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Enhancement of nonlinear optical interactions in the core of a photonic-crystal fiber allows several x (3) pro-
cesses to be simultaneously observed in the field of unamplified 30-fs pulses of a Cr:forsterite laser. Subnano-
joule fundamental-radiation pulses of this laser experience spectral broadening arising from self-phase modu-
lation and generate the third harmonic at 410–420 nm. Third-harmonic pulses also appear spectrally
broadened at the output of the fiber as a result of the cross-phase-modulation effect. This catalog of enhanced
x (3) processes observed in photonic-crystal fibers opens the way for using such fibers for frequency conversion
of low-energy femtosecond pulses with simultaneous chirp control and subsequent pulse compression. © 2002
Optical Society of America
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1. INTRODUCTION
Microstructure (or holey) fibers,1–7 i.e., fibers in which a
cladding has the form of a two-dimensional (often peri-
odic, i.e., photonic-crystal) array of closely packed glass
capillaries drawn at a high temperature, were recently
shown to considerably enhance various nonlinear optical
processes as a result of the high degree of light localiza-
tion in the fiber core.8–13 High light intensities, attain-
able by coupling nonamplified femtosecond laser pulses
into the small core of a holey fiber, allowed the observa-
tion of enhanced spectral broadening of ultrashort laser
pulses,11 self-phase modulation (SPM),13 and supercon-
tinuum generation10 starting with subnanojoule energies
of Ti:sapphire laser pulses. Second- and third-harmonic
generation (THG) in holey fibers was also demonstrated
by Ranka et al.12 using a Q-switched Nd:YAG laser oper-
ating at 1064 nm. Some of these nonlinear optical pro-
cesses have already found extensive applications in vari-
ous areas of modern optics. In particular, femtosecond
frequency combs broadened to span more than an octave
in holey14–17 (as well as tapered18,19) fibers are now used
as frequency rulers, leading to revolutionary changes in
optical frequency metrology.14–17,20

Many applications of short laser pulses with broad
0740-3224/2002/092183-08$15.00 ©
spectra in pulse compression and coherent optics (includ-
ing coherent spectroscopy and optical coherence
tomography,21,22 for example) require a controlled distri-
bution of the laser field phase within the spectrum of the
pulse. This phase controllability of the broad spectra of
laser pulses is usually difficult to attain in the regime of
supercontinuum generation. In addition, serving as a
convenient broadband source for various spectroscopic ap-
plications, supercontinua produced in microstructure fi-
bers become much less useful whenever a high spectral
density of laser energy is necessary within a certain spec-
tral range. Nonlinear optical techniques based on har-
monic generation and wave mixing seem to be more ad-
equate in such situations.

In this paper we demonstrate that the high degree of
light localization in the core of a photonic-crystal fiber
(PCF) enhances third-order nonlinear optical processes,
allowing the third harmonic of nonamplified Cr:forsterite
laser pulses to be generated and simultaneously offering
the possibility of controlling the chirp of the third-
harmonic pulse through the cross-phase modulation
(XPM) effect. This observation of a XPM-chirp-controlled
THG process adds XPM to the catalog of nonlinear optical
processes observed in microstructure fibers, thus opening
2002 Optical Society of America
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the way for using these fibers for frequency conversion
with simultaneous chirp control or pulse compression.

2. BASIC RELATIONS FOR CROSS-
PHASE-MODULATION-CHIRP-CONTROLLED
THIRD-HARMONIC GENERATION
A. Amplitude and Phase of the Third-Harmonic Pulse
The third-harmonic pulse generated in the field of a short
pump pulse in a fiber may acquire a pump-intensity-
dependent phase shift that is due to XPM.23 Thus, by
varying the amplitude of the fundamental pulse, as
shown in earlier work,24,25 one can control the spectrum
of the third harmonic emerging from a fiber and optimize
conditions for subsequent pulse compression. Physically,
the possibility of implementing such an XPM control of
the chirp of optical harmonics is associated with the fact
that the third harmonic is produced in the field of a self-
phase-modulated fundamental pulse while the phase of
the third harmonic is modulated by the change in the re-
fractive index induced by the fundamental pulse.

We consider in the theoretical part of this paper a ge-
neric model of THG by a pump pulse with the central fre-
quency v in a fiber without explicitly specifying the field
distribution and dispersion of waveguide modes. We as-
sume that the THG process involves a pair of waveguide
modes with a minimum phase mismatch, and we formally
introduce propagation constants and field distributions of
pump and third-harmonic radiation corresponding to
these waveguide modes. Then, in accordance with the
results of the slowly varying envelope analysis of THG in
a fiber with a first-order dispersion,24,25 the amplitudes of
the pump and the third-harmonic pulses, A(hp , z) and
B(hh , z), can be represented as

A~hp , z ! 5 A0~hp!exp@iwSPM~hp , z !#, (1)

B~hh , z ! 5 ib exp@iwXPM~hh , z !#

3 E
0

z

dz8A0
3~hh 1 §z8!exp@2iDkz8

1 3iwSPM~hh 1 zz8, z8!

2 iwXPM~hh , z8!#, (2)

where h l 5 (t 2 z/vl)/t is the time in the frame of refer-
ence running along the propagation coordinate z with the
pump or the third-harmonic pulse (l 5 p, h, with sub-
scripts p and h corresponding to the parameters of the
pump and third-harmonic pulses, respectively) normal-
ized to the duration t of the incident pump pulse; vp and
vh are the group velocities of the pump and the third-
harmonic pulses, respectively; § 5 (1/vh 2 1/vp)/t; Dk
5 Kh 2 3Kp is the phase mismatch; Kp and Kh are the
propagation constants of the pump and the third-
harmonic pulses corresponding to the relevant eigen-
modes of the fiber; A0(hp) is the envelope of the pump
pulse at the input of the fiber;

wSPM~hp , z ! 5 g1uA0~hp!u2z (3)

is the nonlinear phase of the pump pulse that is due to
SPM; and
wXPM~hh , z ! 5 2g2E
0

z

uA0~hh 1 §z8!u2dz8 (4)

is the nonlinear phase of the third-harmonic pulse that
is due to modulation of the refractive index induced in
the medium by the pump pulse at the frequency of the
third harmonic. The nonlinear coefficients g1 , g2 , and
b, appearing in Eqs. (2)–(4) can be expressed in terms
of the nonlinear optical cubic susceptibilities
x (3)(vq ;v1 , v2 , v3) with the relevant frequency argu-
ments (vq 5 v1 1 v2 1 v3) responsible for SPM, XPM,
and THG, respectively25:

g1 5
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(5)
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b 5
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, (7)

where fp(r) and fh(r) are the transverse distributions of
the field in the pump beam and the third harmonic corre-
sponding to the relevant eigenmodes of the fiber and r
and u are the modulus of the radius vector and the azi-
muthal angle in the cross section of the fiber. Since we
restrict ourselves to the first-order approximation of dis-
persion theory, the pump pulse in our model propagates
through the fiber with no changes in its envelope,
uA(hp , z)u 5 uA0(hp)u.

We consider pump pulses with a hyperbolic secant en-
velope:

A0~hp! 5 Ã
exp@iw0~hp!#

cosh hp
, (8)

where w0(hp) 5 arg@A0(hp)# is the initial chirp of the
pump pulse. The nonlinear phase wXPM(hh , z) given by
Eq. (4) can then be calculated analytically:

wXPM~hh , z ! 5
2g2Ã2

z
@tanh~hh 1 zz ! 2 tanh~hh!#.

(9)

Introducing a new integration variable x 5 hh 1 zz8,
we can reduce Eq. (2) to the following form:
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Formulas (9) and (10) allow the XPM-induced phase
shift and the amplitude of the third-harmonic pulse to be
calculated very conveniently, providing a clear physical
understanding of the main features observed in the spec-
tra of the third harmonic generated under these condi-
tions. In particular, Eq. (10) shows that the third har-
monic is generated mainly around the maximum of the
pump pulse, i.e., within the area where uxu < 1 (i.e., ut
2 z8/npu < t). It should be noted that, since the analy-
sis performed in this section was based on the slowly
varying envelope approximation and effects related to the
second- and higher-order dispersion effects were ne-
glected, the results of this analysis should be used very
carefully in the case of very short light pulses. Our ex-
periments on THG in PCFs were carried out with 30-fs
pulses of pump radiation. Although these pulses are still
much longer than the field cycle, which allows second-
order derivatives to be neglected in the relevant wave
equation, second-order dispersion effects, of course, play
an important role, leading to pulse spreading (see the es-
timates in Subsection 2.C). It is difficult to believe that
the expressions derived above can provide a good approxi-
mation for the evolution of pulse envelopes under these
conditions. In view of this circumstance, we focus our
further consideration on the analysis of phase-matching
effects instead of studying the evolution of pulse enve-
lopes. Although perhaps not very accurate, such an ap-
proach will give us a simple quantitative (and often intui-
tive) understanding of changes observed in the spectrum
of the third harmonic. Based on this approach, we show,
in particular, that, because of the joint action of phase-
mismatch and group-delay effects, phase matching in
THG may be achieved for the spectral components of the
pump pulse that are blueshifted relative to the central
frequency of the pump pulse, which leads to the asymme-
try in the spectrum of the third harmonic generated in a
PCF. A similar effect was experimentally demonstrated
earlier for the second harmonic generated by short laser
pulses in a nonlinear crystal,26 suggesting a convenient
method for the measurement of nonlinearities in various
nonlinear optical materials.

B. Phase Mismatch
Now we proceed with the analysis of phase matching for
THG under conditions when SPM and XPM effects have
to be taken into consideration. As follows from Eq. (2),
the phase shift between the third-harmonic field and the
nonlinear polarization induced in the medium at the fre-
quency of the third harmonic can be written as
Dw~hh , z ! 5 Dkz 2 3wSPM~hh 1 zz, z ! 2 3w0~hh 1 zz !

1 wXPM~hh , z !. (11)

Expression (11) shows that the total phase shift be-
tween the third-harmonic field and the nonlinear polar-
ization induced in the medium at the frequency of the
third harmonic is determined by the linear wave-vector
mismatch related to the material dispersion, the initial
phase of the pump pulse, and intensity-dependent phase
shifts induced by SPM and XPM. Generalized phase
matching for THG under conditions when SPM and XPM
effects have to be taken into consideration can be formu-
lated in terms of the effective wave-vector mismatch:

Dkeff~hh , z ! 5
]

]z
@Dw~hh , z !#. (12)

Perfect phase matching is achieved when this wave-
vector mismatch is exactly equal to zero. When the
pump field is weak, leading to negligible SPM and XPM
effects, and the group delay is small, the effective wave-
vector mismatch defined by Eq. (12) is reduced to

Dkeff 5 Dk 1 3§v̄p~hh 1 zz, z !, (13)

where

v̄p~h, z ! 5 2
]

]h
arg@A~h, z !#

is the dimensionless quantity representing the deviation
of the instantaneous frequency of the pump pulse from its
central frequency v in units of 1/t.

According to the definitions of the parameter z and the
group velocity, we can then represent the phase-matching
condition Dkeff 5 0 as

Kh 1
dKh

dv

3v̄p

t
5 3S Kp 1

dKh

dv

v̄p

t
D . (14)

Equation (14) shows that the joint action of phase-
mismatch and group-delay effects leads to phase match-
ing in THG for the spectral component of the pump pulse
shifted by v̄p /t with respect to the central frequency.

With more intense pump pulses, SPM and XPM effects
lead to the spectral broadening of the pump (Fig. 1) and
third-harmonic pulses, contributing to the dependence of
the phase shift [Eq. (11)] and the effective wave-vector

Fig. 1. Normalized spectra of a 30-fs pump pulse (8) with
w0(hp) 5 ahp

4 and a 5 0.13 (curve 1) at the input of the fiber and
(curves 2–4) at the output of an 8-cm fiber with n2 5 3.2
3 10216 cm2/W calculated with the use of Eqs. (1) and (3) for
pulse energies of (curve 2) 0.1, (curve 3) 0.2, and (curve 4) 0.3 nJ.
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mismatch [Eq. (12)] on the propagation coordinate and
the running time hh . This also leads, as shown in ear-
lier work,27 to the asymmetry of the spectral broadening
of the third-harmonic pulse. In a nonlinear medium with
self-focusing (n2 . 0), the carrier frequency of the pump
pulse is redshifted on the leading edge and blueshifted on
the trailing edge of the pulse. Therefore the wave-vector
mismatch on the trailing edge of the pump pulse in this
case is always less than Dkeff on the leading edge of this
pulse, which gives rise to a predominantly blueshift of the
third-harmonic spectrum. It should be noted that the
asymmetry of spectral broadening of a probe pulse is gen-
erally typical of XPM when the group delay of pump and
probe pulses is nonnegligible.23 The dependence of the
effective wave-vector mismatch on the internal time
within the pulse adds more aspects to this asymmetric
spectral broadening when the third harmonic generated
in the field of a short pump pulse plays the role of the
probe pulse.

Thus, as predicted by Eqs. (11)–(14), the asymmetry in
the spectral broadening of the third harmonic is due to
the phase matching achieved for spectral components of
the broadband pump pulse blueshifted with respect to the
central frequency of the pump pulse. This is exactly
what we observed in our experiments on THG in a PCF,
and we resort to Eqs. (11)–(14) in Section 4 of this paper
to explain the asymmetry arising in the spectra of the
third harmonic generated in a PCF. In Subsection 2.C
we discuss in greater detail a specific regime of THG
phase matching in an optical fiber, with the fundamental
mode of pump radiation generating the third harmonic in
Čerenkov-type fiber modes.

C. Dispersion of Photonic-Crystal Fibers and Čerenkov-
Type Phase Matching of Third-Harmonic Generation
in an Optical Fiber
Analysis of the dispersion of a PCF is crucial for under-
standing the regimes of nonlinear optical interactions in
guided modes of a fiber and for optimizing parameters of
the fiber for nonlinear optical frequency conversion and
pulse control. In particular, the efficiency of the THG
process considered in this paper is highly sensitive to fi-
ber dispersion, which gives rise to the phase mismatch
and temporal walk-off of the pump pulse and the third
harmonic, also leading to group-delay and pulse-
spreading effects. The possibility of tailoring the disper-
sion of PCFs by changing their structure is, therefore, an-
other important and useful property of these fibers, which
offers much promise for the enhancement of nonlinear op-
tical interactions.

To assess dispersion properties of the PCFs used in our
experiments, we employed standard expressions for the
dispersion of a step-index fiber, replacing the refractive
index of the solid fiber cladding, appearing in the stan-
dard theory of optical fibers,23,28 with the effective refrac-
tive index introduced, after Birks et al.,2 as neff 5 bcl /k,
where bcl is the propagation constant of the fundamental
space-filling mode, i.e., the fundamental mode of an infi-
nite structure obtained by periodically translating a unit
cell of the PCF cladding. Following the method of analy-
sis proposed by Birks et al.,2 we found an estimate of bcl
by solving the scalar wave equation28 for the field distri-
bution c in a circular unit cell with symmetric boundary
conditions ]c/]s 5 0, where s is the coordinate along the
axis oriented in the direction perpendicular to the bound-
ary of the unit cell. This field distribution can be ex-
pressed in terms of zeroth-order Bessel functions. The
above specified boundary condition supplemented with
the continuity conditions for c and ]c/]s on the glass–air
interface gives the characteristic equation for bcl .

Solid curve 1 in Fig. 2 shows the refractive index for the
bulk material of our fiber as a function of the wavelength.
Our fibers were made of S93-1 glass (55% SiO2 , 30% PbO,
2.0% Al2O3 , 3.8% Na2O, and 9.2% K2O) with additions of
S95-2 glass (69.6% SiO2 , 4.0% Al2O3 , 2.8% B2O3 , 6.9%
CaO, 9.0% Na2O, and 7.7% K2O). The optical properties
of this glass were close to those of F4 flint glass.29 In
view of the composition of the material of our fibers, a
standard estimate of n2 5 3.2 3 10216 cm2/W was used
for the nonlinear refractive index, which agreed well with
the results of our experiments on the SPM of short laser
pulses in these fibers (see Section 4).

In the limit of a weakly guiding fiber (which seems to
be a reasonable approximation given the structure of the
fiber used in our experiments, see Section 3), our PCF
with a fiber core radius equal to 1.5 mm and the effective
refractive index of the cladding estimated from bcl sup-
ports a fundamental mode and the LP11 mode, which is a
linearly polarized combination of the HE21 , TE01 , and
TM01 waveguide modes degenerate in propagation con-
stant. Dashed and dotted curves 2 and 3 in Fig. 2 show
the wavelength dependences of the effective refractive in-
dices for the fundamental and LP11 modes in a PCF with
the above specified parameters. As can be seen from
these dependences, as well as from Fig. 3, which shows
the refractive index n, the group index ng , and dispersion
D of the bulk material of the fiber as functions of the
wavelength, dispersion gives rise to a considerable phase
mismatch between the pump pulse and the third har-
monic (Dk 5 104 cm21 for the all-fundamental-mode
THG process, corresponding to the coherence length Lcoh
5 1/Dk 5 1 mm), which prevents one from achieving
high THG efficiencies in the fiber modes considered. The
walk-off length for 30-fs pump and third-harmonic pulses
is also very short, '0.01 cm. Keeping in mind that 30-fs
pulses of the third harmonic spread out to a pulse dura-
tion of the order of 100 fs (as the dispersion lengths for

Fig. 2. Refractive index as a function of the wavelength for the
bulk material of the fiber (curve 1) and the effective refractive in-
dices calculated for (curve 2) the fundamental (curve 3) and LP11
modes of a PCF with an air-filling fraction of 16% and core radius
of 1.5 mm. The pitch of the cladding is equal to the core radius.
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30-fs third-harmonic pulses in the above specified fiber
modes are 0.3–0.4 cm), the walk-off length in reality is
much longer, but is still not enough, of course, to allow no-
ticeable THG.

The influence of phase-mismatch and group-delay ef-
fects may be substantially reduced, however, when the
fundamental mode of pump radiation generates the third
harmonic in Čerenkov-type modes30–36 (Fig. 4). The
phase mismatch in our case arises because the phase ve-
locity of the nonlinear polarization induced in the fiber by
the pump pulse at the frequency of the third harmonic is
higher than the phase velocity of the electromagnetic field

Fig. 3. Refractive index n, group index ng , and dispersion D of
the bulk material of the fiber as functions of the wavelength.

Fig. 4. Diagram of Čerenkov-type phase matching in THG in a
fiber with (a) an infinite and (b) finite cladding. The angle u cor-
responds to phase-matched THG. The shaded area corresponds
to the range of angles where Čerenkov-type modes of the third
harmonic have a continuous spectrum of propagation constants
and the third harmonic may be emitted in an arbitrary direction.
In the nonshaded area, Čerenkov-type modes have a discrete
spectrum of propagation constants and the third harmonic may
be emitted at an angle u (m) with respect to the fiber axis, with
Kh

(m) and U (m) being the relevant propagation constant and the
transverse wave number in the fiber core. (c) Geometry of
Čerenkov-phase-matched THG in a fiber. The dashed arrows
show the third harmonic Čerenkov radiation emitted along the
entire length L of the fiber, 2; Lg is the interaction length,
bounded by the finite radius a of the pump mode. The dotted
arrows show the fundamental mode of the third harmonic gener-
ated in a very thin layer, 1, with the thickness equal to the co-
herence length Lph close to the output end of the fiber.
at the same frequency. This allows Čerenkov-type phase
matching to be achieved for the THG process [Figs. 4(a)
and 4(b)] at the angle u, determined from36

cos u 5 ñp /nc , (15)

where ñp 5 Kpc/v is the effective refractive index for the
waveguide mode of pump radiation and nc is the refrac-
tive index of the fiber core at the frequency of the third
harmonic. Since the PCF has a finite cladding in our
case, the modes supported by the core 1 cladding fiber
have a discrete spectrum, giving rise to a discrete set of
angles u (m) corresponding to guided modes of the third
harmonic with propagation constants Kh

(m) and the mode
parameter U (m) in the cladding [Fig. 4(b)]. Outside the
cone bounded by the angle of total internal reflection uc
[within the shaded area in Fig. 4(b)], the third harmonic
may be emitted in any direction. Extensive earlier
work30–35 on Čerenkov-type SHG has demonstrated that
Čerenkov phase matching allows high efficiencies of fre-
quency doubling to be achieved in different types of wave-
guide, including periodically poled waveguides34 with
quasi-phase-matched SHG as well as planar photonic-
bandgap waveguides.35

The length of coherent nonlinear optical interaction for
the Čerenkov-type phase matching is limited by the
transverse size (effective radius) of the waveguide pump
mode a:

Lg 5 a/cos u. (16)

Setting nc equal to the effective refractive index corre-
sponding to the fundamental pump mode in the PCF con-
sidered, we arrive at the estimates u 5 16° and Lg
5 8 mm. From the analysis of the geometry of the area
of nonlinear optical interaction [Fig. 4(c)], we find that the
enhancement of Čerenkov-type generation of the third
harmonic at the angle u (m) with respect to the fiber axis
relative to THG in localized waveguide modes can be es-
timated as

C 5
2L

a sin@u~m !#
S Lg

Lph
D 2

. (17)

For a 8-cm PCF with the above specified parameters,
we arrive at C ; 106. This estimate shows that
Čerenkov-type phase matching may lead to a substantial
improvement in the THG efficiency with respect to the ef-
ficiency of THG in confined waveguide modes. A more
detailed analysis of Čerenkov phase-matched THG in
PCFs should be based on the knowledge of Čerenkov-type
modes for a specific PCF structure. This poses the prob-
lem of extending the methods of analysis of guided modes
in microstructure fibers37–43 to Čerenkov-type modes.

3. EXPERIMENT
The laser system (Fig. 5) used for our experiments was
based on a Cr41:forsterite laser44 pumped by an Yb:fiber
diode-pumped laser (IPG Photonics, Ltd.). A typical out-
put of the Cr:forsterite laser was ;200 mW of average
power at a repetition rate of 27 MHz with an 8-W pump.
The central wavelength was 1250 nm, and a typical laser
pulse bandwidth was approximately 50 nm.
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Unamplified radiation produced by the Cr:forsterite la-
ser was coupled into a PCF (see the inset in Fig. 5). The
details of the technology employed to fabricate the PCFs
used in our experiments, which was similar to the pro-
cess developed by Knight et al.,1 are described else-
where.11,45,46 Briefly, the fabrication process involved
drawing identical glass capillaries stacked into a periodic
preform at an elevated temperature, cutting the resulting
structure into segments, and repeating the technological
cycle again. This procedure allowed the fabrication of
PCFs with a cladding pitch ranging from 400 nm to 32
mm.45,46

We were able to measure the pulse energies both at the
input and at the output of the fiber, which allowed us to
estimate the laser energy and power density coupled into
the fiber. The third-harmonic intensity was measured
with a SPEX 1/4-m spectrometer with an attached liquid-
nitrogen-cooled CCD camera, which supported the
photon-counting mode. The spectra of transmitted IR ra-
diation were measured by a CVI, Inc., spectrometer with
an attached Ge photodiode.

4. RESULTS AND DISCUSSION
Propagation of 30-fs Cr:forsterite laser pulses through a
PCF was accompanied by several nonlinear optical ef-
fects, which were enhanced by the small size of the fiber
core. In experiments with a PCF with a core radius of
1.5 mm, a length of 8 cm, and an air filling fraction of the
cladding equal to 16%, we observed spectral broadening of
laser pulses due to SPM and the generation of third-
harmonic radiation. As shown by Ranka et al.,12 efficient
THG becomes possible in microstructure fibers owing to
the multimode phase matching of the pump pulse and the
third harmonic. In subsection 2.C of this paper we dem-
onstrated that phase matching for THG in PCFs may be
improved in the regime in which one of the localized PCF
modes of the pump pulse gives rise to a Čerenkov-type
emission of the third harmonic. The spectral broadening
DvSPM of the pump pulses coming out of the fiber in-

Fig. 5. Diagram of the experimental arrangement for studying
the generation of the cross-phase-modulated third harmonic in a
PCF. NDF, neutral-density filter; MO1 , MO2 , micro-objectives;
BS, beam splitter; IRSA, IR spectrum analyzer; SM, spectrom-
eter; CCD, liquid-nitrogen-cooled CCD camera; Ge PD, Ge photo-
detector. The inset shows the cross-sectional image of a PCF
sample with the pitch of the cladding equal to 1.5 mm and the
air-filling fraction equal to 16%.
creased with the growth in the laser power coupled into
the fiber (Fig. 6). We did not observe any noticeable in-
fluence of stimulated Raman scattering on the spectra of
pump pulses within the sub-0.5-nJ range of pump ener-
gies studied. The SPM-broadened spectra of the pump
pulses at the output of the fiber measured in our experi-
ments qualitatively agree with the results of numerical
simulations presented in Fig. 1, indicating the adequacy
of the qualitative level of our model’s approach described
in Section 2.

Third-harmonic pulses also appeared spectrally broad-
ened at the output of the fiber. Figure 7 shows typical
spectra of the third harmonic produced by 30-fs pulses of
Cr:forsterite laser radiation with an energy of 0.3 nJ in a
8-cm PCF sample with a core radius of 1.5 mm and the
air-filling fraction of the cladding equal to 16% [Fig. 5(b)].
The spectra of the third harmonic, as can be seen from
Fig. 7, display a characteristic asymmetry, which was pre-
dicted on the basis of our model approach in Section 2.
Moreover, some of the spectral features of the third-
harmonic signal can be qualitatively understood in terms
of our model, as can be seen from the comparison of the
experimental data in Fig. 7 and theoretical predictions of
Eqs. (11)–(14).

As can be seen from the comparison of the spectra of
pump radiation and of the third harmonic coming out of
the fiber (Figs. 6 and 7), the spectra of the third harmonic
at the output of the fiber display a much more noticeable
asymmetry than the spectra of the pump pulses transmit-
ted through the PCF. This agrees well with our theoret-
ical predictions and indicates that the asymmetry ob-
served in the spectrum of the third harmonic is built in
the frequency-conversion process rather than arising pri-
marily at the frequency of the pump pulse and then gen-
erating a spectrally distorted third harmonic. On the
other hand, the XPM-induced spectral broadening of
third-harmonic pulses observed in our experiments start-
ing with very low energies of femtosecond pump pulses
(see Fig. 7) offers a convenient way to control the phase of
frequency-upconverted ultrashort pulses and even to com-

Fig. 6. Normalized spectra of Cr:forsterite laser pulses at the
input and at the output of a PCF with a length of 8 cm, the pitch
of the cladding equal to 1.5 mm, and an air-filling fraction of 16%.
The duration of laser pulses coupled into the fiber is ;30 fs, and
their energies are 0.1, 0.2, and 0.3 nJ (as shown near the curves).
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press these pulses through compensation of the XPM-
induced phase shift. In the case of gas-filled hollow fi-
bers, a similar method of short-pulse frequency
conversion with simultaneous pulse compression was ear-
lier experimentally demonstrated by Durfee et al.,47 who
were able to produce 8-fs pulses at the frequency of the
third harmonic of Ti:sapphire laser radiation through a
two-color four-wave mixing process starting with 35-fs
pulses of fundamental radiation. Based on the results of
our measurements, we can expect that PCFs may allow
phase-controlled frequency conversion, as well as fre-
quency conversion with simultaneous pulse compression,
to be implemented with much lower energies of ultrashort
laser pulses because of the high degree of localization of
the light field in the core of a PCF.

Apart from the possibilities of compressing frequency-
upconverted pulses, analysis of XPM in THG is also im-
portant for gaining a deeper understanding of nonlinear
optical processes contributing to supercontinuum genera-
tion. In particular, the measurements performed on the
third harmonic in our experiments serve to illustrate how
a rather complicated combination of different four-wave
mixing processes leads to qualitative spectral transforma-
tions of ultrashort pulses propagating in microstructure
fibers.

5. CONCLUSION
The results of experiments presented in this paper dem-
onstrate that the high degree of light localization in the
core of a microstructure fiber enhances third-order non-
linear optical processes, allowing the third harmonic of
nonamplified 30-fs 0.2-nJ Cr:forsterite laser pulses to be
generated. Both pump and third-harmonic pulses ap-
peared spectrally broadened at the output of the fiber, in-
dicating a considerable influence of self- and cross-phase
modulation (XPM) effects. As the energy of pump pulses
coupled into the fiber was increased, the spectra of third-
harmonic pulses became broader, at the same time dis-
playing an increasing asymmetry. This asymmetry in
third-harmonic spectra can be attributed to variations in
the effective wave-vector mismatch Dkeff , which changes
from the leading edge of the pump pulse to its trailing

Fig. 7. Normalized spectra of the third harmonic produced by
30-fs Cr:forsterite laser pulses with an energy of 0.3 nJ in a PCF
with a length of 8 cm, the pitch of the cladding equal to 1.5 mm,
and an air-filling fraction of 16%.
edge. Predominant blueshifting of third-harmonic spec-
tra observed in our experiments is then also explained in
terms of Dkeff changes, since the effective wave-vector
mismatch on the trailing edge of the pump pulse in a non-
linear material with self-focusing is always less than Dkeff
on the leading edge of the pump pulse. Our observation
of an XPM-chirp-controlled third-harmonic generation
process enhanced in a photonic-crystal fiber, in fact, opens
the way for using such fibers for frequency conversion of
low-energy femtosecond pulses with simultaneous chirp
control and subsequent pulse compression.
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