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1.2- to 2.2-pm Tunable Raman Soliton Source Based
on a Cr: Forsterite Laser and a Photonic-Crystal Fiber
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Abstract—A 1.2- to 2.2-pm tunable femtosecond light source
based on the soliton-self-frequency-shift effect of high-power
Cr : forsterite laser pulses propagating inside a highly nonlinear
photonic crystal fiber is reported. The demonstrated soliton
self-frequency shift is higher than 42% of the pump laser fre-
quency, corresponding to a record 910-nm wavelength tuning
range. Due to the advantages of simplicity, easy tunability,
high-temperature stablility, and low cost of this new femtosecond
light source, it accordingly, could be widely applicable for many
applications.

Index Terms—Nonlinear optics, ultrafast optics, lasers tuning,
optical solitons.

IDELY wavelength-tunable femtosecond sources with
anJ pulse energy are desirable in many applications
such as optical communications, coherent anti-Stokes Raman
(CARS) microscopy [1], carrier heating research in quantum
wells [2], multiphoton multiharmonic laser-scanning mi-
croscopy [3], and the study of time-resolved ultrafast molecular
dynamics [4], etc. Conventional frequency-tunable sources
utilize the optical parametric generation (OPG) effect inside
nonlinear crystals to convert a high-energy photon into two or
more low-energy photons. By changing the phase-matching
condition inside the nonlinear crystal, the wavelength of
the converted low-energy photons can be tuned. However,
the threshold pumping power is on the order of watts so
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that an external amplifier is usually needed. Moreover, the
phase-matching condition is so critical that the entire system
is very sensitive to temperature and is hard to tune effectively.
In addition, the cost of an OPG system is high. Therefore, a
simple, easily tunable, temperature stable and less expensive
frequency-tunable source is highly desired for many different
applications.

In 1986, Mitschke and Mollenauer reported the first
Raman-induced soliton-self-frequency-shift  (SSFS)-based
tunable source by seeding 1.5-um-wavelength pulses into a
0.4-km-long conventional fiber [5]. The pulses experienced
anomalous dispersion so that the blue components of the
pulse propagated faster than the red components. Moreover,
for subpicosecond pulses, the pulse spectral width was broad
enough so that the Raman gain spectrum pumped by the blue
components could cover the followed red components. Thus,
through the anomalous fiber dispersion and the Raman gain,
the energy of the blue components was continuously converted
to that of the red components. In Mitschke and Mollenauer’s
work, by simply changing the coupling power into the fiber,
the wavelength shift range was higher than 100 nm. However,
this tunable source did not attract much attention due to the
limited tunable range arising from the dispersion property of a
conventional fiber.

Since the invention of photonic crystal fibers and higher
order mode fibers, the SSFS range can be extended to below
1.3 pm due to the artificial dispersion characteristics achieved
by engineering the fiber structure. Recently, several groups
have demonstrated SSFS-based frequency-tunable sources
with different excitation sources, such as Ti: sapphire lasers
[6], [7], Yb-doped fiber lasers [8]-[10], optical parametric
oscillators [11], Er-doped [12] and Tm-doped fiber lasers [13].
These widely tunable sources may individually be utilized
for different applications, such as light detection and ranging
beyond the 2-um eye-safe regime [14], single source covering
the whole optical communication band from 1.3 to 1.7 pm [15],
and the excitation sources for CARS microscopy [1].

In this letter, a novel 1.2- to 2.2-um-tunable femtosecond
light source based on the soliton-self-frequency-shift effect
of high-power Cr: forsterite laser pulses propagating inside a
highly nonlinear photonic crystal fiber is reported. The demon-
strated soliton self-frequency shift is higher than 42% of the
pump laser frequency, corresponding to a record 910-nm wave-
length tuning range. Due to the advantages of its simplicity,
easy tunability, high-temperature stability, and low cost, this
new femtosecond source should be widely applicable for many
different applications.
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Fig. 1. (a) Schematic diagram of the tunable Raman soliton source. The
Cr : forsterite laser cavity was enclosed in the dashed box. PM: pump mirror;
PL: pump lens; DC: dichroic mirror; X: crystal; C: curve mirror; P1, P2: prism
pair; OC: output coupler; ISO: optical isolator; M1, M2: high reflection cavity
mirror; M: high reflection mirror; PCF: photonic crystal fiber. (b) Laser output
spectrum and (c) the measured laser intensity autocorrelation.

As shown in Fig. 1(a), this tunable source is composed
with a nonlinear photonic crystal fiber and a home-made fem-
tosecond Kerr-lens Cr : forsterite laser pumped by a Yb-doped
fiber laser. Typically, with a 10-W pump power, as shown in
Fig. 1(b) and (c), the Cr: forsterite laser oscillator can emit
65-fs pulses (under Gaussian-shaped waveform assumption)
with a 700-mW average output power and a 35-nm full-width
at half-maximum (FWHM) bandwidth with a ~1245-nm center
wavelength. The time-bandwidth product of the laser output
pulse was 0.449. The laser repetition rate was 100 MHz. At
laser output, an optical isolator (1230-I0-5, OFR) was inserted
to suppress the back-reflection. The stability of the laser output
power was typically within 5% in 1 h. The output laser pulses
were delivered into a 70-cm-long nonlinear photonic crystal
fiber (NL-3.5-975, Crystal-Fiber A/S) with a typically 60%
coupling efficiency. The wavelength of zero group-velocity dis-
persion (GVD) of the fiber is 975 nm and the dispersion value at
1245 nm is around 40 ps/nm/km. With a measured mode-field
diameter at 1250-nm wavelength to be ~3.0 pm, the calculated
nonlinear coefficient at 1250 nm was 18.4 (W -km)~! and the
corresponding soliton-order was 7.

As shown in Fig. 2(a), when the average power at fiber
output was up to 300 mW (including 30-mW anti-Stokes
visible light and 270-mW infrared (IR) light), a clear fre-
quency-shifted soliton with a 70-nm FWHM and a max-
imum carrier wavelength shift of 910 nm (or ~102 THz
in frequency) was observed. The autocorrelation-measured
pulsewidth of the 2160-nm soliton was 137 fs (under hyper-
bolic-secant-square-shaped waveform assumption) as shown
in Fig. 2(b), with a corresponding time-bandwidth product of
0.57. The relatively asymmetric shape of the autocorrelation
trace is due to the low signal-to-noise ratio of the measurement
system in this long wavelength regime primarily attributed
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Fig. 2. (a) Fiber output spectrum and (b) corresponding autocorrelation mea-
surement of the self-frequency-shifted solitons at 2.16 pm. The fiber length was
70 cm. (c) Another fiber output spectrum with a 3.6 m fiber length.

to the improper second-harmonic-generation crystal coating.
When the characteristics of coupled femtosecond pulses and
the length of the adopted fiber were changed, the generated
soliton spectrum also varied, as predicted by Gordon [16].
Fig. 2(c) shows an example output spectrum by injecting 180-fs
1245-nm pulses with a 45-nm bandwidth into a 3.6-m-long
NL-3.5-975 fiber. Fig. 2(a) and (c) both reveal a wavelength
upper-limit of soliton self-frequency shift around 2.1-2.2 pum,
which can be attributed to the abruptly increased absorption of
silica fibers [13], [17].

For further increase of the frequency tuning range beyond
2.2 pm, fluoride glass fibers or telluride glass fibers with a low
mid-IR absorption loss [17] may be combined with this silica
photonic crystal fiber, where the silica photonic crystal fiber will
be in charge of the SSFS in the 1.5- to 1.8-um regime and the
fluoride glass fiber or the telluride glass fiber or fluoride glass
fibers could take charges of the rest SSFS beyond 1.8 pm to
avoid the mid-IR absorption of Silica fibers. In this work, we
also quantitatively studied the behaviors of the SSES in the 1.5-
to 1.8-um wavelength regime with a 70-cm-long NL-3.5-975
fiber for possible further SSFS applications beyond 2.2-pm.

Fig. 3(a) shows the typical power-dependent spectra of the
Raman-shifted solitons at fiber exit. As the output power from
the fiber was below 17 mW, a single soliton was formed. As
the power increased, a single soliton pulse was observed against
a background of nonsolitonic radiation. Finally, for the output
power exceeding 100 mW, the excitation pulse energy was suf-
ficient to produce two solitons. The wavelength shift was in-
creased monotonously with the increase of the input power. The
average power of the soliton could be estimated from the mea-
sured spectrum and the total output power, and can be rechecked
by directly measuring the soliton power after different long-pass
filters. The average measured power for the 1800-nm soliton
was about 114 mW.

Typical pulsewidths for the 1520- and 1800-nm solitons
[Fig. 3(b) and (c)] were measured as 70 and 110 fs, with
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Fig. 3. (a) Various fiber output spectra. The values inserted in the figure repre-
sent the total average output power after the photonic crystal fiber. (b) Autocor-
relation measurement of the self-frequency-shifted soliton at 1.52 pm. (c) Au-
tocorrelation measurement of the self-frequency-shifted soliton at 1.80 pem.

a corresponding time-bandwidth product of 0.38 and 0.61,
respectively. The fact that the solitons become progressively
longer in the time domain with increased red shift could corre-
late with the dispersion profile of the PCF. Indeed, light pulses
sense a higher local GVD as they are shifted toward longer
wavelength, which dictates a longer local soliton pulsewidth
[18], [19]. For wavelengths exceeding 2 ;+m, on the other hand,
the increased fiber loss may also be partially responsible [19],
[20] for the lengthening of red-shifted solitons. It is worth men-
tioning that in this work, the wavelength was tuned by adjusting
the coupling power inside fibers. Adjusting the pulsewidth of
incident light and the length of fiber are alternative ways.

In conclusion, based on a Cr : forsterite laser and a photonic
crystal fiber, we have demonstrated a widely tunable Raman
soliton source and in general 65- to 137-fs output pulsewidth.
The wavelength tuning range was from 1245 to 2160 nm, which
reached the long-wavelength-tuning-limit arising from the sharp
increase of material absorption in silica fiber over 2.15 pm [13],
[15]. To our best knowledge, the 910-nm wavelength-tuning
range is higher than those of previous reports. The output spec-
trum of this widely tunable source covers not only the eye-safe
regime beyond 2 pm, but also the whole optical communication
band from 1.3 to 1.7 pm. This low-cost, easily tunable, tem-
perature stable wavelength-tunable source without any external
amplifier should have a great potential for many applications.
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