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Abstract
By coupling 110-fs pulses at k ¼ 1.55 lm into a 45-cm-long holey ﬁber, we observe the generation of a broadband
continuum, followed by the appearance of a sharp blue line at 430 nm. Blue light is generated in a high-order mode by a
third-harmonic generation process that is phase-matched with the super-continuum component at 1.29 lm. Such an interpretation is supported by measurements performed by using 1.29-lm pulses and also by simulation. In addition we ﬁnd
that the choice of an input polarization tilted with respect to the ﬁber-birefringence axis can lead to the generation of new
frequencies through a four-wave mixing process that exploits non-diagonal components of the third-order susceptibility.
Ó 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Holey ﬁbers (HFs), that is, ﬁbers containing an
air-silica microstructure, are very attractive for the
realization of all-optical ﬁber devices based on
*
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nonlinear phenomena because the large refractiveindex step between silica and air allows light to be
conﬁned into a very small area, resulting in enhanced nonlinear eﬀects [1–6]. The generation of a
broadband supercontinuum in an HF was ﬁrst
observed by Ranka et al. [2] with 100-fs 790-nm
input pulses, and was subsequently studied in
some detail by using various pulse durations
and input wavelengths [3–6]. Omenetto et al. [7]
reported the observation of third-harmonic generation (THG) and no supercontinuum by using
170-fs 1550-nm input pulses. In addition, recent
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works describe the soliton ﬁssion phenomena occurring near the zero-dispersion wavelength of the
holey ﬁber [8,9]. The available results indicate that
various phenomena can occur and compete when
ultrashort pulses propagate in highly nonlinear
holey ﬁbers. In order to reach a more complete
understanding of the diﬀerent mechanisms and of
their connection with the ﬁber microstructure, it is
important to perform a wide exploration of the
phenomenology of the nonlinear eﬀects occurring
in HFs.
In this paper, we describe an experiment
performed with 110-fs pulses at 1550 and 1290 nm,
in which, by increasing progressively the input
power, we observe ﬁrst the generation of a broad
continuum and successively the appearance in the
output spectrum of an intense sharp line at 430 nm
that can be attributed to a THG process. We also
ﬁnd that the choice of an input polarization tilted
with respect to the ﬁber-birefringence axis can lead
to the generation of a new line at 890 nm through a
phase-matched four-wave mixing process that uses
a frequency extracted from the supercontinuum
and exploits non-diagonal components of the
third-order susceptibility. Unlike most part of
the existing literature, we focus the discussion on
the interpretation of the sharp lines appearing
in the output spectrum. In particular, we treat the
phase-matched generation of third-harmonic radiation by using the results of a systematic numerical simulation of the modal properties of the
used ﬁber and we propose an explanation for the
fact that a signiﬁcant THG is not commonly found
in nonlinear experiments involving holey ﬁbers.
Furthermore, we discuss the phase-matching condition for the four-wave mixing process, pointing
out the role of the ﬁber birefringence.

2. Experimental results
The used HF was fabricated at the Optoelectronics Research Center (Southampton, UK), and
has the structure shown in Fig. 1. It is characterized by a very small core diameter (about 1.5 lm)
that enhances its nonlinear properties. As discussed in [1,5], the asymmetry in the core region
induces a high birefringence leading to a polari-

Fig. 1. Scanning-electron microscope photograph of the holey
ﬁber.

zation maintaining behavior. Our experimental
results are obtained by coupling a 110-fs transform-limited pulse train (80 MHz repetition rate)
generated by an optical parametric oscillator
(OPO) into a 45-cm-long HF span. The ﬁrst set of
measurements was carried out by tuning the OPO
at 1.55 lm. The input light was linearly polarized
along one of the principal polarization axes of the
HF that we call the z-axis. The results here described all refer to situations in which the input
radiation is coupled to the ﬁber fundamental
mode. In our experiment we measure the total
optical power at the ﬁber output. This is only
slightly smaller than the power coupled inside the
ﬁber, taking into account that the linear attenuation coeﬃcient of our ﬁber in the region 1300–1600
nm is around 0.6 m1 . The maximum power
measured at the ﬁber output was about 40 mW. By
increasing progressively the input power we observed the onset of stimulated Raman radiation
followed by a progressive broadening of the
spectrum due to four-wave mixing and self-phase
modulation. Some output spectra are shown in
Fig. 2. When the average input power exceeds 25
mW, a sharp line due to blue light at a wavelength
around 430 nm appears in the output spectrum.
The blue light has a complicated near-ﬁeld spatial
pattern, shown in Fig. 3, constituted of several
lobes indicating the presence of high-order modes.
In addition to the 430-nm line, the optical spectra
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Fig. 2. A family of output spectra obtained by launching 110-fs
pulses at k ¼ 1550 nm with increasing input power.

of Fig. 2 present also two much weaker lines at
k ¼ 517 nm, corresponding to the third harmonic
of the input beam, and at k ¼ 570 nm, corresponding to the third harmonic of a Raman shifted
frequency. The ﬁrst observation of THG in higherorder modes of a holey ﬁber was made by Ranka
et al. [10]. Subsequently Omenetto et al. [7] performed a detailed THG experiment, showing the
generation of a rather intense third harmonic of
1550-nm light. On the contrary, in our case, the
main eﬀect observed at 1550 nm is spectral
broadening. Only when the spectral broadening
reaches the appropriate wavelength range, a signiﬁcant THG is produced. As discussed below,
numerical simulation conﬁrms that the third-harmonic generation process can be phase-matched
through modal dispersion.

193

In order to obtain further information about
the mechanism of generation of the spectral line at
430 nm, we have tuned the OPO at 1.29 lm. Two
of the spectra obtained with an input polarization
parallel to the z-axis are shown in Fig. 4. In this
situation, by increasing progressively the input
power, we ﬁnd that the ﬁrst observed nonlinear
eﬀect is third-harmonic generation at the same
wavelength (430 nm) and with the same spatial
pattern observed with the 1.55-lm input. The
bandwidth of the blue radiation is narrower than
0.5 nm. The eﬃciency for generation of blue light
is in this case much larger than that found with the
1.55-lm input. By measuring the output power of
blue light, P430 , as a function of the input power
P1290 , we ﬁnd, at low input intensity, a cubic dependence. The maximum observed conversion efﬁciency g ¼ P430 =P1290 was about 0.2%.
From the comparison of the spectra taken at
same input power (see Figs. 2 and 4(b)) it can be
noticed that the wave-mixing eﬀect responsible for
super-continuum generation is less eﬃcient when
starting from 1.29 lm. This is consistent with the
fact that our numerical simulations, discussed in the
next section, predict a larger value of the group velocity dispersion at 1.29 lm with respect to 1.55 lm.
Very interesting eﬀects are observed when the
linear polarization of the input beam is rotated by
an angle h with respect to the z-axis. If h is varied
from 0° to 90° by keeping ﬁxed the input power,
we observe that the intensity of the blue line decreases and reaches a minimum around 45°, recovering the full value when the linear polarization

Fig. 3. Near-ﬁeld intensity pattern of the high-order mode at 430 nm: comparison between experimental observation (a) and numerical
simulation (b). The central part of the ﬁber structure is shown as a background of the numerical simulation pattern.
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Fig. 5. A family of output spectra obtained by launching 110-fs
pulses at k ¼ 1290 nm at ﬁxed input power (P1290 ¼ 20 mW at
the ﬁber output) and variable direction of polarization h.

intermediate value of h, around 35°. We have also
measured the polarization of 890-nm light, and
found that it is linearly polarized along the x-axis.

3. Discussion
Fig. 4. Output spectra obtained by launching 110-fs pulses at
k ¼ 1290 nm at two diﬀerent values of the input power.

3.1. Third-harmonic generation

becomes parallel to the x-axis (h ¼ 90°). We ﬁnd
that the wavelength of blue light shifts from 430 to
415 nm as h is varied from 0° to 90°. Such an eﬀect
can be ascribed to the modiﬁed phase-matching
condition due to ﬁber birefringence. We also ﬁnd
that, by rotating the input polarization, a new line
centered at 890 nm is generated in the output
spectrum, as shown in Fig. 5. The spectra reported
in Fig. 5 are relative to measurements performed
at 1290 nm, but similar results were obtained also
at 1550 nm. In both cases the 890-nm line appears
when the spectral broadening extends down to the
wavelength range 1100–1150 nm. As discussed in
detail in Section 3, we attribute the origin of such a
peak to a four-wave mixing process that uses two
wavelengths extracted from the supercontinuum.
The fact that the new line at 890 nm becomes evident only when the input polarization is not
parallel to a principal axis of the HF is a clear
indication that an oﬀ-diagonal component of vð3Þ is
involved. We see from Fig. 5 that the maximum
amplitude of the 890-nm peak corresponds to an

We simulated the modal behavior of our HF by
using a software program (BPM RSOFT) based on
the beam-propagation method. The grid included
528  246 pixels, with a pixel size of 50 nm. As
input proﬁle for the simulation we used the real
ﬁber section shown in Fig. 1. Let us call nmk the
eﬀective index of refraction for the mth mode at
the wavelength k. We performed the calculation of
nmk for the fundamental mode (m ¼ 1) in the
wavelength range 350–1700 nm. The calculated
behavior of the eﬀective index and of the group
velocity dispersion (GVD) parameter as functions
of wavelength is given in Fig. 6. We also derived
the values of nmk at the two wavelengths 1290 and
430 nm for m ¼ 1; . . . ; 20. The results are shown in
Fig. 7. We ﬁnd that the phase matching condition
for THG can be satisﬁed by taking the fundamental mode at kp ¼ 1290 nm and the 14th-order
mode at 430 nm, that is, n11290 ¼ n14
430 ¼ 1:387. The
14th-order mode has a transverse spatial structure
characterized by several lobes (see Fig. 3). Some
similarity exists with the experimental one.
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In order to derive the phase-matching wavelength km for the THG involving the mth order
mode, we linearize the dependence of the eﬀective
refractive index on wavelength around both 1290
and 430 nm as
n1k ¼ n11290 þ a1 ð1290  kÞ;
nmk=3 ¼ nm430 þ am ð430  k=3Þ;

ð1Þ

where wavelengths are expressed in nanometers.
The phase-matching condition gives the following
expression for km :
Fig. 6. Calculated values of the eﬀective index and dispersion
parameter as functions of wavelength for the fundamental
mode of the holey ﬁber shown in Fig. 1.

km ¼ 1290 þ

n11290  nm430
:
a1  am =3

ð2Þ

The numerically calculated slopes for the fundamental mode around 1290 nm and for the 14thorder mode around 430 nm are: a1 ¼ 0:95 
104 nm1 , and a14 ¼ 5:85  104 nm1 . By making the simplifying assumption that the slopes a13
and a15 have the same value as a14 , we derive from
Eq. (2) the following values for the phase-matching wavelengths: k13 ¼ 1330 nm, k15 ¼ 1240 nm. It
is interesting to note that the detailed spectral
structure of the observed blue light, as shown in
Fig. 8, presents indeed two secondary peaks that
roughly correspond to k13 =3 and k15 =3. It is very
important to stress that the eﬃciency of the THG
process is proportional to the overlap integral [11]
between the cube of the ﬁeld of the fundamental

Fig. 7. Calculated eﬀective index of lower-order modes at 1290
and 430 nm.

However, the experimental structure is more irregular, likely because the THG process involves
more than one high-order mode.

Fig. 8. Detail of the output spectrum obtained by launching
110-fs pulses at k ¼ 1290 nm: the observed lines correspond
to third-harmonic generation on the 13th, 14th, and 15th
mode.
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(infrared) mode and the ﬁeld of the higher-order
(blue) mode. The value of the overlap integral may
be strongly dependent on the mode order, so that
one should not expect to ﬁnd in the output spectrum peaks corresponding to all possible phasematched interactions. We mentioned above, in
connection with the description of Fig. 2, that a
line corresponding roughly to the third harmonic
of 1550 nm was also observed. By extrapolating
somewhat arbitrarily Eq. (2), we would ﬁnd that
the phase-matching wavelength k9 could be
around 1550.
3.2. Four-wave mixing
We discuss now the appearance of the 890-nm
x-polarized line shown in the spectra of Fig. 4.
Noting that such a spectral line is present in the
output spectrum only when the polarization of the
input ﬁeld is not directed along a principal polarization axis, we argue that the 890-nm line arises
from a four-wave mixing process involving oﬀ-diagonal terms of vð3Þ . Therefore, the x- and zcomponents of the nonlinear polarization vector
Pc can be expressed as
Pcx  vxxzz Esx  Epz Epz ¼ vxxzz Es Ep2 cos2 h sin h;

ð3Þ

Pcz  vzzxx Esz  Epx Epx ¼ vzzxx Es Ep2 sin2 h cos h;

ð4Þ

where Ep and Es are, respectively, the ‘‘pump’’ and
‘‘signal’’ ﬁeld having wavelength within the supercontinuum, Epz is the component of Ep along z,
and Esx is the component of Es along x. Similar
relations could be written by involving vxzxz instead
of vxxzz , and vzxzx instead of vzzxx . It is not possible to
measure precisely the wavelength kp of the ﬁeld Ep ,
but we can make a rough evaluation by monitoring at which value of spectral broadening of the
supercontinuum the four-wave mixing process
starts to be eﬀective. We ﬁnd that kp is in the range
1100–1150 nm.
Eq. (3) predicts that the 890-nm output power
P890 is maximum when h ¼ 35°. This is in agreement with our experimental results. In particular,
there is internal consistency between the observation that the maximum of P890 corresponds to a
value of h around 35° and the ﬁnding that the 890-

nm light has an x-polarization. On the contrary,
Eq. (4) predicts a z-polarized 890-nm output beam
with maximum power at a value of h around 60°.
We veriﬁed experimentally that the ﬁber is at
least bimodal at 890 nm. Such an observation is
conﬁrmed by our numerical simulation results.
However, the calculated diﬀerence in eﬀective index between the fundamental mode and the second-order mode is too large (see Fig. 6) to permit a
phase-matching situation involving the secondorder 890-nm mode. We did not measure the birefringence Dn of our ﬁber, but we can say that,
considering the similarity with the ﬁber studied in
[5], the value of Dn is around 103 . Taking into
account the behavior of the eﬀective index given in
Fig. 6, we ﬁnd that such a value is compatible with
the hypothesis that the phase-matching mechanism for the observed four-wave mixing eﬀect is
guaranteed only by the ﬁber birefringence. Note
that the two processes described by Eqs. (3) and
(4) cannot be both phase-matched by the ﬁber
birefringence. The sign of Dn determines which one
of the two processes is phase-matched. Incidentally, we note that the inﬂuence of the input polarization on nonlinear interactions in holey ﬁbers
have also been studied in [4], but in a rather different context.
Sharping et al. [12] have recently reported the
ﬁrst experimental demonstration of non-degenerate four-wave mixing in a holey ﬁber by injecting
both pump and signal with a linear polarization
parallel to one of the principal axes of the ﬁber.
However, their situation is diﬀerent from ours
because they operated near the zero-dispersion
wavelength, and kept a very small (few nanometers) wavelength diﬀerence Dk between pump and
signal. In our case, Dk is larger by two orders of
magnitude, so that the phase-matching condition
cannot be satisﬁed without exploiting the ﬁber
birefringence.

4. Conclusions
As a conclusion, we have shown that various
nonlinear interactions can start from the supercontinuum generated by ultrashort infrared pulses, giving rise to the generation of an intense
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narrow-band signal in the blue through a thirdharmonic generation process phase-matched by
modal dispersion. In principle, every holey ﬁber
should have several phase-matching wavelengths
km for the generation of a third-harmonic wave in
the mth order mode. In our case, eﬃcient THG is
observed for only one value of m. We attribute
this to the fact that only for that mode the
overlap integral is signiﬁcantly diﬀerent from
zero. Generally speaking, it is likely that, for
most ﬁber structures, no overlap integral is large
enough to give any THG.
The scenario is enriched when the input polarization is changed: a 890-nm line is generated by a
four-wave mixing process that exploits non-diagonal components of the third-order susceptibility
tensor and uses ﬁber birefringence to satisfy the
phase-matching condition. Our data allow to
identify which components are responsible for the
observed process.
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