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Abstract—Characteristics of widely wavelength tunable ultra-
short pulse generation using several types of polarization main-
taining fibers have been experimentally analyzed. Using the di-
ameter reduced type of polarization maintaining fibers, the wave-
length tunable soliton pulse is generated from 1.56 to 2.03 m.
It is confirmed that the almost transform-limited 340-fs soliton
pulse is generated at a wavelength of around 2 m using a fre-
quency-resolved optical gating method. When the low-birefringent
fibers are used, it is observed that the orthogonally polarized small
pulse spectrum is trapped by the soliton pulse and is also shifted
toward the longer wavelength side in the process of soliton self-fre-
quency shift. The wavelength of the orthogonally polarized pulse
spectrum is 40–50 nm longer than that of the soliton pulse, and
the birefringence of the fiber is compensated by the chromatic dis-
persion. Finally, the polarization maintaining highly nonlinear dis-
persion-shifted fiber is used as the sample fiber. When the fiber
input power is low, the wavelength-tunable soliton and anti-stokes
pulses are generated. As the fiber input power is increased, the
pulse spectra are gradually overlapped and the 1.1–2.1m widely
broadened supercontinuum spectra are generated by only 520 pJ
pulse energy.

Index Terms—Nonlinear wave propagation, optical fiber ap-
plications, optical fiber lasers, optical pulse generation, optical
soliton, Raman scattering.

I. INTRODUCTION

ULTRASHORT pulse lasers are an important light source
for ultrafast optoelectronics, ultrafast spectroscopy, mul-

tiphoton microscopy, optical chemistry, etc. So far, as ultrashort
pulse lasers, the large scaled dye laser or solid-state laser have
been used. However, the size of those systems is not compact,
and they have been difficult to handle. In addition, the prac-
tical wavelength-tunable ultrashort pulse source at a wavelength
above 1 m has not been demonstrated.

Recently, the passively mode-locked fiber laser has been
demonstrated by several groups [1]–[6]. These lasers are
compact and stable and almost maintenance-free. However, the
wavelengths of the optical pulses are fixed around 1.55m and
cannot be changed widely.

Recently, we have succeeded in the demonstration of a wave-
length-tunable compact system for short pulse generation with
the combination of a fiber laser and an optical fiber [7]–[10].
In this system, the wavelength of the soliton pulse can be
changed continuously by merely varying the fiber input power.
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In the first paper, the wavelength of the soliton pulse has been
changed at the wavelength region of 1.56–1.78m [7]. The
generated pulses are estimated as 200 fs by the assumption of
sech pulse shape, and they are close to the ideal soliton pulses
from the time-bandwidth product. The maximum conversion
efficiency from the pump pulse into the soliton pulse is as high
as 85%. Then the two colored soliton pulses have been gener-
ated simultaneously using the birefringence of the polarization
maintaining (PM) fibers [8]. Using the dispersion-shifted
fibers, we can generate the wavelength-tunable soliton pulse
and the anti-stokes pulse in the wavelength region of 1.32–1.75

m [10]. This wavelength conversion technique has been
used in the high-power fiber laser systems [11]. Recently,
the electrically controlled high-speed wavelength-tunable
ultrashort pulse generation has been demonstrated using the
acoustooptical modulator and optical fibers [12].

In this paper, the wavelength-tunable ultrashort pulse gen-
eration is examined and characterized using several types of
PM fibers. Widely wavelength-tunable ultrashort soliton pulse
is generated in the wavelength region of 1.55–2.03m. The gen-
erated soliton pulse around 2.0m is observed using the tech-
nique of frequency-resolved optical gating (FROG). Then, the
observed phenomenon of spectral trapping between the orthog-
onal polarization components in the low birefringent PM fibers
is discussed. Finally, the characteristics of the spectral variation
in PM highly nonlinear dispersion-shifted fibers are experimen-
tally investigated. The widely broadened supercontinuum gen-
eration is observed in the wavelength region of 1.1–2.1m.

II. WIDELY WAVELENGTH- TUNABLE SOLITON PULSE

GENERATION USING DIAMETER REDUCED FIBER

Fig. 1 shows the experimental setup. The passively mode-
locked Er-doped fiber laser (IMRA Femtolight) is used as the
light source. It generates the 110 fs sech-like pulses stably at
a repetition rate of 48 MHz. The center wavelength is 1556 nm
and the spectral width is about 20 nm. The output of the fiber
laser is coupled into the optical fibers. In this section, the di-
ameter reduced type of PM fibers are used as the wavelength
conversion fibers. The mode field diameter is 5.8m, and the
magnitude of the dispersion ps /km at the wave-
length of 1.55 m. The polarization direction of the pump pulse
is aligned along the birefringent axis of the fiber. In the optical
fibers, the pulse breakup occurs in the ultrashort pulse propa-
gation and the wavelength tunable soliton pulses are generated
due to the soliton self-frequency shift [7], [13]–[16]. As the
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Fig. 1. Experimental setup of widely wavelength-tunable ultrashort pulse
generation.

Fig. 2. Observed optical spectra at the fiber output when diameter reduced
type PM fiber is used. The fiber input power is 30 mW and the fiber length is
220 m.

fiber input power varies, the wavelength of the generated soliton
pulse is shifted arbitrarily and continuously.

Fig. 2 shows the observed optical spectra at the output of
the 220-m PM fibers when the fiber input power is 30 mW.
The optical spectra are measured with the optical spectrum an-
alyzer and the monochromator. When the fiber input power is
increased, the wavelength of the soliton pulse is shifted toward
the longer wavelength side. The observed maximum conversion
efficiency from the pump pulse into the soliton pulse is as high
as 85% when the fiber length is 75 m, fiber input power is 5.5
mW, and center wavelength of the soliton is 1625 nm. As the
fiber input power is much increased, following the first solitons,
the second soliton pulse is generated from the residual pump
pulse, which is not converted into the soliton pulse. The gener-
ated soliton pulses are almost the transform-limited ideal sech
pulses. When the conventional non-PM fibers are used, the clear
sech pulses are not generated.

In [17], we have experimentally analyzed the wavelength de-
pendence for conversion efficiency [17]. In that study, the mag-
nitude of the conversion efficiency is gradually decreased as the
wavelength shift of the soliton pulse is increased due to the in-
creasement of the absorption loss in the optical fiber. As the re-
sults of the numerical analysis, almost perfect conversion ef-
ficiency has been obtained when the input pulse is the funda-
mental soliton pulse [9].

Fig. 3. Characteristics of wavelength shift of soliton pulse as the function of
fiber input power when the diameter reduced type PM fiber is used.

Fig. 3 shows the characteristics of the wavelength shift of the
first soliton pulse as a function of the fiber input power. As the
fiber input power is increased, the wavelength of the generated
soliton pulse is shifted continuously toward the longer wave-
length side. For the wavelength region of 1.55–1.85m, the
wavelength of the soliton pulse is shifted almost linearly and
continuously as a function of the fiber input power. In terms of
the fiber length, the longer the fiber is, the larger the wavelength
of the soliton pulse is. When the fiber length is 220 m and the
fiber input power is 35 mW, the wavelength of the soliton pulse
is shifted up to 2008 nm. When the fiber input power is much
increased to 45 mW, the maximum wavelength shift up to 2033
nm is observed. The magnitude of wavelength shift is as large
as 475 nm.

Above the wavelength of 1.85m, the slope of the wave-
length shift is gradually decreased. This decrease of the slope
of wavelength shift is due to the increase of mode-field radius,
magnitude of chromatic dispersion, and optical attenuation loss
as the wavelength of the soliton pulse is increased [9].

The observed autocorrelation trace of the soliton pulse is
shown in Fig. 4. The fiber length is 110 m and the fiber input
power is 7 mW. The pedestal free clear trace is observed, and
this autocorrelation trace is well fitted to that of the sechpulse.
The temporal width of the autocorrelation trace is 330 fs at
full-width at half-maximum (FWHM) and the corresponding
pulse width is estimated to be 210 fs. The time–bandwidth
product is 0.32 and is in good agreement with that of the trans-
form limited sech pulse. The soliton number is estimated
to be 1 and the ideal soliton pulse is generated.

In this system, the observed maximum wavelength of the
soliton pulse reached up to 2.03m. It is, however, difficult to
measure the actual temporal width since the second soliton pulse
and the residual pump pulse come out together with the first gen-
erated soliton pulse. In this paper, we observe the soliton pulse
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Fig. 4. Observed autocorrelation trace of soliton pulse when the diameter
reduced type PM fiber is used. The fiber length is 110 m and the fiber input
power is 7 mW.

Fig. 5. Observed SHG-FROG trace of wavelength-tunable soliton pulse
around 2�m when the diameter reduced PM fiber is used. The fiber length is
220 m and the fiber input power is 30 mW.

using the second harmonic generation (SHG) FROG method,
and the temporal width of the soliton pulse has been estimated.

Fig. 5 shows the measured FROG trace of the generated
soliton pulse at the wavelength of 1942 nm. The fiber length is
220 m and the fiber input power is 30 mW, which is almost the
same condition as in Fig. 2. The 3-mm-thick KTP crystal is used
as the SHG crystal to generate the correlation signals [18]. The
generated SHG signals are passed through the monochromator
and detected with the photomultiplier. In Fig. 5, the elliptical
symmetric trace is clearly observed. The temporal width of the
autocorrelation trace obtained from the FROG trace is 520 fs
at FWHM and the corresponding pulse width is 340 fs under
the assumption of the sechpulse shape. From Fig. 2, the
spectral width is 13 nm and the corresponding time bandwidth
product is 0.35. This value is slightly larger than that of the
transform-limited sechpulse, which is 0.315. From this figure,

it is confirmed that the nearly transform-limited femtosecond
soliton pulse is generated at a wavelength of around 2m.

The characteristics of ultrashort pulse propagation in optical
fibers can be described by the nonlinear Schrödinger equation
[19]. The results of numerical analysis are well in agreement
with the experimental ones [9]. The maximum wavelength shift
has been estimated to be 2.2m by the numerical simulation.
In the experiment, the observed maximum wavelength of the
Raman-shifted soliton pulse is 2130 nm [6]. It is considered that
if we can use the intense and ideal pump pulse, we can obtain
the much larger wavelength shift experimentally.

In [20], we have experimentally observed the magnitude of
timing jitter of the wavelength-tunable soliton pulse in the wave-
length region of 1600–1700 nm [20]. It has been shown that
the magnitude of the timing jitter is not increased as much in
the process of soliton self-frequency shift. Thus it can be said
that this wavelength-tunable ultrashort pulse generation system
is very stable, and it is very useful for practical applications.

Since the wavelength shift of the soliton pulse is induced by
the nonlinear effect in the optical fibers, the wavelength can
be varied very rapidly using the intensity modulator. Recently,
the ultra-high-speed wavelength-tunable ultrashort pulse gen-
eration system has been demonstrated using the acoustooptical
modulator [12].

III. ORTHOGONALSPECTRALTRAPPING INLOW BIREFRINGENT

FIBER

In the previous section, we have used the diameter reduced
type of PM fiber in which the magnitude of mode field diam-
eter is 5.8 m and the typical birefringence is about 710 .
A decade years ago, Islamet al. observed the soliton trapping
between the two orthogonal polarization components using very
low birefringent fiber, in which the magnitude of birefringence
is about 2 10 [21]. In this section, we describe the experi-
mental results of the low-birefringent fiber, in which the mag-
nitude of mode-field diameter is 8m and the typical birefrin-
gence is 3 10 .

Fig. 6 shows the observed optical spectra at the fiber output.
The fiber length is 220 m and the fiber input power is 24 mW.
When the polarization direction is aligned along the fast axis of
the PM fiber, the monocolored soliton pulse is generated at the
longer wavelength side of the pump pulse. This soliton pulse
is almost the transform-limited fundamental soliton pulse [17].
When the polarization direction is aligned along the slow axis, in
addition to the generated soliton pulse, the small pulse spectral
component is observed at the 40 nm longer wavelength side of
the soliton pulse.

Fig. 6(c) and (d) shows the observed optical spectra when the
polarizer is used to pick up one of the orthogonal polarization
components. The polarization direction of the fiber input pulse
is aligned along the slow axis of the PM fiber. When the polar-
izer at the fiber output is adjusted to pick up the slow axis com-
ponents, the soliton pulse and the residual pump pulse, which is
not converted into the soliton pulse, are observed. On the other
hand, when the polarizer is adjusted to pick up the fast axis com-
ponents, the spectral component of the soliton pulse is almost re-
moved and the small pulse component at the longer wavelength
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Fig. 6. Observed optical spectra at the fiber output when the low birefringent
fiber is used. The fiber input power is 24 mW and the fiber length is 220 m. The
polarization direction of the fiber input pulse is aligned along (a) the fast axis
and (b)–(d) the slow axis. (a) and (b) are the spectra at fiber output, (c) is that
of slow axis components, and (d) is that of fast axis components.

side of the soliton pulse and the residual pump pulse are clearly
observed. Thus it is clarified that the polarization direction of
the soliton pulse is orthogonal to that of the small pulse spectra
at the longer wavelength side of the pump pulse.

Fig. 7 shows the characteristics of the wavelength shift of gen-
erated soliton pulse and small pulse spectra. The wavelength of
the soliton pulse is shifted almost linearly above the threshold
power as the fiber input power is changed. For the same input
power, the center wavelength of the soliton pulse that is aligned
along the fast axis is equal to that aligned along the slow axis.
When the polarization direction of the soliton pulse is aligned
along the slow axis, the small pulse spectrum is generated at the
40–50 nm longer wavelength side of the soliton pulse. When
the wavelength of the soliton pulse is shifted toward the longer
wavelength side by the soliton self-frequency shift, this small
spectral part is also shifted toward the longer wavelength side,
keeping the wavelength separation from the soliton pulse. It
looks like the trapping of the small spectrum by the soliton
pulse.

Owing to the birefringence of the optical fiber, the slow axis
component propagates slower than the fast axis component

Fig. 7. Characteristics of wavelength shifts of soliton and orthogonally
polarized small pulse spectra when the low birefringent fiber is used. The fiber
length is 220 m.

when the optical wavelength is fixed. The magnitude of the
birefringence is about 3 10 and the magnitude of the time
delay is estimated to be 1 ps/m.

Since the wavelength of the small spectral component is
longer than that of the soliton pulse, the small spectral part
propagates slower than the soliton pulse owing to the chro-
matic dispersion when the polarization state is in the same
condition. In Fig. 7, when the fiber output power is 10 mW, the
wavelengths of the soliton pulse and the small pulse spectrum
are 1574 and 1627 nm, respectively, and the magnitude of
the wavelength separation is 53 nm. In this wavelength, the
magnitude of is estimated to be about30 ps /km. Thus
the delay time that is induced by the wavelength separation is
estimated to be 1.3 ps/m. When the fiber output power is 24
mW, the wavelengths of the soliton pulse and the small pulse
spectrum are 1701 and 1740 nm, respectively. The magnitude
of the wavelength separation is 39 nm and is slightly decreased
from that mentioned above. In this wavelength, the magnitude
of is estimated to be about45 ps /km, and the delay time
due to the wavelength separation is estimated to be 1.4 ps/m.

From the above estimations, we can see that the magnitudes
of the delay times induced by the chromatic dispersion are al-
most equal to that induced by the birefringence. Thus it can be
considered that the effect of the birefringence is compensated
by the chromatic dispersion, and the soliton pulse and the small
spectral component copropagate along the fiber. As the wave-
length shift of the soliton pulse is advanced and the magnitude
of the chromatic dispersion is increased, the magnitude of the
wavelength separation between the soliton pulse and the small
spectrum is gradually decreased and the propagation velocities
of the two pulses are kept equal. We can consider as this phe-
nomenon that the small spectral component is trapped by the
soliton pulse.

The delay time induced by the chromatic dispersion is slightly
larger than that induced by the birefringence. The reason con-
sidered is that the wavelengths of the soliton pulse and the small
pulse spectrum gradually increase as the pulse propagation.
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Fig. 8. Variation of optical spectra in PM-HN-DSF when the fiber input power
is changed from 3 to 25 mW. The fiber length is 100 m.

Using very low birefringent fiber, Islamet al. observed the
soliton trapping between the two orthogonal polarization com-
ponents [21]. In this study, we have not observed the phenom-
enon of soliton trapping. When the polarization direction of the
PM fiber is inclined from the birefringent axis, the two-colored
soliton pulses are simultaneously generated [8]. If the magni-
tude of birefringence of the PM fiber is much smaller to be

10 , the phenomenon of soliton trapping may occur between
the orthogonal polarization components.

IV. SUPERCONTINUUM GENERATION USING HIGHLY

NONLINEAR FIBER

Using the dispersion-shifted fibers, we can generate the wave-
length-tunable soliton pulse and anti-stokes pulse [10]. These
two pulses shift toward the opposite wavelength sides as the
fiber input power is varied. Using these two pulses, we can ob-
tain the wavelength-tunable ultrashort pulses in the wavelength
region of 1.3–1.76 m.

The wavelength shift of the wavelength-tunable soliton pulse
is induced by the nonlinear effect in the optical fibers. Thus it is
considered that if the nonlinearity of the fiber can be increased,
we can obtain much wider wavelength shift.

Fig. 9. Observed supercontinuum spectra generated in PM-HN-DSF. The fiber
length is 100 m and the fiber input power is 25 mW.

In this section, we used the polarization maintaining highly
nonlinear dispersion-shifted fibers (PM-HN-DSF) in order to
get the wide wavelength tuning range [22]. In this fiber, the mag-
nitude of ps /km and the mode-field diameter is 3.7

m at the wavelength of 1.55m. The obtainable nonlinear co-
efficient is as large as 21 W km . This magnitude of the
nonlinear coefficient is, to our best knowledge, the maximum
one in the silica fibers [22]–[24].

Fig. 8 shows the variation of the optical spectra observed
with the optical spectrum analyzer as the fiber input power is
changed. The length of the fiber is 200 m. The wavelength re-
gion we can measure with the optical spectrum analyzer is from
600 to 1750 nm. When the fiber input power is 3 mW, the
wavelength-tunable soliton pulse and anti-stokes pulse are gen-
erated at the longer and shorter wavelength sides of the pump
pulse. The spectral shape of the generated soliton pulse is the
clear sech one. As the fiber input power is varied, the wave-
lengths of these pulses are also shifted continuously. Then as the
fiber input power is increased, the soliton pulses and the cor-
responding anti-stokes pulses are generated one after another
from the residual pump pulse. The spectra of these pulses are
gradually overlapped, and finally, the widely broadened super
continuum optical spectrum is constructed.

Fig. 9 shows the observed optical spectra on a log scale when
the fiber input power is 25 mW. The optical spectrum is broad-
ened from 1.1 to 2.1 m. The 10-dB bandwidth is as broad as
about 1 m. To the best of our knowledge, the generation of
the supercontinuum spectra is the first to reach a wavelength of
2 m [19], [22], [25]–[29]. In this case, the peak power of the
pump pulse is 4.7 kW and the pulse energy is only 520 pJ. When
we use the 3-m-long fiber, the supercontinuum broadened from
1.2 to 1.9 m is observed.

In Fig. 9, there is a deep dip around 1.5m. Several groups
have been succeeded in the generation of a flat supercontinuum
with a bandwidth of 200–300 nm using the dispersion-con-
trolled fibers [22], [26], [27]. It is expected that much flatter
continuum spectra can be obtained using the suitable fibers
[30].
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Recently, the supercontinuum generation broadened from
500 to 1600 nm has been demonstrated using the microstructure
fiber [29]. If we use those special fibers, it is expected that the
supercontinuum can be generated using the SHG pulse from
the fiber laser.

The supercontinuum is useful for the ultrashort pulse genera-
tion, optical coherence tomography, etc. So far, it has been nec-
essary to use the high pulse energy laser systems to generate the
supercontinuum spectra. The system used in this experiment is
very compact and almost maintenance free, and is very useful
for practical applications.

V. CONCLUSION

Characteristics of the widely wavelength-tunable ultrashort
pulse generation are experimentally analyzed for several types
of PM fibers. Using the diameter-reduced type of polarization
maintaining fibers, the wavelength-tunable soliton pulse is gen-
erated from 1.56 to 2.03m. The wavelength can be changed
arbitrarily and continuously by varying the fiber input power.
The SHG-FROG measurement of the soliton pulse around 2m
is experimentally demonstrated for the first time. The almost
transform-limited pedestal free 340-fs soliton pulse is observed.

Using the low-birefringent fibers, the orthogonally polarized
small pulse spectrum is generated at the longer wavelength side
of the soliton pulse when the polarization direction of the fiber
input pulse is aligned along the slow axis. When the wavelength
of the soliton is shifted toward the longer wavelength side by
the soliton self-frequency shift, the orthogonally polarized small
pulse spectrum is trapped by the soliton, and it is also shifted to-
ward the longer wavelength side, keeping the wavelength sep-
aration. The effect of the birefringence is compensated by the
chromatic dispersion.

Finally, a polarization maintaining dispersion-shifted highly
nonlinear optical fiber is used as the sample fiber. When the
fiber input power is not large, the wavelength-tunable soliton
and anti-stokes pulses are generated. As the fiber input power is
increased, the soliton and anti-stokes pulses are generated one
after another, and the optical spectra are gradually overlapped
each other. Thus the 1.1–2.1m widely broadened supercon-
tinuum spectra are generated.
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