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ABSTRACT Femtosecond Cr: forsterite laser pulses coupled
into small-diameter birefringent channel waveguides off the
central core of a photonic-crystal fiber are shown to generate
multiple narrowband spectral peaks within the 380–460 nm
wavelength region through multimode-phase-matched third-
harmonic generation. Some of these peaks are shifted by tens
of terahertz from the tripled frequency of the pump field,
dictated by standard energy conservation for third-harmonic
generation in monochromatic fields. The spectral contents
of the third-harmonic signal generated in such a regime are
controlled by changing polarization and the intensity of the
input pump field.

PACS 42.65.Wi; 42.81.Qb

1 Introduction

Photonic-crystal fibers (PCFs) [1–4] are giving
a new momentum to the nonlinear optics of guided waves
[5]. A radical enhancement of nonlinear-optical spectral
transformations of laser pulses in PCFs, leading to a highly
efficient supercontinuum generation [6–8] and frequency
shifting [9–11], has allowed the creation of novel compact
and convenient fiber-optic light sources for frequency metrol-
ogy [12–15], biomedicine [16], photochemistry [17, 18],
and ultrafast optics [19] as well as nonlinear spectroscopy
[18, 20] and microscopy [21]. Due to their unique properties,
PCFs have made it possible to observe new nonlinear-optical
phenomena and novel interesting physical objects. Solid-core
PCFs have been used to demonstrate a cancellation of the
soliton self-frequency shift around the second zero group-
velocity dispersion point [22] and self-induced modulation
instability (MI) due to the third-order dispersion [23], while
hollow-core PCFs permit the formation and nonlinear-optical
transformations of isolated guided modes of high-intensity
laser fields in the gas phase [24–28].
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Third-harmonic generation (THG) in PCFs has received
less attention than various types of parametric four-wave
mixing (FWM) processes [29–31], partially because guided-
mode phase-matching solutions, which are often nearly
automatically satisfied or MI-induced for parametric FWM,
are less obvious in the case of THG. Still, efficient THG
has been recently observed in fused silica [32–37] and
multicomponent-glass [38] PCFs, as well as in tapered fibers
[39], offering interesting guided-mode [39] and Cherenkov-
type [35, 38] phase-matching options. These experiments
not only demonstrated the significance of THG for efficient,
guided-wave frequency tripling of femtosecond laser pulses,
but also revealed several new interesting features of this
phenomenon. The third-harmonic signal has been shown to
display an asymmetric spectral broadening [38, 39] or even
a substantial frequency shift [37].

We will demonstrate in this work that intense spectral
peaks shifted from the tripled frequency of the pump
field, dictated by standard energy conservation for THG in
monochromatic fields, are typical features of multimode
guided-wave THG in the field of a short-pulse pump field.
We will present the results of experiments showing that
femtosecond Cr: forsterite laser pulses coupled into small-
diameter birefringent channel waveguides off the central
core of a PCF can generate multiple narrowband spectral
peaks within the 380–460 nm wavelength region through
multimode-phase-matched THG. We will demonstrate that
the spectral contents of the third-harmonic signal generated
in such a regime can be controlled by changing polarization
and the intensity of the input pump field.

2 Phase matching for group-delayed guided-wave
third-harmonic generation

In this section, we present a qualitative analy-
sis of phase matching for THG in the waveguide regime
taking into consideration the group-velocity mismatch of
the pump and third-harmonic fields as well as nonlinear,
intensity-dependent phase shifts of the pump and third-
harmonic fields induced through self- and cross-phase
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modulation. In this analysis, we neglect group-velocity dis-
persion and higher order dispersion effects as well as the
self-phase modulation of the third-harmonic field. We repre-
sent the propagation constants βp and βh of guided modes
at the frequencies of the pump field and the third harmonic
as βp(ω) ≈ βp(ω0) + v−1

p �/3 + κspm P , βh(ω) ≈ βh(3ω0) +
v−1

h � + 2κxpm P , where ω0 is the central frequency of the
pump field; vp,h = (∂k/∂ω)−1

ω0,3ω0
are the group velocities of

the pump and its third harmonic; � = 3ω − 3ω0; κspm =
ω0n2/cSeff and κxpm = 3ω0n̄2/cSeff are the SPM and XPM
nonlinear coefficients (Seff is the effective beam, or mode,
area and n2 and n̄2 are the nonlinear refractive indices at
ω0 and 3ω0, respectively); and P is the peak power of the
pump field. With n2 ≈ n̄2, the phase mismatch is then
by �β = βh − 3βp ≈ �β0 + ξ� + 3κspm P , where �β0 =
βh(3ω0) − 3βp(ω0) is the phase mismatch of the pump and
third-harmonic propagation constants at the central frequen-
cies of these fields and ξ = v−1

h − v−1
p is the group-velocity

mismatch.
In Fig. 1, we illustrate phase-matching options for multi-

mode THG in a fused silica fiber with a core radius of 1.2 µm
(Fig. 1a) and 1.4 µm (Fig. 1b) and an air cladding. The mate-
rial dispersion of fused silica is included in these calculations
through the Sellmeier formula [40]. The central wavelength
of the pump field is taken to be equal to the carrier wave-
length of Cr: forsterite laser radiation, λ0 = 1.25 µm. The
nonlinear phase shifts are neglected. Curve 1 represent THG
mismatches of propagation constants �β calculated by nu-
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FIGURE 1 Mismatches of propagation constants �β for the THG process
calculated for the fundamental, HE11 mode of the pump field and the EH13
(1), HE13 (2), and EH42 (3) modes of the third harmonic in a circular fiber
with a fused silica core and an air cladding. The fiber core radius a is a 1.2 µm
and b 1.4 µm. The central wavelength of the pump field is λ0 = 1.25 µm

merically solving the relevant dispersion equation for the fun-
damental, HE11 mode of the pump field and the EH13 mode of
the third harmonic. The propagation constant mismatch passes
through zero around 0.40 µm in Fig. 1a and around 0.44 µm
in Fig. 1b, indicating the possibility of phase-matched THG
for the above-specified parameters of the fiber and the pump
wavelength. Other phase-matching solutions are illustrated
by curves 2 and 3, showing the phase mismatch for the fun-
damental mode of the pump field and the HE13 and EH42

eigenmodes, respectively. High-order third-harmonic modes
can thus give rise to multiplets of spectral peaks in the spec-
trum of the third harmonic. A third-harmonic signal with such
a spectral structure has been observed in our experiments, de-
scribed in the following sections of this paper. The sign of
the frequency shift of the phase-matched spectral component
with respect to the central frequency 3ω0, as illustrated by
Fig. 1a and b for the HE11 → EH13 THG, can be switched by
changing the core size by only 15% (0.2 µm in our case). This
allows the spectral contents of the third-harmonic signal to be
controlled by changing the size of the waveguiding channel
in PCFs or by rotating polarization of the pump field in bire-
fringent waveguides. The latter possibility will be illustrated
by the experiments presented below in this paper.

The amplitudes of the spectral peaks corresponding to
phase-matched THG generation in guided modes are deter-
mined by the length of nonlinear interaction, linear and non-
linear phase shifts, as well as by the intensity and the spectrum
of the pump field [41, 42]. In the regime where the nonlin-
ear phase shifts of the pump and third-harmonic fields are
small, the spectrum of the third-harmonic intensity is given
by [43]

I (�, z) ∝ σ 2 sin2 [(�β0 + �ξ )z/2] (�β0 + �ξ )−2

×
∣
∣
∣
∣
∣
∣

∞∫

−∞

∞∫

−∞
A(� − �′)A(�′ − �′′)A(�′′)d�′d�′′

∣
∣
∣
∣
∣
∣

2

,

where σ is the THG nonlinear coefficient and A(�) is the spec-
trum of the input pump field. In this regime, phase-matching
effects can be decoupled from the influence of the spectrum
of the pump field. While the phase matching is represented by
the argument of the sinc(x) function, entering the first factor of
the expression for the spectrum of the third harmonic, the sig-
nificance of the pump spectrum is clear from the convolution
integral.

Depending on the signs of the phase and group-velocity
mismatch, �β0 and ξ , the peak in the spectrum of the third
harmonic can be either red- or blue-shifted with respect to the
frequency 3ω0. The spectral width of this peak, as can be seen
from Eq. (15), is given by δ ≈ 2π (|ξ |z)−1, decreasing as z−1

with the growth in the propagation coordinate z. The spectrum
of the pump field, on the other hand, should be broad enough
to provide a high amplitude of phase-matched peaks. Spectral
shifts, limited to small � by a field-unperturbed pump spec-
trum and short interactions lengths, typical of nonlinear crys-
tals, has been earlier predicted by Akhmanov et al. [44] for
second-harmonic generation. Generation of high-amplitude
well-resolved narrow-band third-harmonic peaks with large
shifts � requires a mechanism for an efficient spectral
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(a) (b) 

FIGURE 2 SEM images of the PCF. The scale bar corre-
sponds to a 50 µm and b 10 µm. The ellipse labels a mi-
crochannel waveguide

broadening of the pump field. We show below that this re-
quirement is fulfilled for THG in PCFs.

3 The laser system and PCF samples

The laser system used in our experiments consisted
of a Cr4+: forsterite master oscillator, a stretcher, an opti-
cal isolator, a regenerative amplifier, and a compressor. The
master oscillator, pumped with a fiber ytterbium laser, gener-
ated 30–60 fs light pulses of radiation with a wavelength of
1.23–1.25 µm at a repetition rate of 120 MHz. These pulses
were then transmitted through a stretcher and an isolator, to
be amplified in a Nd:YLF-laser-pumped amplifier and recom-
pressed to the 120 fs pulse duration with the maximum laser
pulse energy up to 40 µJ at 1 kHz.

Photonic-crystal fibers used in our experiments were
produced from fused silica using the standard technology
[1–4, 10]. The fiber consisted of a solid core with a diameter
of 4.3 µm, a microstructure cladding, which included two
cycles of air holes, and an outer, solid part of the cladding.
A cross-section view of the fiber is presented in Fig. 2. The
light can be guided either through the central core of the
PCF or through an array of small-size waveguide channels
bounded by the air holes in the PCF cladding. One of such
microchannel waveguides is marked with an ellipse in the
close-up view of the PCF in Fig. 2b. A high refractive index
step provides a strong confinement of the light field in these
waveguides and supports multimode waveguiding regimes
for a typical size of a channel of about 1 µm. Microchannel
waveguides in the PCF, as can be seen from Fig. 2b, generally
feature a noncircular shape of the cross section. This form
anisotropy of channels was employed in our experiments for
polarization switching of THG. Pump radiation of the Cr:
forsterite laser was coupled into microchannel waveguides
in our experiments with standard micro-objectives. The
spectrum of radiation transmitted through the PCF was
analyzed with an Ocean Optics spectrometer.

4 Results and discussion

Propagation of the pump pulse through the
microchannel waveguide in the PCF is accompanied by
nonlinear-optical transformations of its spectrum, induced
by self-phase modulation, four-wave mixing, and soliton
self-frequency shift. Figure 3 presents the spectra of unam-
plified pump pulses with an initial duration of about 60 fs
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FIGURE 3 Spectral transformation of unamplified Cr, forsterite laser
pulses transmitted through a microchannel waveguide in a 14 cm PCF. The
initial pump pulse duration is 60 fs. The input spectrum of the pump field is
shown by curve 1. The input pump pulse energy is 0.4 nJ (2) and 0.8 nJ (3)

transmitted through a PCF with a length of 14 cm. The
pump field propagating through the microchannel waveguide
channel in the regime of anomalous dispersion tends to
form solitons, which experience red-shifting due to the
Raman effect. This soliton self-frequency shift gives rise to
the pronounced peaks in the long-wavelength part of the
PCF-transformed pump spectrum in Fig. 3.

The spectrally broadened pump provides an ideal source
for frequency shifted THG in microchannel waveguides in
PCFs. Third-harmonic spectra measured at the output of the
14 cm PCF (Fig. 4) display well-resolved narrow-band peaks
observed within the range of wavelengths from 370 to 460 nm,
corresponding to approximately 170 THz in the frequency do-
main. The central wavelengths of these groups of peaks agree
reasonably well with the results of phase-matching analysis,
indicating phase-matched THG in higher order modes of the
PCF. Rotating the linearly polarized pump field with respect
to the short and long principal axes of the anisotropic mi-
crochannel waveguide (Fig. 2b), we observed shift switching
of the dominant peak in the spectrum of the third harmonic.
While the pump field oriented along the short axis of the
waveguide cross section gives rise to an intense blue-shifted
peak in the spectrum of the third harmonic (curve 1 in Fig. 4),
a red-shifted peak dominates the spectrum of this signal in the
regime when the pump field is polarized along the long axis
of the microchannel waveguide (curve 2 in Fig. 4).

In the presence of a strong pump field, the THG phase-
matching frequency shift �, as shown in Sect. 2, de-
pends on the peak power P of the pump field, �(P) =
−(�β0 + 3κspm P)/ξ . For a typical situation of small-core
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FIGURE 4 Spectra of the third harmonic generated by unamplified Cr,
forsterite laser pulses with an initial duration of 60 fs in a microchannel
waveguide of a 14 cm PCF. The linearly polarized pump field is oriented
along the short (1) and long (2) principal axis of the waveguide cross section.
The inset presents the spectra of one of the third-harmonic spectral compo-
nents generated in a microchannel waveguide channel of a 10 cm PCF by
unamplified 60-fs pump pulses with different input energies, (1) 0.5 nJ, (2)
0.7 nJ, (3) 0.9 nJ, and (4) 1.1 nJ

fused silica waveguide channels and PCFs with �β0 > 0,
ξ < 0, and κspm > 0, the Kerr noninearity leads to a blue
shifting of phase-matched peaks in the spectrum of the third
harmonic with the growth in the pump intensity. This effect
is observed for THG by unamplified 60 fs Cr: forsterite laser
pulses in microchannel waveguides in PCFs. The increase
in the input energy of pump pulses under these conditions
as can be seen in the inset to Fig. 4, leads to a substantial
blue-shifting of third-harmonic peaks, in accordance with the
field-corrected phase-matching condition.

Amplified pump pulses of Cr: forsterite laser radiation
induce much stronger phase shifts through the SPM and
XPM effects. Frequency-shifted peaks in the spectrum of
the third harmonic display a considerable broadening in this
regime (Fig. 5), eventually merging together and forming
a continuous band of blue emission spanning over more
than 100 nm around the 3ω0 frequency. This miniband
around 3ω0 substantially intensifies the short-wavelength
wing in the spectrum of supercontinuum emission, which
is efficiently generated in PCFs of the considered type by
amplified femtosecond laser pulses. The main features and
tendencies in pump-field-induced spectral broadening of
the third harmonic generated in PCFs and tapered fibers
by amplified femtosecond laser pulses have been earlier
identified in [39, 42]. Images of the third-harmonic beam
patterns at the output of the PCF (insets in Fig. 5) visualize
spatial intensity profiles typical of high-order guided modes
of the PCF. Similar high-order mode profiles have been
earlier observed for the third harmonic of Ti: sapphire laser
pump pulses generated in a high-index-step PCF [34].

5 Conclusion

We have shown in this paper that third-harmonic
generation in the field of spectrally broadened short pump
pulses can display interesting and practically significant new
features. A short-pulse pump field broadened due to self-phase
modulation can generate its third harmonic within a broad
spectral range. However, the phase-matching condition gen-
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FIGURE 5 Close-up of the frequency-shifted peak in the spectrum of the
third harmonic generated in a 15 cm PCF by amplified Cr, forsterite laser
pulses with an initial pulse duration of about 120 fs and an input energy of
40 nJ. The insets show typical third-harmonic intensity profiles at the output
of the PCF corresponding to two orthogonal polarizations of the pump field
at the input of the fiber

eralized to include the phase and group-velocity mismatch
of the pump and third-harmonic fields as well as the Kerr-
nonlinearity-induced spectral broadening of the pump field,
tends to select a narrow spectral region of efficient THG. For
pump fields with large nonlinear frequency deviations, this
spectral region may lie several tens of terahertz away from the
central frequency of the third harmonic 3ω0. We have demon-
strated that PCFs possess a unique combination of properties
required to achieve large frequency shifts �, including disper-
sion tunability, maximum waveguide enhancement of nonlin-
ear processes, and large interaction lengths. Photonic-crystal
fibers are, therefore, ideally suited for an efficient tunable
frequency up-conversion of ultrashort laser pulses based on
frequency-shifted third-harmonic generation.
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