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Widely tunable soliton frequency shifting of few-cycle laser pulses
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Photonic-crystal fibers are employed to demonstrate widely tunable frequency down-conversion of unam-
plified 6-fs Ti:sapphire laser pulses through the soliton self-frequency shift induced by the Raman effect.
Wavelength shifts as large as 500 nm are achieved for input few-cycle pulses with broadband spectra centered
at approximately 820 nm. The central wavelength of the redshifted output of a photonic-crystal fiber is
smoothly tuned from the low-frequency edge in the spectrum of the 6-fs Ti:sapphire laser pulse up to 1.35 um
by varying the input energy in the fundamental mode of the fiber.

DOI: 10.1103/PhysRevE.74.036617

I. INTRODUCTION

Recent revolutionary breakthroughs in laser science have
resulted in the development of a new generation of laser
sources capable of routinely delivering radiation pulses as
short as a few cycles of the light field [1,2]. With the advent
of such unique light sources, the key issue on the agenda is
the development of equally efficient and convenient fre-
quency converters that would allow the wavelength shifting
of few-cycle laser pulses. Such frequency shifters would
make few-cycle pulses an indispensable tool for the investi-
gation of ultrafast processes in physics, chemistry, and biol-
ogy, promoting applications of ultrashort pulse sources for
metrological, spectroscopic, and biomedical applications
[3-5]. Few-cycle laser pulses directly from a laser oscillator
are typically characterized by a low field intensity distributed
over a broad spectral range. Such field wave forms are chal-
lenging objects for nonlinear-optical frequency converters
because of the difficulties related to the low field intensity
and the large bandwidth of unamplified few-cycle laser
pulses.

The most successful and practical strategies of frequency
conversion of few-cycle pulses are currently based on
ultrafast-optics modifications of optical parametric amplifi-
cation (OPA) [6-8] and optical parametric chirped-pulse am-
plification (OPCPA) [9-14] schemes. These efficient and el-
egant approaches involve frequency conversion and
simultaneous amplification of low-spectral-intensity ultra-
broadband field wave forms (few-cycle pulses or white-light
emission) in the field of a more powerful pump field. Here
we show that, along with these parametric amplification op-
tions, efficient spectral transformation of few-cycle laser
pulses can be based on self-frequency conversion. Unlike
parametric amplification schemes, self-frequency conversion
does not require application of any additional powerful pump
field. It will be demonstrated in this work, both experimen-
tally and theoretically, that efficient self-frequency conver-
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sion strategies can be realized through the soliton evolution
of few-cycle field wave forms in optical fibers of a new
type—photonic-crystal fibers (PCFs) [15,16]. These fibers
are presently giving a new momentum to the nonlinear optics
of ultrashort pulses, providing large interaction lengths [17],
strong confinement of electromagnetic field in a small fiber
core [18], and offering a unique flexibility in dispersion en-
gineering [19]. Enhanced nonlinear-optical processes in
PCFs make these fibers ideal sources of supercontinuum
emission [20,21], giving an excess to the carrier—envelope
phase [22], allowing the generation of stabilized frequency
combs for optical metrology and femtosecond clockwork
[23], permitting creation of novel optical coherence tomo-
graphs [24], improving the performance of nonlinear spec-
trographs [25] and microscopes [26], and expanding the ap-
plicability range of femtosecond laser sources to
photochemistry and photobiology [27]. Due to their remark-
able dispersion properties, unattainable with standard optical
fibers, PCFs support new soliton regimes and allow observa-
tion of novel solitonic phenomena [28], suggesting attractive
solutions for the soliton transmission and transformation of
ultrashort laser pulses.

Optical solitons propagating in the media with noninstan-
taneous nonlinear response experience reshaping and con-
tinuous frequency down-shifting due to the Raman effect—
phenomenon, called soliton self-frequency shift (SSFS)
[29-31]. Photonic-crystal fibers substantially enhance this
nonlinear-optical process due to a strong field confinement in
a small-size fiber core and the possibility to tailor dispersions
of guided modes by varying the fiber structure. Liu et al. [32]
have shown that 200-fs input pulses of 1.3-um laser radia-
tion can generate sub-100-fs soliton pulses with a central
wavelength tunable down to 1.65 wm through the SSFS in a
tapered PCF. Photonic-crystal fibers with the wavelength of
zero group-velocity dispersion (GVD) shifted to shorter
wavelengths have been used for the soliton frequency down-
shifting of 800—1050-nm laser pulses [33,34]. Abedin and
Kubota [35] have employed a PCF to demonstrate a 120
-nm SSFES for 10-GHz-repetition-rate picosecond pulses. In
our recent work [36], PCFs with a special dispersion profile
have been shown to provide an efficient spectral transforma-
tion of chirped sub-6-fs Ti:sapphire laser pulses through
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SSFES, leading to the generation of a well-resolved solitonic
spectral component centered at 1.06 um. Redshifted soliton
signals formed by 6-fs laser pulses in PCFs have been dem-
onstrated to allow a synchronized seeding of a picosecond
Nd: YAG (yttrium aluminum garnet) pump laser, permitting
a considerable simplification of a few-cycle OPCPA scheme
[37].

In this work, we extend the SSFS-based strategy of tun-
able frequency conversion to few-cycle laser pulses. Earlier
studies [38] have revealed interesting features of SSFS of
pulses with an initial pulse width of 12 fs. We will show here
that the use of 6-fs laser pulses allows a substantial enhance-
ment of SSFS, leading to higher frequency shifting rates of
solitons in PCFs. Experiments and numerical simulations
presented below in this paper demonstrate a widely tunable
frequency down-conversion of unamplified 6-fs Ti:sapphire
laser pulses through the SSFS in PCFs. Wavelength shifts as
large as 500 nm are achieved for input pulses with broad-
band spectra centered at approximately 820 nm, providing
radiation with a central wavelength smoothly tunable from
the central wavelength of the input pulse to 1.32 um and
energies ranging from a few up to tens of picojoules.

II. MODELING THE SOLITON EVOLUTION OF
FEW-CYCLE PULSES IN PHOTONIC-CRYSTAL FIBERS

With many of the key tendencies in the evolution of ul-
trashort pulses in PCFs analyzed in the extensive literature,
we focus here on the possibility of using the SSFS phenom-
enon for widely tunable frequency shifting of few-cycle laser
pulses. Our theoretical analysis is based on the numerical
solution of the generalized nonlinear Schrédinger equation
(GNSE) [31]
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where A is the field amplitude, B*' =B/ dw* are the coeffi-
cients in the Taylor-series expansion of the propagation con-
stant B, wq is the carrier frequency, 7 is the retarded time,
y=(nyw0)/(cS,) is the nonlinear coefficient, n, is the non-
linear refractive index of the PCF material,
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is the effective mode area [F(x,y) is the transverse field pro-
file in the PCF mode], and R(?) is the retarded nonlinear
response function. For fused silica, we take n,=~3.2
X 107! cm?/W, and the R(z) function is represented in a
standard form [39]:

P+ t
R(D) = (1= f)d(0) + frOW)——*¢ 2 sin| — |, (2)
7'175 T
where fp=0.18 is the fractional contribution of the Raman

response; &(¢) and ©(¢) are the delta and the Heaviside step
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functions, respectively; 7;=12.5 fs and 7,=32 fs are the
characteristic times of the Raman response of fused silica.

Equations (1) and (2) will be applied here to compute the
evolution of ultrashort pulses in three types of PCFs. PCFs of
the first and second types, shown in insets 1 and 2 to Fig. 1,
respectively, represent an extensively employed class of mi-
crostructure fibers characterized by a high-air-filling fraction
of the cladding, which typically consists of only a few cycles
of air holes. The high content of air in the cladding of such
PCFs strongly confines the light field to the fiber core, en-
hancing nonlinear-optical interactions. In PCFs of these
types used in the experiments presented below in this paper,
a fused silica core with a diameter of 1.6 um (for first-type
PCFs, see inset 1 in Fig. 1) or 2.6 um (for second-type
PCFs, inset 2 in Fig. 1) was surrounded with two cycles of
air holes.

To find parameters B% and the effective mode area S
for these fibers, we numerically solve the Maxwell equations
for the transverse components of the electric field in the cross
section of a PCF using a modification of the method of poly-
nomial expansion in localized functions, developed by
Monro et al. [40]. The polynomial approximation of the fre-
quency dependence of the propagation constant § for the
fundamental mode of the 1.6-um-core-diameter PCF com-
puted with the use of this numerical procedure with an accu-
racy better than 0.1% within the range of wavelengths from
580 to 1220 nm yields the following 8% coefficients for the
central wavelength of 800 nm: B® ~-0.0293 ps?>/m, B*
~9316Xx107 ps*/m, BH=-9.666x107% ps*/m, B
~1.63X 10710 ps’/m, B@=-3.07X10"" ps®/m. Curve 1
in Fig. 1 displays the GVD D=-2mc\"28?, where \ is the
radiation wavelength, for the fundamental mode of such
PCFs as a function of the wavelength. The GVD vanishes in
this case at A,=~ 690 nm. For 800-nm radiation, the effective
mode area S, was equal to 2.0 um? for the first-type PCF
and 4.5 um? for the second-type PCF. The nonlinear coeffi-
cients for these fibers at 800 nm are estimated as 120 and
50 (W km)~!, respectively.

Fibers of the third type are commercial NL-PM-750 PCFs
from crystal fibre [41]. The core diameter for these PCFs was
equal to 1.8 um. Parameters B* for these PCFs were de-
fined as polynomial expansion coefficients for the dispersion
profile of the fundamental mode of these fibers provided by
the manufacturer [41]. The group-velocity dispersion for
PCFs of this type is presented by curve 2 in Fig. 1. In this
case, the GVD vanishes at A\,~750 nm. For 800-nm radia-
tion, the effective mode area for this type of PCF is 2.2 ,u,mz,
corresponding to a nonlinear coefficient of about
110 (W km)~L.

III. TUNING THE SOLITON SELF-FREQUENCY SHIFT
OF FEW-CYCLE PULSES

In Figs. 2(a)-2(d), we illustrate tunable frequency shifting
of few-cycle laser pulses through SSFS in PCFs by present-
ing the results of simulations performed for an idealistic in-
put pulse with an initial pulse width of 6 fs and a Gaussian
pulse shape. For a PCF with a dispersion profile as shown by
curve 1 in Fig. 1, almost the entire spectrum of the input
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FIG. 1. (Color online) The group-velocity dispersion (GVD) as
a function of the wavelength for the fundamental mode of (1) a
fused silica photonic-crystal fiber with a high-air-filling-fraction
cladding consisting of two cycles of air holes surrounding a core
with a diameter of 1.6 um (shown in inset 1) and (2) NL-PM-750
PCF from crystal fibre. Also shown are the intensity spectra of
few-cycle input laser pulses provided by a Ti:sapphire oscillator
with different sets of chirped mirrors (3, 4). The insets present scan-
ning electron microscopy images of fused silica PCFs with a core
diameter of 1.6 um (1) and 2.6 um (2).
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pulse falls within the range of anomalous dispersion, and the
pulse tends to form solitons, observed as well-resolved
prominent spikes in the time domain [Figs. 2(a) and 2(b)]. In
the frequency domain, the Raman effect leads to a continu-
ous frequency downshifting of the soliton [Figs. 2(c) and
2(d)]. The rate of this frequency shift dv/dz, where v is the
carrier frequency and z is the propagation coordinate, rapidly
grows with a decrease in the pulse duration 7,. With a linear
approximation of the Raman gain as a function of the fre-
quency, the integration of the nonlinear Schrédinger equa-
tion, as shown by Gordon [42], yields dv/dz 7,*. Although
high-order dispersion and deviations of the Raman gain
curve from the linear function generally make the relation
between dv/dz and 7 in soliton dynamics much more com-
plicated [43], the soliton pulse width remains one of the key
parameters controlling the soliton frequency shift for a given
Raman gain profile. In the case considered here, the short
duration of 6-fs input pulses provides a high rate of soliton
frequency shifting at the initial stage of pulse propagation
through the PCF. As the spectrum of the soliton is shifted
toward the spectral range with larger values of GVD, the
pulse width increases, which slows down the frequency shift.

Input pulses with higher energies can be coupled into
shorter solitons, leading to higher SSFS rates. Indeed, as can
be seen from the comparison of the results of simulations
performed for input pulses with the same initial pulse width
(6 fs), but different energies, the SSFS rate in the case of
higher energy pulses can substantially exceed the frequency-
shift rate of solitons produced by lower energy pulses. A
pulse with an input energy of 0.15 nJ, as can be seen from
Fig. 2(c), is coupled into a soliton, which undergoes a per-
manent redshift as it propagates through the fiber. At z
=30 cm, the spectrum of this soliton peaks at 1.06 um. A
similar input pulse that has an initial energy of 0.5 nJ forms
a soliton that exhibits a much faster frequency downshift.
The central wavelength of this soliton reaches 1.12 um al-
ready at z=5 cm.

To provide illustrative physical insights into the observed
behavior of redshifted solitons in PCFs as a function of the
input pulse energy, we plot in Fig. 3 the snapshots of tempo-
ral envelopes of the solitonic part of the field corresponding
to the input energies of 0.15 nJ (curve 1) and 0.5 nJ (curve
2). We take these snapshots of solitons, representing closeup
views of intensity envelope sections labeled with boxes in
Figs. 2(a) and 2(b), for two different values of the propaga-
tion coordinate, z=30 cm in the case of a 0.15-nJ input pulse
and z=3 cm for the 0.5-nJ input energy. With the spectra of
redshifted solitons centered around 1.06 um in both cases
[see Figs. 2(c) and 2(d)], these values of the propagation
coordinate allow a fair comparison of SSFS dynamics in
terms of the dependence of the frequency-shift rate on the
soliton pulse width. As is seen from Fig. 3, the SSFS rate
correlates well with the soliton pulse width. While the soliton
produced by a pulse with an initial energy of 0.15 nJ has a
pulse width of about 50 fs (curve 1 in Fig. 3), the pulse width
of the soliton emerging from the 0.5-nJ laser pulse is about
20 fs. In qualitative agreement with predictions of Gordon
[42], this shorter soliton in Figs. 2(b) and 2(d) displays a
faster downshifting as compared with the longer soliton in
Figs. 2(a) and 2(c). In the following section, this dependence
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FIG. 2. (Color online) Temporal (a) and (b) and spectral (c) and (d) evolution of laser pulses with an initial energy of (a) and (c) 0.15 nJ
and (b) and (d) 0.5 nJ and an initial pulse width of 6 fs in a PCF with a dispersion profile shown by curve 1 in Fig. 1. The input pulses are

assumed to be transform-limited.

of the SSFS rate on the energy of the pulse launched into the
fiber will be used for the experimental demonstration of a
widely tunable soliton frequency shift of 6-fs pulses pro-
duced by a Ti:sapphire oscillator.

The GVD of PCFs changes very substantially across
the broad spectrum of few-femtosecond laser pulses used
in our experiments, ranging from —(50-100) ps/(nm km)
on the short-wavelength wing of the spectrum to
80—170 ps/(nm km) on its long-wavelength tail (Fig. 1).
This indicates the importance of high-order dispersion terms
in Eq. (1), involving B* parameters with k>2. In this re-
gime, it generally becomes difficult to use the results of the
analysis of ideal solitons, i.e., solitons governed by the non-
linear Schrodinger equation (NLSE), even for a qualitative
interpretation of numerical simulations and experimental
data. With the GVD changing so drastically across the spec-
trum of the laser pulse, the basic soliton parameters, includ-
ing the soliton number and the soliton amplitude in the ca-
nonical form of the NLSE, are no longer well defined. For a
PCF with a core diameter of 2.6 wm, for example, the soliton
number N=(yPy75/|B,])"?, where P, is the peak power and
7, is the soliton pulse width, changes from 16.3 at 820 nm
(in the region close to the zero-GVD wavelength) to 1.9 at

950 nm. These changes in soliton parameters across the
spectrum of the laser pulse imply that the well-established
methods of soliton analysis cannot be employed. Because of
substantial GVD variations across the pulse spectrum, it be-
comes difficult, in particular, to pose the corresponding scat-
tering problem, as a specific GVD value is needed to specify
the normalization of the scattering potential.

In this regime, the method of analysis based on the GNSE
[Eq. (1)] seems to be the most adequate approach. Results of
simulations presented in Figs. 2(c) and 2(d) suggest that the
SSFS in PCFs can shift the central wavelength of one of the
intense components in the field spectrum by more than
300 nm relative to the central wavelength of the input field
[Fig. 2(d)]. This prediction is consistent with the results of
earlier experimental studies on SSFS in PCFs [32], as well as
with the experimental data presented below in this paper. A
special care should be taken in this regime in applying the
SVEA and, more generally, in choosing approximations con-
cerning the variation rate of the field envelope. It should be
noted in this context that GNSE-type equations [e.g., Eq. (1)
of this paper], as shown by Brabec and Krausz [43], do not
require the standard SVEA assumption that the field cycle
should be much smaller than the pulse width. As demon-
strated in [43], this type of equation can be rather classified
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FIG. 3. (Color online) Temporal envelopes of redshifted solitons
(close-up of the peaks labeled with boxes in 2(a) and 2(b) generated
by laser pulses with an initial pulse width of 6 fs and an initial
energy of (1) 0.15 nJ and (2) 0.5 nJ in a PCF at z=30 cm (1) and
3 cm (2).

as a slowly evolving wave approximation and can accurately
describe the nonlinear evolution of light pulses down to the
single-cycle regime.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In experiments, we used a broadband chirped-mirror Ti-
:sapphire oscillator [44], generating 6-fs pulses with an en-
ergy up to 4 nJ at a repetition rate of 70 MHz. The laser
output was divided into two channels of roughly equal ener-
gies with a beamsplitter. One of the resulting beams was
reserved for pumping a Nd:YAG regenerative amplifier [37],
while the second beam was sent into the PCF, providing,
with allowance for fiber-coupling losses, initial pulse ener-
gies in the nano- to sub-nano-joule range.

Curves 3 and 4 in Fig. 1 display the output intensity spec-
tra of the Ti:sapphire oscillator with two different sets of
chirped mirrors. The pulse width in both cases was about
6 fs (curve 1 in Fig. 4). In Fig. 5, we illustrate the spectral
evolution of laser pulses in a fiber with a dispersion profile of
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FIG. 4. (Color online) Temporal envelope (1) and chirp (2) of
the Ti:sapphire oscillator output reconstructed from SPIDER data.
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FIG. 5. (Color online) Spectral evolution of a laser pulse with an
initial energy of 0.33 nJ and an input temporal envelope and chirp
shown in Fig. 4 propagating through the PCF with the dispersion
profile as presented by curve 2 in Fig. 1.

the NL-PM-750 PCF (curve 2 in Fig. 1), simulated for the
realistic input temporal envelope and initial chirp of laser
pulses as defined by SPIDER measurements for the output of
the above-described Ti:sapphire oscillator (Fig. 4). In the
case of few-cycle laser pulses with a realistic initial chirp
(shown by curve 2 in Fig. 4), a significant amount of input
pulse energy can propagate in a fiber in the form of nonsoli-
tonic radiation, contributing to the background observed be-
tween the prominent spectral peaks, related to four-wave
mixing (FWM) and soliton phenomena [cf. Figs. 2(d) and 5].

The initial stage of nonlinear-optical transformation of
few-cycle pulses in a PCF involves self-phase modulation,
which can be viewed as four-wave mixing of different fre-
quency components belonging to the broad spectrum of ra-
diation propagating through the fiber. Frequency components
lying near the zero-GVD wavelength of the PCF then serve,
as shown in the classical texts on nonlinear fiber optics [31],
as a pump for phase-matched FWM. Such phase-matched
FWM processes, which involve both frequency-degenerate
and frequency-nondegenerate pump photons, deplete the
spectrum of radiation around the zero-GVD wavelength and
transfer the radiation energy to the region of anomalous dis-
persion (spectral components around 920 nm for z=2 cm in
Fig. 5). A part of this frequency-downconverted radiation
then couples into a soliton, which undergoes continuous fre-
quency downshifting due to the Raman effect (Fig. 5). In the
time domain, the redshifted solitonic part of the radiation
field becomes delayed with respect to the rest of this field
because of the anomalous GVD of the fiber. As a result of
these processes, the redshifted soliton becomes more and
more isolated from the rest of the light field in both time and
frequency domain, which reduces, in particular, the interfer-
ence between the solitonic and nonsolitonic part of radiation,
seen in Figs. 2(d) and 5.

High-order fiber dispersion induces soliton instabilities,
leading to the Cherenkov-type emission of dispersive waves
[45,46] phase-matched with the soliton, as discussed in the
extensive literature (see, e.g., [28,47]). This resonant
dispersive-wave emission gives rise to a spectral band cen-
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show experimental spectra measured at the output of a 20-cm NL-
PM-750 fiber. The dashed line presents the input spectrum, pro-
vided by the Ti:sapphire oscillator.

tered around 540 nm in Fig. 5. As a result of the above-
described nonlinear-optical transformations, the spectrum of
the radiation field for a PCF with a characteristic length of
20 cm typically features four isolated bands, representing the
remainder of the FWM-converted pump field (the bands cen-
tered at 670 and 900 nm in Fig. 5), the redshifted solitonic
part (reaching 1.06 wm for z=24 cm in Fig. 5), and the blue-
shifted band related to the Cherenkov emission of dispersive
waves in the visible. In the time domain, as can be seen from
Figs. 2(a) and 2(b), only the solitonic part of the radiation
field remains well-localized in the form of a short light pulse,
the remaining part of the field spreading out over a few pi-
coseconds.
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Our theoretical model, as can be seen from the compari-
son of the theoretical and experimental spectra of PCF output
(Figs. 5 and 6), gives interesting physical insights into the
soliton dynamics of few-cycle pulses in PCFs. Based on the
results of simulations presented in Fig. 5, we identify the
peaks at 550 and 1060 nm in Fig. 6 as the signatures of
Cherenkov emission of dispersive waves and the redshifted
soliton, respectively. The prominent peaks at 670 and
890 nm in Fig. 6 are indicative of phase-matched FWM pro-
cesses around the zero-GVD wavelength, which give rise, as
shown in Fig. 5, to two characteristic peaks at 650 nm and
around 920 nm and deplete the pulse spectrum between these
wavelengths. Energy conversion to the redshifted peak at
1.06 um in Figs. 5 and 6 is indicative of a Raman-induced
soliton self-frequency shift.

Replacement of chirped mirrors in the Ti:sapphire oscil-
lator modifies the output spectrum of the laser, providing a
higher spectral intensity within the range of wavelengths
from 750 to 950 nm (line 4 in Fig. 1), but leaving the pulse
width virtually unchanged. In Fig. 7, we present the simu-
lated spectral evolution of such an input field in a PCF with
a dispersion profile shown by curve 2 in Fig. 1. The spectrum
of PCF output in this case again features signatures of self-
phase modulation and four-wave mixing in the central part of
the spectrum and well-resolved peaks corresponding to a red-
shifted soliton and Cherenkov emission of dispersive waves.
However, with more energy of the input field concentrated in
the near-infrared part of the spectrum, redshifted solitons
with longer central wavelengths are generated at the output
of PCF. The frequency-shifted soliton in the output spectrum
of a 20-cm PCF in Fig. 7 is observed as an isolated peak
centered at 1310 nm. This finding demonstrates the possibil-
ity of controlling the central wavelength of redshifted soli-

FIG. 7. (Color online) Spectral
evolution of a laser pulse with an
initial pulse width of 6 fs, an ini-

tial energy of 0.35 nJ, and an in-
put spectrum shown by line 4 in
Fig. 1 propagating through a PCF
with a dispersion profile as pre-
sented by curve 2 in Fig. 1.
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FIG. 8. (Color online) Spectra of radiation intensity at the output
of a 20-cm PCF with a dispersion profile shown by curve 2 in Fig.
1 calculated for input pulses with an initial pulse width of 6 fs,
intensity spectrum as presented by line 4 in Fig. 1, and an initial
energy of 0.25 nJ (1), 0.35 nJ (2), and 0.45 nJ (3).

tons at the output of PCFs by modifying the spectrum of the
input pulse.

Results of simulations presented in Fig. 8 illustrate the
generation of wavelength-tunable redshifted soliton spectral
component in a 20-cm PCF by input few-cycle pulses with a
variable initial energy. As the energy of the input pulse in-
creases from 0.25 to 0.45 nJ, the central wavelength of the
redshifted soliton in Fig. 8 is tuned from 1.14 to 1.35 um.
The maximum wavelength shift of the soliton component
with respect to the central wavelength of the laser pulse (de-
fined as 800 nm for the Ti:sapphire oscillator) can thus reach
550 nm.

In experiments, the radiation energy launched into the
fundamental mode of a 20-cm NL-PM-750 fiber was varied
by translating and slightly tilting the in-coupling objective
with respect to the input end of the fiber. The input radiation
energy coupled into the fundamental mode of the fiber was
used as a fitting parameter in our simulations and was de-
fined from the best fit between the simulated spectra and the
experimental data. In Fig. 9, we plot the normalized spectra
measured at the output of a 20-cm NL-PM-750 fiber for
three different input energies in the fundamental mode of the
PCF, with the total energy of the 6-fs pulse coming to the
objective being about 2 nJ. Our simulations provide a rea-
sonable fit for the redshifted soliton parts of PCF output
spectra, as well as for the blueshifted Cherenkov emission in
the visible with the input energy in the fundamental mode
ranging from 0.25 to 0.45 nJ (cf. Figs. 8 and 9). Discrepan-
cies between results of simulations and experimental data,
observed in the central part of the output PCF spectrum in
Fig. 9, can be attributed to nonlinear-optical transformation
of laser pulses guided in higher order modes of the PCF, as
well as to cw radiation from the laser oscillator induced by
backreflection from the fiber. Experimental results presented
in Fig. 10 demonstrate a smooth tuning of the central wave-
length of the redshifted PCF output of a PCF within the
range 970 to 1170 nm by varying the input energy in the
fundamental mode of the fiber. By adjusting the input energy
coupled into the fundamental mode from 0.1 to 0.5 nJ, as
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FIG. 9. (Color online) Experimental spectra at the output of a
20-cm NL-PM-750 fiber measured for three different input energies
in the fundamental mode of the PCF, with the total energy of the
6-fs pulse coming to the objective equal to 2 nJ. The input spectrum
of laser pulses is shown by line 4 in Fig. 1.

can be seen from the experimental data shown in Figs. 9 and
10, we were able to generate a redshifted solitonic compo-
nent at the output of the PCF with any wavelength from
970 nm (corresponding to the low-frequency edge of the in-
put spectrum) to 1.35 pm.

To get an 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 PCFs as a function of the
fiber length. The length of the second-type PCF with a core
diameter of 2.6 um (inset 2 in Fig. 1) was gradually reduced
in these experiments by the destructive cutback approach
with input pulse parameters remaining unchanged (the input
spectrum of the laser pulse is shown in the inset to Fig. 11).
These measurements yielded a series of PCF output spectra,
visualizing the spectral transformation dynamics of few-
cycle pulses in the PCF. As shown in Fig. 11, the main spec-
tral features of PCF output are adequately described by the
GNSE. In particular, our theoretical model quite accurately
predicts the central wavelengths and the amplitudes of the
redshifted solitonic components, as well as their counterparts
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FIG. 10. (Color online) Experimentally measured redshifted
output of the NL-PM-750 fiber tuned from 970 to 1170 nm by
varying the input energy in the fundamental mode of the PCF.
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FIG. 11. (Color online) Output spectra measured (circles) and
calculated (solid line) for a 2-nJ few-cycle laser pulse (the input
spectrum is shown in the inset) transmitted through a silica PCF
with a core diameter of 2.6 um and a variable length—from top to
bottom: 4.5, 10, 15, and 19 cm.

in the anti-Stokes part of the spectrum, originating from
dispersive-wave emission. In the central part of the output
spectrum, however, the experimental data can noticeably de-
viate from the results of GNSE simulations. While the model
predicts a total depletion for the spectral components corre-
sponding to the input field, experiments visualize a measur-
able part of output radiation energy within the range of
wavelengths from 650 to 950 nm. Curve 2 in Fig. 12 dis-
plays the integral of the measured spectral intensity S(\),
F()\)=f§mmS()\’)d)\’, where A, is the lower bound of the
wavelength range covered by the detection system, as a func-
tion of the wavelength \. As can be seen from this plot, the
nonsolitonic part of output radiation, which includes the
dispersive-wave component centered at 625 nm and the non-
depleted central part of the spectrum, may contain up to 50%
of the total radiation energy at the output of the fiber. This
discrepancy between theoretical predictions and experimen-
tal results can be indicative of physical processes not in-
cluded in the model, such as the excitation of higher order
PCF modes and spatial self-action phenomena [48].
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FIG. 12. (Color online) Output spectrum of a 3-cm PCF with a
core diameter of 2.6 um (1) and the corresponding integral of the
spectral intensity F(\) as a function of the wavelength \ (2).

The key advantages of the SSFS-based strategy of widely
tunable frequency shifting of few-cycle laser pulses demon-
strated in this work originate from the intrinsic properties of
Raman-shifted solitons. In particular, the central frequency
of the redshifted soliton can be tuned by varying the fiber
length and the input pulse energy. Radiation energy carried
by this signal is localized in the time domain within a short
spike, dominating the temporal envelope of radiation inten-
sity in the fiber. Because of the anomalous group-velocity
dispersion of the PCF, the redshifted soliton becomes de-
layed and eventually isolated, both spectrally and temporally,
with respect to the rest of the pump field [Figs. 2(a) and
2(b)]. This isolation of the frequency-shifted soliton sup-
presses the interference between the solitonic part and the
rest of the spectrum of radiation field. For a PCF with a
characteristic length of tens of centimeters, the amplitude of
the soliton spike in the temporal envelope of radiation inten-
sity is typically an order of magnitude higher than the inten-
sity of the remainder of SPM-broadened pump field and
Cherenkov emission, both of which are spread out in time.
As a result, the frequency-shifted solitonic component is ob-
served in experiments as the most stable part of the output
spectrum, which is free of intereference fringes, typical of
the nonsolitonic part of the radiation field, including Cheren-
kov emission. Redshifted soliton signals formed by sub-6
-fs laser pulses in PCFs have been demonstrated to be ideally
suited as a seed for optical parametric chirped-pulse ampli-
fication [37] and offer much promise as short-pulse light
sources for spectroscopic and time-resolved pump—probe
measurements.

V. CONCLUSION

We have shown in this work that photonic-crystal fibers
can provide a highly efficient and widely tunable frequency
shifting of few-cycle laser pulses through the soliton self-
frequency shift induced by the Raman effect. With the wave-
length of zero group-velocity dispersion of the fiber lying
within the broad spectrum of the input pulse, the output spec-
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tra observed in our experiments are dominated by distinct
spectral peaks, originating from concurrent nonlinear-optical
processes. We have identified well-resolved signatures of
soliton self-frequency shift, four-wave mixing, and Cheren-
kov emission of dispersive waves and demonstrate that the
laser pulse energy can be efficiently coupled into a spectrally
isolated wavelength-tunable redshifted soliton peak. For this
spectral peak, wavelength shifts as large as 500 nm have
been demonstrated with input few-cycle Ti:sapphire laser
pulses having broadband spectra centered at approximately
820 nm. The central wavelength of the redshifted output of a
photonic-crystal fiber was smoothly tuned in our experiments
from the low-frequency edge in the spectrum of the 6-fs
Ti:sapphire laser pulse up to 1.35 wm by varying the input
energy in the fundamental mode of the fiber.
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