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Soliton self-frequency shift (SSFS) in a photonic crystal fiber (PCF) pumped by a long-cavity mode-locked
Cr:forsterite laser is integrated with second harmonic generation (SHG) in a nonlinear crystal to generate ultrashort
light pulses tunable within the range of wavelengths from 680 to 1800 nm at a repetition rate of 20 MHz. The pulse
width of the second harmonic output is tuned from 70 to 600 fs by varying the thickness of the nonlinear crystal,
beam-focusing geometry, and the wavelength of the soliton PCF output. Wavelength-tunable pulses generated
through a combination of SSFS and SHG are ideally suited for coherent Ramanmicrospectroscopy at high repetition
rates, as verified by experiments on synthetic diamond and polystyrene films. © 2012 Optical Society of America
OCIS codes: 190.5530, 190.7110.

Following the demonstration of unique properties and
excellent performance of photonic crystal fibers (PCFs)
as frequency converters and supercontinuum sources
[1–3], waveguides of this class find growing applications
as components of larger-scale laser systems and optical
devices for a broad variety of applications, including fre-
quency comb metrology [4], attosecond science [5], and
optical parametric amplification of few-cycle field wave-
forms [6]. In optical imaging, PCFs have been advanta-
geously integrated into the apparatus for coherent
Raman microscopy [7,8], radically simplifying the design
of a multicolor optical source required for this method of
imaging. PCF-based probes combined with the protocols
of optogenetics [9] offer much promise for the develop-
ment of advanced optical interfaces for neuroscience
[10]. The integration of PCF supercontinuum sources
with frequency conversion in nonlinear crystals has been
shown to allow the generation of ultrashort pulses within
a broad spectral range from the UV to the near-IR [11], as
well as to enable the creation of ultracompact sources of
terahertz pulses [12].
Here, we demonstrate that soliton self-frequency shift

(SSFS) in a PCF pumped by an increased energy output
of a long-cavity mode-locked Cr:forsterite laser can be
combined with second harmonic generation (SHG) in a
nonlinear crystal to provide a broad wavelength and
pulse width tunability of ultrashort light pulses in the
range of wavelengths from 680 to 1800 nm at 20 MHz re-
petition rate. This yields ultrashort light pulses with an
average power up to 10 mW ideally suited for coherent
Raman microspectroscopy.
In experiments, we employ a homebuilt ytterbium-

fiber-laser-pumped mode-locked Cr:forsterite laser oscil-
lator [13], which delivers laser pulses with a central
wavelength of 1.25 μm [the dashed line in Fig. 1(a)]
and a pulse width of 40 to 70 fs. The extended cavity de-
sign of the Cr:forsterite laser allows the output laser en-
ergy to be increased up to 18 nJ at a pulse repetition rate

of 20 MHz. The Cr:forsterite laser output is launched into
a silica PCF with parameters as specified in [17] [inset to
Fig. 1(a)]. This PCF was designed to provide efficient
wavelength conversion of 1.25 μm laser pulses through
SSFS, delivering tunable ultrashort light pulses within
a wavelength range of 1.35 to 1.80 μm. The core diameter
of the PCF was chosen large enough (4 μm) to allow an
increase in the energy of solitons [13] relative to the
typical level of soliton energies attainable with highly
nonlinear PCFs.

The spectrum of the soliton output of a 20 cm long PCF
pumped by 5 nJ, 68 fs Cr:forsterite [Fig. 1(a)] features an
isolated wavelength-shifted soliton centered at 1550 nm
(35% incoupling loss and 25% pump-to-soliton energy
conversion efficiency) with a bandwidth supporting a
transform-limited pulse width of 47 fs. Wavelength tun-
ability of the soliton PCF output is illustrated by Fig. 1(b),
which presents the spectra of frequency-shifted solitons
generated in a 20 cm section of PCF by Cr:forsterite laser
pulses with different energies.

The wavelength-shifted PCF output was frequency
doubled through SHG in an xz-cut LBO crystal. Frequency
doubling of short-pulse fiber-laser output has been earlier
shown to provide a compact wavelength-tunable source
of subpicosecond pulses [14]. Our experiments demon-
strate that the wavelength tunability range can be further
expanded and broad pulse width tunability can be added
by combining PCF-based SSFSwith SHG in a properly op-
timized nonlinear crystal. For each wavelength from the
tunability range provided by SSFS in the PCF used in our
experiments [Fig. 1(b)], the angle ϕ of the wave vector of
the pump field with respect to the y axis in the xy plane
[see the inset in Fig. 2(a)] was chosen in such a way as to
provide phase matching for o� o → e SHG at the desired
[the dashed line in Fig. 2(b)]. The spectra of the second
harmonic produced by the wavelength-shifted solitons
from the PCF in 2 and 20 mm LBO crystals are presented
in Figs. 2(a) and 2(b), respectively. In the range of input
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wavelengths from 1400 to 1500 nm, the 20mmLBOcrystal
provided a typical SHG efficiency of about 40%, yielding
second harmonic pulses in the 690 to760 nm wavelength
range with an energy up to 0.5 nJ. Thus, in the case of a
long nonlinear crystal, the spectral brightness of the
second harmonic in our experiments was higher than
the spectral brightness of the soliton, which becomes pos-
sible, as demonstrated in the earlier work [14], due to
�ω0 � δ� � �ω0 − δ� � 2ω0 sum-frequency generation pro-
cesses. The average output peak power of no less than
10 mW was achieved within the entire range from 690
to 750 nm. Beyond this region, the output power gradually
decreased, reaching ∼5 mW at 860 nm. A thinner, 2 mm
LBO crystal provided the second harmonic output power
above 4.0 mW within the range from 680 to 760 nm, de-
creasing to 1.8 mW at 860 nm. Ultrashort pulses in this
wavelength range, albeit with much lower energies, can
be generated directly by using ultrasmall core tapered
fibers [15].
The pulse width of the second harmonic generated in

the LBO crystal can be tuned by varying the thickness of
the nonlinear crystal, beam-focusing geometry, and the
wavelength of the soliton PCF output, providing the
pump field for the SHG process. Due to the mismatch of
the group velocities up and uSH of the pump and second

harmonic pulses in an SHG crystal, the pulse width of the
second harmonic increases [16] in accordance with
τSH ≈ �τ2p ∕ 2� θ2�1 ∕ 2, where τp is the pulse width of the
pump, θ � lint�u−1

p − u−1
SH�, lint � min�L; b� is the interac-

tion length, L is the thickness of the nonlinear crystal,
b � 2πw2

0 ∕ λ0 is the confocal parameter, λ0 is the pump
wavelength, andw0 is the waist radius of the pump beam.
The second harmonic pulse width calculated as a func-
tion of the pump and second harmonic wavelengths
for a thin (L � 2 mm) and a thick (L � 20 mm) nonlinear
crystals is shown by the dashed lines in Fig. 3(a). Disper-
sion of the nonlinear crystal was included in these calcu-
lations through the Sellmeier equation with appropriate
coefficients for LBO. In the case of a thin nonlinear crys-
tal, a lens with a focal length f � 7.5 cm is used, giving
b � 3.8 mm for λ0 � 1500 nm. In this regime, L < b and
τp is close to θ, giving rise to a weak dependence of τSH on
λ0 [curve 1 in Fig. 3(a)]. In the case of a thick crystal, we
take f � 15 cm, leading to b � 13.5 mm for λ0 �
1500 nm. In this case, τp ≪ θ and τSH ≈ b�u−1

p − u−1
SH�,

leading to a strong dependence of τSH on λ0 controlled
by the dispersion of the nonlinear crystal [curve 2 in
Fig. 3(a)].

Typical autocorrelation traces of second harmonic
pulses produced with thin (2 mm) and thick (20 mm)
BBO crystals are presented in Fig. 3(b). These traces
were measured using the SHG process in a 0.5 mm thick
BBO crystal. The second harmonic output of a 2 mm LBO
crystal centered at 700 nm [curve 1 in Fig. 3(b)] can be
accurately fitted with a Gaussian envelope with an
FWHM pulse width of 73 fs. For the 20 mm crystal, the
pulse width of second harmonic output ranged from 210
to 600 fs within the range of wavelengths from 700 to
800 nm. A typical autocorrelation trace for the second
harmonic at 790 nm is shown by curve 2 in Fig. 3(b), cor-
responding to an FWHM pulse width of 580 fs. The pulse
width of the second harmonic output measured as a func-
tion of λ0 for 2 mm and 20 mm thick nonlinear crystals
is shown by the circles and rectangles, respectively,
in Fig. 3(a). Results of these experiments agree well
with theoretical predictions [dashed lines in Fig. 3(a)],
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Fig. 2. (Color online) Spectra of the second-harmonic output
of (a) a 2 mm and (b) 20 mm thick LBO crystal pumped by
wavelength-shifted solitons from a 20 cm long PCF. The dashed
line in (b) shows the SHG phase-matching angle ϕ as a function
of the soliton pump (the upper abscissa axis) and the second
harmonic (the lower abscissa axis) wavelength for LBO. Dia-
gram of the o� o → e SHG process in an xz-cut LBO crystal
is shown in the inset: P, pump field; SH, second harmonic;
and ϕ, angle between the wave vector of the pump beam
and the y axis in the xy plane.
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Fig. 1. (Color online) (a) Spectrum of Cr:forsterite laser pulses
(dashed line) and spectrum at the output of a 20 cm piece of
PCF (shown in the inset) measured with an input energy of
5 nJ (solid line); (b) spectra of wavelength-shifted solitons at
the output of a 20 cm piece of PCF measured with an input en-
ergy of 3.5 nJ (1), 4 nJ (2), 4.4 nJ (3), 4.9 nJ (4), 6.3 nJ (5), and
7.5 nJ (6).
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Fig. 3. (Color online) (a) Pulse width of the second harmonic
as a function of the pump (upper abscissa axis) and second har-
monic (lower abscissa axis) wavelengths: results of experi-
ments using an LBO crystal with L � 2 mm (circles) and
20 mm (rectangles) versus calculations for L � 2 mm (dashed
curve 1) and 20 mm (dashed curve 2); (b) autocorrelation traces
of (1) the 700 nm and (2) 790 nm second harmonic output of (1)
a 2 mm and (2) 20 mm thick LBO crystal pumped by
wavelength-shifted solitons from a 20 cm long PCF.
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showing that the second harmonic pulse width can be
varied from 70 to 600 fs.
Simultaneous wavelength and pulse width tunability

provided by a combination of the SSFS and SHG technol-
ogies is especially helpful for nonlinear Raman spectro-
scopy and microscopy, where the wavelength tunability
is needed for a selective excitation of Raman modes,
while the pulse width tunability is instrumental in redu-
cing the coherent background [17], related to nonreso-
nant four-wave mixing, in the overall coherent Raman
response. In Figs. 4(a) and 4(b), we present typical spec-
tra of coherent anti-Stokes Raman scattering (CARS) ob-
tained for synthetic diamond and polystyrene films. The
pump field at a fixed wavelength, λp ≈ 623 nm, was deliv-
ered by the Cr:forsterite laser output frequency doubled
in a periodically poled lithium niobate (PPLN) waveguide
[the inset in Fig. 4(a)], providing 15 to 20 mW of laser
power on the sample. The Stokes field with a tunable
wavelength λs was delivered by PCF-based SSFS com-
bined with SHG as described above. In experiments with
synthetic diamond, the 1332 cm−1 zone-center Γ�25��
(F2g) symmetry optical phonon [18] was excited through
the Raman process by tuning the Stokes wavelength to
λs ≈ 680 nm. Coherently driven optical phonon vibrations
in diamond were read out with a probe pulse [the inset in
Fig. 4(a)], also provided by the second harmonic output
of the PPLN waveguide, giving rise to an anti-Stokes sig-
nal centered at λa ≈ 575 nm [Fig. 4(a)]. The total acquisi-
tion time required to record the full spectrum of this
signal was 4 to 5 s. The probe pulse was applied with
a delay time of 400 fs relative to the pump and Stokes
pulses in order to reduce the coherent background in
the overall signal [19]. In the case of polystyrene, the
Stokes wavelength was tuned to λs ≈ 758 nm in order to
excite the CH vibrational mode at 2850 cm−1. The probe
pulse was applied simultaneously with the pump and
Stokes pulses [the inset in Fig. 4(b)], giving rise to an

anti-Stokes signal at λa ≈ 529 nm observed against an in-
tense coherent background due to the nonresonant four-
wave mixing process [Fig. 4(b)].

In conclusion, soliton self-frequency shift in a PCF
pumped by a long-cavity mode-locked Cr:forsterite laser
has been integrated with SHG in a nonlinear crystal to
generate 20 MHz repetition rate ultrashort light pulses
wavelength-tunable from 680 to 1800 nm, thus expanding
the wavelength-tunability range well beyond tunability
attainable with the same class of commercially available
systems. In addition to wavelength-tunability, the tech-
nology demonstrated in this work offers broad pulse
width tunability, yielding ∼10 mW optical field wave-
forms with pulse widths tunable from 70 to 600 fs ideally
suited for coherent Raman microspectroscopy.
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work Programme (CROSS TRAP 244068) and Russian
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Fig. 4. (Color online) CARS spectra of the 1332 cm−1 zone-
center Γ�25�� (F2g) symmetry optical phonon in a synthetic
diamond film. (a) The 2850 cm−1 CH vibrational mode of poly-
styrene and (b) experimental (dots) and theoretical (solid lines)
fits assuming Lorentzian line profiles for the Raman lines. Dia-
grams of CARS arrangement are shown in the insets: Cr:F, Cr:
forsterite laser; PPLN, periodically poled lithium niobate wave-
guide; PCF, photonic crystal fiber; DF, diamond film; PF,
polymer film; AS, anti-Stokes signal; and Spec, spectrometer.
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