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Diffraction-arrested soliton self-frequency shift of few-cycle laser pulses
in a photonic-crystal fiber
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The balance between diffraction and index-step guiding in photonic-crystal fibers is controlled by modifying
the fiber structure, leading to different wavelength dependences of the effective mode area S.(\) and provid-
ing a mechanism to control nonlinear-optical phenomena. In optical fibers with a steep S.(\) profile, the
guided mode of the light field tends to become much less compact with an increase in radiation wavelength,
slowing down the Raman-induced soliton self-frequency shift of an ultrashort laser pulse. A 100-nm reduction
of the soliton self-frequency shift is demonstrated for 6-fs input laser pulses.
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I. INTRODUCTION

Dispersion limits the localization of optical waves in time,
leading to the temporal spreading of optical wave packets. In
waveguides, the total dispersion sensed by guided modes of
the light field may substantially differ from the dispersion of
waves in a bulk material. Optical waveguides of a new
type—photonic-crystal fibers (PCFs) [1]—have been re-
cently shown to provide a unique dispersion tunability, al-
lowing dispersion properties unattainable and unthinkable
for standard optical fibers to be designed through fiber struc-
ture modifications [2]. This remarkable property of PCFs has
made them a powerful tool of optical technologies, allowing
the creation of novel light sources [3] and frequency shifters
[4] for frequency metrology [5,6], nonlinear spectroscopy [7]
and microscopy [8], biomedical optics [9], and few-cycle
parametric chirped-pulse amplification [10].

While dispersion is responsible for the temporal spreading
of optical wave packets, diffraction limits the localization of
light beams in space. In optical waveguides, diffraction is
balanced by the refractive-index-step confinement of electro-
magnetic field, allowing a long-distance transmission of op-
tical signals. The degree of spatial confinement of electro-
magnetic radiation in waveguides is quantified by the
effective  mode  area  Sep=[J". 7 F(x,y)|*dx dy]*/
J2 2| F(x,y)|*dx dy, where F(x,y) is the field profile in a
waveguide mode. In standard optical fibers, the effective
mode area is controlled by the ratio of the core diameter to
the radiation wavelength and the index step from the core to
the cladding. Here, we show that in PCFs, the wavelength
dependence of the effective mode area S.i(\) can be engi-
neered by modifying the geometry of the fiber. We will dem-
onstrate below in this paper that these changes in the
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diffraction-induced wavelength dependence of the effective
mode area can lead to dramatic changes in the scenarios of
nonlinear-optical interactions of few-cycle laser pulses in
PCFs, offering ways to control spectral transformations of
ultrashort pulses in PCFs through S(\) tailoring.

I1. BASIC EQUATIONS AND MODELING

We start with the analysis of S.(\) profiles for two types
of PCFs. Fibers of the first type are high-index-step silica
PCFs with a core diameter of 2.5 wm (the inset in Fig. 1).
Fibers of the second type have a structure typical of commer-
cial silica PCFs (e.g., the NL-PM PCF series from Crystal
Fibre [11]) with a core diameter of 1.8 um. We calculate
field profiles F(x,y) by using a procedure based on series
expansion in localized functions [12]. The field profiles of
the fundamental PCF modes are then employed to calculate
the effective mode area S.;. The wavelength dependence of
Segr for the first type of PCF is shown by curve 1 in Fig. 1. As
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FIG. 1. (Color online) The effective mode area (1, 2) and the
group-velocity dispersion (3, 4) for the PCFs of the first (1, 3) and
second (2, 4) types. The inset shows a scanning electron micros-
copy image of the first-type PCF with a core diameter of 2.5 um.
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the radiation wavelength changes from 0.8 to 1.4 um (a
typical wavelength shift in experiments described below in
this paper), the effective mode area increases from
4.5 to 5.0 um?, i.e., by 11%. For PCFs of the second type,
within the same range of wavelength variation, S.¢ changes
from 2.1 to 3.4 um? (curve 2 in Fig. 1), i.e., by 62%. These
results show that, similar to the structural dispersion tailor-
ing, the balance between diffraction and index-step guiding
in PCFs can be controlled by modifying the fiber structure,
leading to substantially different S.z(\) profiles.

We consider a soliton self-frequency shift (SSFS) [13,14]
as an interesting and practically important example of a
nonlinear-optical process that can be controlled through the
Seir(N) profile tailoring in PCFs. SSFS is observed for optical
solitons propagating in media with noninstantaneous nonlin-
ear response. Such solitons experience continuous frequency
down-shifting due to the Raman effect [13,14]. PCFs can
substantially enhance this nonlinear-optical process [15] due
to a strong field confinement in a small-size fiber core and
dispersion tunability. Redshifted solitons produced by
sub-6-fs laser pulses in PCFs have been demonstrated to al-
low a synchronized seeding of a picosecond neodymium-
doped yttrium aluminum garnet (Nd:YAG) pump laser, sub-
stantially simplifying few-cycle-pulse optical parametric
chirped-pulse amplification [10].

To analyze the SSFS in PCFs with a frequency-dependent
effective mode area, we numerically solve the generalized
nonlinear Schrddinger equation (GNSE) [16], modified to
include the S.&(\) profile. In earlier related work, Mamyshev
and Chernikov [17] have theoretically demonstrated that the
assumption of a frequency-independent mode area leads to
an overestimation of the SSFS in optical fibers. Karasawa et
al. [18] have shown that the wavelength dependence of S,
can give rise to observable effects in the waveguide spectral
broadening of ultrashort laser pulses. Kibler et al. [19] have
recently analyzed the GNSE with a wavelength-dependent
mode area, demonstrating that the S.(\)-related effects may
become noticeable in spectral transformation and supercon-
tinuum generation processes in PCFs in the regimes where
the Raman effect gives rise to large SSFS.

Our numerical procedure is based on the solution of the
GNSE for the field envelope A=A(z,t), with the nonlinear
polarization term including the retarded nonlinearity of the
fiber material and the wavelength dependence of the effec-
tive mode area:
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where z is the propagation coordinate, ¢ is the time variable,
7 is the retarded time, and % =B/ dw* are the coefficients
in the Taylor-series expansion of the propagation constant 3.
The nonlinear polarization P, (&, 7) in Eq. (1) is defined as
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where n, is the nonlinear refractive index of the fiber mate-
rial, w is the current frequency, w is the central frequency of
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the input field, c is the speed of light, and the operator F~(-)
denotes the inverse Fourier transform. The frequency-
domain nonlinear polarization in Eq. (2) is defined through
the direct Fourier transform
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including both the instantaneous, Kerr nonlinearity and the
retarded, Raman contribution via the nonlinear response
function

R(t) = (1 - fR) 80) + O (1) R P Sm(i>* 4)
" .
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where fx is the fractional contribution of the Raman re-
sponse; 8(r) and O(¢) are the delta and the Heaviside step
functions, respectively; 7; and 7, are the characteristic times
of the Raman response of the fiber material. For fused silica,
fr=0.18, 7;=12.5 fs, and 7,=32 fs. The nonlinear polariza-
tion P, (&, 7) defined in the form of Eq. (2) not only helps to
include the influence of the frequency-dependent effective
mode area S, on the nonlinear coefficient y=(n,w)/(cS.),
but also gives a correct definition of the local field intensity,
which also depends on S.g(w).

Results of numerical simulations performed with the use
of Egs. (1)—(4) for the first- and second-type PCFs are pre-
sented in Figs. 2 and 3, respectively. The spectrum of the
input laser pulse in these simulations (inset in Fig. 2) corre-
sponded to the spectrum of 6-fs pulses of a Ti:sapphire laser
oscillator employed in the experiments described below. For
the PCF of the first type, the wavelength dependence of the
effective mode area is weak (curve 1 in Fig. 1), leading to
nearly negligible (within 10%) changes in the SSFS. For the
PCF of the second type, the situation is radically different.
The diffraction-induced increase in the mode area in the
longer-wavelength spectral region for this type of fiber
(curve 2 in Fig. 1) effectively lowers the nonlinearity and
reduces the field intensity for low-frequency spectral compo-
nents of the radiation field. Comparison of curves 1 and 2 in
Fig. 3 shows that the inclusion of the wavelength depen-
dence of S in Egs. (1)—(4) reduces the SSFS in the second-
type PCF with a length of 20 cm by 85 nm for the input
pulse energy of 0.45 nJ [Fig. 3(a)] and by approximately
100 nm for the input pulse energy of 0.30 nJ [Fig. 3(b)].

III. EXPERIMENTAL RESULTS AND DISCUSSION

In experiments, we used a broadband chirped-mirror
Ti:sapphire oscillator [20], generating 6-fs pulses with an
energy up to 4 nJ at a repetition rate of 70 MHz. The laser
energy coupled into PCF samples was varied from
0.1 to 2 nJ. The spectrum of laser pulses coupled into PCFs
is shown in the inset to Fig. 2. To get access to the evolution
of laser pulses in the process of propagation along the fiber,
we measured the spectra of radiation at the output of the
PCFs as a function of the fiber length. The PCF length was
gradually reduced in these experiments by the destructive
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FIG. 2. (Color online) Output spectra mea-
sured (circles) and calculated (solid line) for a
2-nJ few-cycle laser pulse (the input spectrum is
shown in the inset) transmitted through the first-
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cutback approach with input pulse parameters remaining un-
changed. These measurements yielded a series of PCF output
spectra, visualizing the spectral transformation dynamics of
few-cycle pulses in the PCF.

For the PCF of the first type, which displays a weak
Sei(N) dependence (curve 1 in Fig. 1), the main features in
the experimental output spectra (Fig. 2) are adequately de-
scribed by Egs. (1)-(4) with a wavelength-independent mode

'_g 0.4 (a)
(=
1

- 3
i-e“/ 0.2 )
>
= 00 , .
@ 1300 1400
(0]
= 0.44 (b)
©
5
3 0.2
(0]
o
(/J -y

1100 1200 1300 1400

Wavelength (nm)

FIG. 3. (Color online) The spectral intensity of the redshifted
output of the second-type PCF: (1, 2) GNSE solution with a
frequency-independent effective mode area (1) and with the Sq(\)
profile shown by curve 2 in Fig. 1 (2); (3) results of experiments
performed with the PCF of the second type. The spectrum of the
input pulse is shown in the inset to Fig. 2. The input pulse energy is
0.45 (a) and 0.30 nJ (b).

type PCF with a variable length—from top to
bottom 4.5, 10, 15, and 19 cm.

1200

area S In particular, the theoretical model accurately pre-
dicts the central wavelengths and the amplitudes of the red-
shifted solitonic components. For the PCF of the second
type, GNSE simulations with a frequency-independent mode
area [curves 1 in Figs. 3(a) and 3(b)] yield a substantially
overestimated soliton frequency shift. As the solitonic part of
the field is shifted toward longer wavelengths, the mode area
S rapidly increases (curve 2 in Fig. 1), effectively lowering
the nonlinearity and reducing the field intensity for low-
frequency spectral components of the radiation field in the
fiber. The inclusion of the realistic S.(N\) profile in Egs.
(1)—(4) allows the soliton frequency shift to be predicted
with a rather high accuracy [cf. curves 2 and 3 in Figs. 3(a)
and 3(b)]. As the increase in S, in the long-wavelength part
of the spectrum slows down the SSFS, the central frequency
of the soliton becomes less sensitive to variations in the input
laser power. In the time domain, this corresponds to a de-
crease in the timing jitter of the frequency-shifted soliton
induced by fluctuations in the input laser energy. This regime
of SSFS in PCFs with a tailored S.(\) profile is therefore
ideally suited for a precise spectral matching of frequency-
shifted solitons with the gain band of amplifying cascades or
a transmission band of filters in spectroscopic measurements,
as well as for an improved temporal synchronization of
Raman-shifted solitonic signals with external short-pulse la-
ser sources.

IV. CONCLUSION

We have shown in this work that, similar to structural
dispersion tailoring in PCFs, the balance between diffraction
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and index-step guiding in PCFs can be controlled by modi-
fying the fiber structure, leading to substantially different
wavelength dependences of the effective mode area S.p(N).
In its turn, the S.(\) profile is shown to control the SSFS of
few-cycle pulses. A 100-nm reduction of the SSFS is dem-
onstrated for 6-fs input laser pulses.
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