i 2.2 2\1/2 2.2 2\1/2
KL= (kgnt = B2 ke = (kn? — )" (2.3)

where n; = 1 denotes the refractive index of the air, n. denotes the refractive index
of the fused silica, ky = 27t/A is used to express the wave numbers in the free space,
and S denotes the mode-propagation constant. The magnetic field components have
the similar expression with the electric field components. The coefficients of a,,,, b,,,
and c,, can be obtained by using the boundary condition of the electromagnetic
field. The effective refractive index n.; and the effective mode area A 4 can be
obtained by using the expression between the mode-propagation constant and the
wave numbers in the free space f = negko. Then, the nonlinear coefficient, group
velocity dispersion, loss, and birefringence can be obtained.

2.2 Parametric Amplification Based on PCF with TZDW
2.2.1 The Design and Fabrication of the PCF with TZDW

The ZDW is an important parameter for optical fibers. When the pump is located
near the ZDW, the nonlinear effects can be increased remarkably, and the optical
parametric components can be generated easily. Fiber-based optical parametric
generation is the cornerstone of the FOPA, FOPO, and all-optical wavelength
converter. The ZDW of the traditional nonlinear fibers (highly-nonlinear fibers,
dispersion-shifted fibers, and the highly-nonlinear dispersion-shifted fibers) is
located around 1550 nm, and it can be tuned only in a very small wavelength range,
which is determined by the fiber structure and the fabricated process. Since the PCF
has flexible cladding and core structures, the ZDW can be tuned to nearly “any”
wavelength in the transparent window. It means that the optical parametric com-
ponents can be generated from visible to the infrared band flexibly.

Fiber-based optical parametric generation, also named as modulation instability,
refers to the phenomenon that signals from the spontaneous emission are amplified
by the pump wave. The shape and the distribution of the optical parametric spectral
components are closely related to the nonlinear effect of FWM. Marhic et al. [3]
reported a widely tunable optical parametric generation with the anti-Stokes spectral
components around 1350 nm in a highly-nonlinear dispersion-shifted fiber pumped
in the normal dispersion wavelength regime by a tunable diode laser. Wong et al.
demonstrated the evolution of the optical parametric spectral components versus the
pump wavelength by using a quasi-continuous wave laser source. When the PCF is
pumped near the ZDW, a wide-band parametric spectrum can be formed. When the
PCF is pumped in the normal dispersion wavelength regime, two narrow parametric
bands can be generated far from the pump [4]. Harvey et al. demonstrated that the
parametric spectral components can be tuned largely by adjusting the polarization
state of the pump in a birefringent PCF [5].
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It is clear that the FWM optical parametric spectral components can be easily
generated by pumping the PCF near the ZDW. Andersen et al. obtained a widely
tuned optical parametric generation in a PCF with two zero-dispersion wavelengths
(TZDWs) by using a Ti: sapphire laser as the pump source [6]. Tuan et al. [7]
theoretically predicted that largely tuned parametric components can be generated
in a PCF with four ZDWs. The largely tuned optical parametric generation has a lot
of applications, such as new wavelength laser source, large span wavelength con-
verter, and entangled pair-photon source. In this section, we would like to design
and fabricate a PCF with TZDW for the realization of large span optical parametric
generation.

The PCEF structure is designed by using the multipole method. In order to ensure
the precision during the fabrication, hexagonal cladding structures are adopted. The
fused silica is used as the substrate material. The designed cross-sectional structure
of the PCF is shown in Fig. 2.1. The pitch of the air holes is 1.15 pm, the diameter
of the air holes is 0.75 um, and the diameter of the fiber core is 1.55 pum. The
effective refractive index and the effective mode area at different wavelength can be
calculated by using the multipole method. Based on the relation between the
refractive index and the dispersion, the group velocity dispersion of the funda-
mental mode can be obtained, which is shown in Fig. 2.2. The two ZDWs are
located at 701 and 1115 nm, respectively.

When a single-longitudinal-mode laser is used as the pump source, the fre-
quencies and the propagation constants of the two pump photons are the same.

0 =, = wp (2.4)

ﬁ1 = /32 = ﬁp (2-5)

Fig. 2.1 The cross section of
the designed PCF
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Fig. 2.2 The group velocity 100 T T T T T
dispersion for the designed
PCF with TZDW 0+

-100 ~
-200 4
-300 4

-400 -

Dispersion (ps/nm/km)

-500 |

-600 — T
0.4 0.6 0.8 1.0 12 14 1.6
Wavelength (um)

The phase-matching condition for the single pump case can be expressed as
follows:

20, = 05 + o; (2.6)
Ak=AB =B+ pi—2p,=0 (2.7)

The propagation constant can be calculated by the equation of f = nw/c. The
phase-matching condition can be predicted by a combination of the Eqgs. (2.6) and
(2.7), which is shown in Fig. 2.3 plotted by pump wavelength on the horizontal axis
and the wavelengths of the signal and idler on the vertical axis. In the figure, the
blue line represents the signal and the red line represents the idler. When the pump
is located at 780 nm, the phase-matched signal and idler arise at the telecommu-
nication band of 1550 nm and the visible band of 521 nm, respectively, which is
denoted by the purple line in the figure.

Fig. 2.3 The phase-matching -
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The designed PCF is featured with a small core, which can provide a high
nonlinearity. The microstructure of the designed PCF introduces a lot of challenges
to the technical fabrication. The group of Prof. Jinyan Li in Huazhong University of
Science and Technology fabricated this fiber for us successfully by overcoming lots
of difficulties. The SEM image of the cross section of the fabricated PCF is shown
in Fig. 2.4. According to the fiber parameters extracted from the SEM image, the
dispersion property is calculated, and the TZDWs are located at 723 and 1363 nm,
respectively, as shown in Fig. 2.5. The nonlinear coefficient is calculated to be
160 km™' W' at 800 nm.

Fig. 2.4 The SEM image of
the cross section of the
fabricated PCF with TZDW

Fig. 2.5 The calculated 100
dispersion for the fabricated
PCF
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2.2.2 The Relationship Between the Optical Parametric
Spectrum and the Pump Wavelength

In order to accurately simulate the optical parametric generation, the contribution of
the nonlinear effect to the phase matching should be considered, and the
phase-matching condition equation should be modified accordingly. For the single
pump case, the revised phase-matching condition can be expressed as follows:

kK =AB+2yP =B+ pi — 2, +2yP =0 (2.8)

where P denotes the pump power. With the propagation constants S, and f; Taylor
expanded around the pump frequency, Eq. (2.9) can be written as follows:

K:Qzﬂ2+%ﬂ4ﬁ4+%ﬂéﬁ6+---+2yP:O (2.9)
where Q denotes the frequency detuning between the pump and the signal. It can be
seen that only the even-order dispersion and the nonlinearity have influence on the
phase-matching condition. When the linear phase mismatch is located in the region
of —4yP < Ap < 0, a nonzero parametric gain can be obtained. It requires that the
group velocity dispersion parameter % at the pump wavelength is approximately
in the range of:

4P pYQ <g® U

o 1 e (2.10)

where f® is the fourth derivative of the propagation parameter /8 with respect to the
pump wavelength. When “ < 0, the parametric gain can be obtained by pumping
the fiber in the normal dispersion region of:

P < — pYQ?/12 (2.11)
which is near the ZDW, or by pumping in the anomalous dispersion region of:
P > —4yP/Q* — pHQ2/12 (2.12)

when > 0, the parametric gain can be obtained by pumping the fiber in the
anomalous dispersion region of:

—49P/Q% — Y2 /12 < P < — pHQ% /12 (2.13)
If the pump wave locates in the normal dispersion region of & > Iﬁ(‘”Qz/ 12],

which is far from the ZDW or in the huge negative dispersion region of 5 < —4yP/
Q% - |ﬁ(4)92/ 12|, the parametric spectral components cannot be observed [8].
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Fig. 2.6 The phase-matching 22 —_— —
contour for the nonlinear
mismatch term of yP = 0.
Reprinted from Ref. [8],
copyright © 2013, with
permission from Elsevier
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The phase-matching contour for the fundamental mode of the PCF with non-
linear mismatch term yP = 0O is shown in Fig. 2.6. The range of the pump wave-
length, in which phase-matched signal and idler pair exist, is from 710 to 1346 nm,
beginning at the normal dispersion regime near the first ZDW of 723 nm, and
ending at the anomalous dispersion regime close to the second ZDW of 1363 nm.
For each pump wave in the regions from 710 to 832 nm and from 1120 to 1346 nm,
two groups of phase-matched signal and idler pairs exist. For example, for the pump
wavelength of 1200 nm, the outer pair of the phase-matched points is marked with
1 and 2, and the inner pair of the phase-matched points is marked with 3 and 4, as
shown in the vertical solid line on Fig. 2.6. For each pump wave in the region from
832 to 1120 nm, only one group of phase-matched signal and idler pair exists, and
the signal and the idler bands have a large interval. Figure 2.7 shows the evolution
of the phase-matched sidebands versus the pump wavelength with different pump
power. The black slash shows the location of the pump wavelength in the vertical
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coordinate. The curves above the slash indicate the wavelengths of the signal
sidebands, and the curves below the slash indicate the wavelengths of the idler
sidebands. When the peak pump power is 500 W, for each pump wavelength in the
region from 711 to 1330 nm, two groups of phase-matched signal and idler pairs
exist. The inner and outer phase-matched pairs constitute a ring shape on each side
of the slash of the pump wavelength. With the peak pump power increased, the
nonlinear phase mismatch will seriously affect the phase-matching condition. The
pump wavelength region in which the phase-matched waves pair can appear
becomes smaller. The frequency detuning of the inner pair from the pump wave
increases, and the frequency detuning of the outer pair from the pump wave
decreases.

The gain bandwidth is a critical parameter to the parametric amplification. The
frequencies distributed in the region of —4yP < AS(2) < 0 will experience a nonzero
gain. Figure 2.8 shows the phase-matching contours for the fundamental mode of
the PCF when the linear phase mismatch AfS equals to —4yP, —2yP and zero,
respectively, and the peak pump power P is 20,000 W. For a given pump wave-
length, the gain band covers the wavelengths that satisfy the condition of
—4yP < AB(Q) < 0. The phase-matching curve with Af = —2yP indicates the signals
and idlers with the maximal gain. Based on the profiles of the gain spectrum, the
pump wavelengths are divided into six regions. In the region 1, for a given pump
wave, there are four separated gain bands, corresponding to the signal and idler gain
bands of the inner and outer pairs, respectively. For example, with the pump
wavelength of 800 nm, the four gain bands are a, b, c, and d, respectively, which are
marked in the Fig. 2.10. In the region 2, for a given pump, the signal and idler
bands of the inner pair are connected to each other, and a broad band is formed near
the pump wavelength except for two separated signal and idler bands of the outer

g 22471 T A,BI OI
€ s g TA8=0 4
3 2.0+ T~ —AB=—2yH
~ e ~Y — AB=—4yP

1.8+ \ -
3 ]
<" 1.6 -
_‘_C_, 4
S 1.4 > -
g N ‘—/ ]
2 127 i - 1
2 1.04 E
© /7 4
c i | = i
%, 0.8 pZgh / P ]
S 0.6 /42/ .
» 65T, 2 3|4 5 6

04 T T T T T T T T

0.7 08 09 10 11 12 13 14 15

Pump wavelength Ap (um)

Fig. 2.8 The Phase-matching contours for the high group-index mode of the PCF with the linear
phase mismatch Af of —4yP, —2yP and zero, respectively, when the pump power is 20,000 W.
Reprinted from Ref. [8], copyright © 2013, with permission from Elsevier
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pair. In the region 3, for a given pump, the four gain bands are all connected to each
other and form a superbroad gain band similar to a supercontinuum spectrum. In the
region 4, for a given pump, the idler or signal of the outer and inner gain bands are
combined together. Either the signal or the idler band includes two gain peaks since
two fulfilled phase-matching wavelengths are existed. In the region 5, the fulfilled
phase-matched wavelengths do not exist, and the parametric gain is very weak. The
region 6 belongs to zero gain region, and no parametric gain exists. It can be
predicted that, according to band gain contours, various parametric gain shapes can
be obtained by adjusting the pump wavelength.

2.2.3 The Optical Parametric Generation in a PCF
with TZDW

The optical parametric spectra are measured for the PCF with TZDW. The
experimental setup is shown in Fig. 2.9. Experimentally, a Ti: sapphire pulse laser
can emit a pulse train with the full width at half maximum (FWHM) of 130 fs, at the
repetition rate of 76 MHz. The pump pulse train is coupled into 1.0-m PCF men-
tioned above through a 40 x microscope objective lens with the numerical aperture
of 0.65. The central wavelength of the pump wave is set to be 800 nm. The pump
power can be adjusted by a neutral-density filter wheel. The light emitting from the
fiber is collimated by a 40 x microscope objective lens and then sent to two optical
fiber spectrometers (Avaspec-2048-2 and Avaspec-NIR-256-2.5) with the mea-
surement scopes from 200 to 1100 nm and from 900 to 2500 nm.

Since the signal band distributing in the wavelength region of 1000-2200 nm, a
suitable signal source is not accessible. We used amplified spontaneous emission
(ASE) from the pump laser as the seed source and inferred the FOPA gain spectrum
from the measurement of the output ASE spectrum. The experimentally observed
spectra for the peak pump power of 20,000 W and the pump wavelengths of 760,
800 and 815 nm are shown in Fig. 2.10. The idler bands are shown in Fig. 2.10a, c,
and e, in which two gain bands in visible region can be clearly seen. When the
pump is operated at 800 nm, the region of 550-730 nm corresponds to the idler
wave of the inner pair (IWIP) of the sideband, and the region of 410-501 nm
corresponds to the idler wave of the outer pair IWOP) of the sideband. When the
pump wavelength increases, both the IWIP and IWOP move to the longer

PCF
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laser
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HWP MO, MO,

=
g /=

Fig. 2.9 The experimental setup
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Fig. 2.10 The observed output spectra of the idler waves, with the pump wavelengths of
a 0.76 pm, ¢ 0.8 um, and e 0.815 pm, respectively. The observed output spectra of the signal
waves, with the pump wavelengths of b 0.76 um, d 0.8 pm, and £ 0.815 pm, respectively. The peak
pump power is set at P = 20,000 W. Reprinted from Ref. [8], copyright © 2013, with permission
from Elsevier

wavelength, which is shown in Fig. 2.11. In particular, when the pump wavelength
is 760 nm, the idler wave extends down to the ultraviolet region of 300 nm. The
signal waves are shown in Fig. 2.10b, d, and f. Two gain bands corresponding to
the signal waves of the inner and outer pairs (SWIP and SWOP) can be observed
clearly. For example, when the pump wavelength is 800 nm, the two gain bands
distribute in bands of 1010-1320 nm and 1805-2160 nm, respectively. Each band
has two peaks resulted from the birefringence of the PCF, since only one half-wave
plate is used and the polarization state of pump is not aligned properly with the
principle axis of the PCF. Theoretically, a half-wave plate and two quarter-wave
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Fig. 2.11 Sideband 2.2 —
wavelength of the two pairs of
FWM versus the pump
wavelength, the peak pump
power is set at 20,000 W.
Reprinted from Ref. [8],
copyright © 2013, with
permission from Elsevier
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plates should be used simultaneously so that all the polarization states can be
reached. The evolution of the signal band versus the pump wavelength is also
shown in Fig. 2.11. When the pump wavelength is 815 nm, the signal band extends
to the mid-infrared region of 2190 nm. The two pairs of gain bands are approxi-
mately in agreement with the simulation results in Fig. 2.7.

In order to further study the evolution of the two pairs FWM gain bands versus
the propagation distance, we simulate the sech® pulses with peak power of
20,000 W and 130 fs FWHM propagating in 1-m PCF using the split-step Fourier
method to solve the generalized nonlinear Schrodinger equation [9]. The spectral
evolution is shown in Fig. 2.12. It is clear that two pairs of sideband are generated
at the propagation distance about 3 mm. As shown in Fig. 2.12, the outer pair of
FWM gain bands is composed of A and B, and the inner pair is composed of C and
D. The wavelengths of them remain relatively fixed with the increasing of the
propagation distance to 1 m.

Fig. 2.12 Simulated spectral A C D B
evolution of a pulse launched 1 S ) { o
at 800 nm with the peak pump 1
power of 20,000 W.
Reprinted from Ref. [8],
copyright © 2013, with
permission from Elsevier

o 2 o o
& o~ W
2

[ap] Avsuaiug

Propagation distance (m)
o
o

150 200 250 300 350 400 450 500 550 600
Frequency(THz)



30 2 New Wavelength Generation Based ...

Reeves et al. [10] theoretically predicted that two pairs of gain bands can be
existed in particular dispersion-engineered PCFs as early as 2003. This phe-
nomenon is clearly observed in this experiment for the first time. The relationship
between the optical parametric spectrum and the pump wavelength provides more
effective interpretations to the SC generation.

2.3 Dispersive Wave Generation

2.3.1 The Principle of Dispersive Wave Generation

When optical pulses are transmitted in the anomalous dispersion regime, multiple
solitons can be generated by the soliton fission of the pump pulse. The soliton
frequency can be continuously shifted to the longer wavelength region by the
intra-pulse Raman scattering. When the solitons are perturbed by third-order and
higher order dispersion, the energy can be transferred to the dispersive waves
(DWs) located in the normal dispersion regime [11]. The DW is also named as
Cherenkov radiation (CR) or nonsolitonic radiation (NSR). The SC can be
broadened to the shorter and longer wavelength regions by the DW [12-16].
Tunable DW in the wavelength region from 485 to 600 nm has been reported in a
PCF [17, 18]. By using a variety of PCFs with different group velocity dispersion,
the DW wavelength can even be extended to UV region [19-21]. Based on a PCF
with TZDW, large amplitude DW near 1600 nm have been generated in the longer
normal dispersion wavelength region, which is beyond the second ZDW [22].
The DW at the wavelength of 1720 nm has been obtained experimentally by
Schreiber et al. [14].

The DW generation requires that the phase-matching condition of the DW
propagates with the same phase velocity as that of the soliton should be satisfied.
The phase shift of soliton can be expressed as follows:

d(ws) = Plwg)z — ws(z/ve) + %VPSZ (2.14)

where w is the soliton frequency, v, is the group velocity of the soliton, and P; is
the soliton peak power. The phase shift of the DW can be expressed as follows:

P(wa) = B(wa)z — wa(z/vg) (2.15)

where w4 is the DW frequency. After expanding the mode-propagation constant of
the DW in a Taylor series about the soliton frequency, the phase-matching con-
dition can be expressed as follows:
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T (wa ;'ws)nﬁn _ P (2.16)
n>2 :

In the qualitative analysis, the value of wcy is mainly affected by the first few
terms of the left part of Eq. (2.16). When only the first two terms on the left part are
taken into account, the Eq. (2.16) can be written simply as follows:

(wq — wS)z
2

(wq — CUS)3

yPs
By + 6 By =

2

(2.17)

Physically, the right part is always positive. The soliton can be formed at the
anomalous dispersion regime (£, < 0). When the third-order dispersion (TOD) is
positive (83 > 0), the value of wcyg is larger than that of w, and the CR shifts to
shorter wavelength regions. When the TOD is negative 3 < 0, the value of wcg is
smaller than that of w,, and the CR shifts to the longer wavelength region.

2.3.2 Tunable DWs in the Visible Region

In the experiment, a mode-locked Ti: sapphire femtosecond pulsed laser is used as
the pump source. A highly-nonlinear PCF with TZDW is used as the nonlinear
medium. The calculated dispersion parameter f, and the TOD parameter 5 versus
the wavelength are shown in Fig. 2.13. In the vicinity of 1025 nm, f; moves from
positive to negative.

When the pump wave is operated at 800 nm with an average power of 70 mW,
the spectrum obtained from the optical fiber spectrometer is shown in Fig. 2.14. The
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Fig. 2.13 The calculated dispersion parameter f, and third-order dispersion parameter 5 for the
fundamental mode of the PCF. The inset shows the scanning electron microscope (SEM) image of
the cross section of the PCF
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soliton is firstly formed near the pump wavelength, where 3 > 0, and the DW is
generated at 498 nm based on the phase-matching condition between the soliton
and DW. Then, the soliton shifts toward the longer wavelength region because of
the RIFS. When the soliton approaches the second ZDW, where f; < 0, the DW is
generated at 1986 nm. The RIFS is canceled by the spectral recoil from the gen-
eration of the DW at 1986 nm, and the soliton is stabilized in the wavelength region
close to the second ZDW [23].

The wavelength of the DW in the visible region is studied by adjusting the
average pump power. As shown in Fig. 2.15, with the average pump power
increasing from 70 to 400 mW, the wavelength of DW can be tuned from 498 to
425 nm. The conversion efficiency is calculated, which is shown by the black line in
Fig. 2.16. The conversion efficiency of the visible DW increases monotonously
with the average pump power. It reaches 42 % at the average pump power of
400 mW [24].

Fig. 2.15 The evolution of
the DW in the visible region
with the average pump power
increasing from 70 to
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The wavelength of the DW is governed by the phase-matching condition
between the DW and the soliton formed near the pump wavelength, which is in the
region of 3 > 0. Based on the phase-matching condition, the DW wavelength is
predicted. In the simulation, dispersive effects up to 10th order are included. The
calculated and the experimentally measured DW wavelengths versus the average
pump power are shown in Fig. 2.17. The discrepancy is limited in the range of
18 nm, which is induced by the wavelength of the soliton which is set to be 800 nm
in the simulation. The trend of the predicted DW wavelength evolution is a little
different with that obtained in the experiment. This could be induced by the
accuracy of the simulated dispersion terms. Except for the DW generation, FWM
process can also happen. For each pump wavelength, two groups of phase-matched
signal and idler pairs exist. The spectral component between the pump wave and the
DW is considered to be generated by the FWM between the pump wave and the
red-shifted fundamental soliton. The idler of the outer group of the FWM distribute
in the vicinity of the DW.
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2.3.3 Tunable DWs in the Mid-infrared Region

The wavelength of the DW in mid-infrared region can also be tuned by adjusting
the average pump power. As shown in Fig. 2.18, with the average pump power
increasing from 70 to 320 mW, the wavelength of the DW can be tuned from 1986
to 2279 nm. When the average pump power is 400 mW, the mid-infrared DW is not
observed. This is considered to be due to that the wavelength of the mid-infrared
DW exceeds the measurement scope of the optical spectrometer. The wavelength of
the fundamental soliton shifts from 1035 to 1190 nm, where f; is always negative.
The conversion efficiency of the mid-infrared DW is also shown in Fig. 2.16. For
the average pump powers of 70, 130, 180, 250, and 320 mW, the conversion
efficiencies are calculated to be 39, 33, 30, 27, and 25 %, respectively. The spectral
component between the fundamental soliton and the DW is considered to be
generated by the FWM between the pump and the DW in the visible wavelength
region.

The wavelength of the DW in the mid-infrared region is governed by the
phase-matching condition between the DW and the fundamental soliton, which is
stabilized in the region of 3 < 0. The wavelength evolution of the DW is predicted
by the phase-matching condition. The calculated and experimentally measured DW
wavelengths versus the average pump power are shown in Fig. 2.19. The dis-
crepancy is limited in the range of 26 nm, which is induced by the wavelength of
the stabilized soliton which is set to be 1100 nm in the simulation [25].

Tunable DWs have been obtained in the mid-infrared normal dispersion
wavelength regime by using a PCF with TZDW as the nonlinear medium.
Mid-infrared light source can be used in many applications, such as the integrated
silicon nanophotonics circuit communication systems, free-space communication,
and biophotonics. The investigation about the high-efficient mid-infrared DW
generation will promote the development of the related areas.
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2.4 Ultraviolet Generation Based on Cross-Phase
Modulation in PCF with TZDW

Supercontinuum (SC) spanning from the visible to the near-infrared region has been
widely investigated and utilized in many fields [26]. Nonetheless, recently many
efforts have been devoted to extend the SC to mid-infrared and ultraviolet
(UV) regions [27, 28]. Light source in the UV region is urgently needed in the
applications of fluorescence microscopy, spectroscopy, and biomedical photonics.
DW generation and four-wave mixing (FWM) are effective ways to extend the SC
to short wavelength region. However, both of them require the phase-matching
condition, which is difficult to fulfill in the UV wavelength region. UV SC had been
generated by pumping a PCF with a picosecond microchip laser at 355 nm.
However, due to the large normal dispersion at UV region and the effect of
Raman-induced frequency shift, the spectrum is mainly extends to longer wave-
length regions [29].

Except for the DW generation and FWM, cross-phase modulation (XPM) is also
an effective way to extend the SC to shorter wavelength regions. In an experiment,
dual-frequency (1064 and 532 nm) pulsed pump waves are simultaneously coupled
into a photonic crystal fiber (PCF). The Raman-induced frequency shift of the pulse
at 532 nm is inhibited by the XPM induced by the pulse at 1064 nm, and the SC
extends to shorter wavelength region of 350 nm [30]. SC has been extended to short
wavelength region of 300 nm by the effect of XPM between the anti-Stokes signal
at 550 nm and the pump pulse at 830 nm [31].

When the PCF with TZDW is pumped by a Ti: Sapphire pulse at 800 nm, one of
the anti-Stokes signals appears in the region from 400 to 550 nm. The calculated
relative group delay f; with respect to the pump wavelength of 800 nm and the
dispersion parameter S, versus the wavelength are shown in Fig. 2.20. It is pre-
dicted that XPM between the anti-Stokes signal and the Raman soliton generated by
the pump can be occurred.
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Fig. 2.20 Variations of the relative group delay £, and the dispersion parameter 3, with respect to
the wavelength. Reprinted from Ref. [32], copyright © OSA 2013, with permission from OSA

The experimental spectra for the average pump power of 200, 300, and 400 mW
are shown in Fig. 2.21 For the input average pump power of 200 mW, the inner and
outer anti-Stokes signals are observed at 550-750 nm and 400-550 nm, respec-
tively. This is consistent with the simulation results about the two pairs of FWM.
According to the relative group delay in Fig. 2.20, the outer anti-Stokes signal has a
lower group velocity than the pump soliton. As the Raman-induced frequency shift,
the pump soliton shifts to longer wavelengths, and the group velocity slows down.
Then, the soliton overlaps with the outer anti-Stokes signal temporally. The
anti-Stokes signal is affected by the XPM induced by the pump soliton. The SC is
extended to the UV region of 200400 nm. As the input power is increased, the
frequency component in the UV region of 200—400 nm tends to become flat [32].
The experimental scene is shown in Fig. 2.22. Figure 2.23 shows the optical spot of
the fundamental mode at the output.

Fig. 2.21 The experimental 100000 3— T T T T T T T T
spectra for the average pump
powers of 200, 300, and
400 mW. Reprinted from Ref. 3
[32], copyright © OSA 2013, ©.10000 4
with permission from OSA 5
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Fig. 2.22 The experimental
scene of the XPM

Fig. 2.23 The optical spot of
the fundamental mode at the
output

2.5 Conclusion

In this chapter, we first investigate the relationship between the FWM parametric
spectrum and the dispersion, nonlinear coefficient, and pump wavelength. A PCF
with TZDW is carefully designed and fabricated. The parametric spectra in this
PCF are measured by using a Ti: sapphire laser as the pump. Two pairs of large
span parametric sidebands are observed, and the sideband in mid-infrared region
can be extended to 2190 nm.

Second, the DW generation is investigated in this PCF. In the experiment,
visible and mid-infrared DWs can be generated simultaneously by pumping in the
anomalous dispersion regime between the TZDWs. The visible DW can be gen-
erated from 498 to 425 nm, and the mid-infrared DW can be tuned from 1986 to
2279 nm.

Third, the XPM effect is investigated in this PCF. The FWM and DW generation
effects can emit an anti-Stokes signal in the blue—violet region. Due to the XPM
between the anti-Stokes signal and the Raman soliton, the SC can extend to the
ultraviolet region of from 200 to 400 nm.
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