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Mode locking of a wavelength-swept laser
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Self-starting, stable mode-locked pulses can be generated from a wavelength-swept laser through the inter-
play between an intracavity scanning filter and self-phase modulation. From an Er3*-doped fiber laser em-
ploying a scanning Fabry—Perot filter, 100 ps optical pulses are obtained at a 12-MHz repetition rate with
center wavelengths that are swept over 27 nm around 1.55 um in 1 ms. © 2005 Optical Society of America

OCIS codes: 140.4050, 140.3510, 140.3600.

Tunable lasers typically employ intracavity spectral
filters. Sweeping the center frequency of the filter
rapidly and repeatedly across the broad spectral
range supported by the laser gain medium can result
in a wavelength-swept output spectrum. These
wavelength-swept lasers are of practical interest for
various applications, including sensing,” spectros-
copy, reflectometry,®* and biomedical imaging.’

Single-longitudinal-mode wavelength swept opera-
tion can be achieved if the swept filter is used in con-
junction with a modulation of laser cavity length or
an intracavity frequency shifter that precisely tracks
the center frequency of the swept filter. Such lasers
have been successfully realized using temperature
tuning6 or grating filters in the Littman
conﬁguration,7 resulting in relatively low sweep rep-
etition rates below 10 Hz. Rapidly swept lasers em-
ploying scanning filters, however, intrinsically pro-
duce output spectra consisting of multiple
longitudinal modes.®® In a simple frequency—time-
domain picture,”'® the oscillating spectrum follows
the moving passband of the filter through the cre-
ation of new modes at the leading filter edge and an-
nihilation of old modes at the trailing filter edge.

If each of the modes originated from incoherent
spontaneous emission, they would be randomly
phased and would produce continuous-wave (cw) ra-
diation. However, a defined phase relationship
among the modes can be achieved if the intracavity
light undergoes sufficient self-phase modulation pro-
viding coherent seed photons for the new modes. This
mode-locking mechanism was originally demon-
strated in frequency-shifted-feedback fiber lasers em-
ploying intracavity frequency shifters and fixed spec-
tral filters.'” In this Letter, the mode-locking
mechanism is demonstrated in a wavelength-swept
fiber laser that uses the interplay between a scan-
ning filter and self-phase modulation,” termed
sliding-frequency mode locking. The result is a mode-
locked laser producing a series of 100 ps optical
pulses in which the center wavelength of each pulse
is incremented or decremented by a controllable
amount. The overall wavelength range of the pulse
series is 27 nm around 1550 nm, and the wavelength
sweep rate can be as high as 1 kHz.

Figure 1 shows a schematic of the \-swept fiber
laser.” The unidirectional ring cavity comprises
single-mode fibers (SMF28), isolators, a tunable
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bandpass filter, and an Er®*-doped fiber (EDF). The
EDF is 6.3 m in length and has a small signal ab-
sorption coefficient of 12 dB/m at 1530 nm. The
pump diode at 1470 nm delivers up to 70 mW in the
EDF through the wavelength-division multiplexer.
The intracavity filter is a fiber-based, air-gap Fabry—
Perot tunable filter with a 3 dB bandwidth of
0.23 nm and a free-spectral range of 33 nm. The cen-
ter wavelength of the filter is swept from
1538 to 1565 nm by a triangle-waveform driving sig-
nal at frequencies from DC to 1 kHz. The maximum
tuning speed is limited by the finite response time of
the filter. The total cavity length is 16.8 m, corre-
sponding to a longitudinal mode spacing of 12.2 MHz.
The total cavity loss, excluding the EDF gain, is esti-
mated to be 10 dB, including 4 dB in the filter, 3 dB
in the output coupler, and 2 dB at splices and connec-
tors. The mode size in the EDF is 10 um?, smaller
than the 50 um? mode size in the single-mode fiber.
Therefore, it is expected that self-phase modulation
takes place mostly within the last few meters of the
EDF, where the optical intensity is highest.

When the filter was not scanned, the laser pro-
duced cw radiation if the launched pump power lev-
els exceeded a lasing threshold of 4 mW. Figure 2(a)
shows the output power (dotted line) measured with
the filter fixed at 1550 nm. In the swept operation,
the laser exhibited various output regimes as a func-
tion of the pump power (Fig. 2). At pump powers be-
low a mode-locking threshold of 25 mW, the laser
produced cw radiation with large intensity fluctua-
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Fig. 1. Schematic of the wavelength-swept fiber laser.
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Fig. 2. (a) Average output power and (b) peak-hold
spectrum.

tions resulting mainly from relaxation oscillations at
several tens of kHz. These fluctuations increased as
the pump power increased until the laser output be-
came chaotic at pump powers just below the mode-
locking threshold. At pump powers above this thresh-
old, mode locking started spontaneously. The kink in
the slope efficiency evident in Fig. 2 indicates that
the effective filtering loss is smaller in the mode-
locked state than in the cw state. Weak but notice-
able hysteresis in the slope efficiency was observed at
the mode-locking threshold. The mode-locked state
was stable over a time period of the order of several
hours at sweep rates of 150—1000 Hz and pump pow-
ers of 30—50 mW. At lower sweep rates of several to
100 Hz, mode-locked operation was frequently inter-
rupted by a cw output state with a time scale of <1 s.
At pump powers higher than 60 mW, mode-locked
operation became unstable, sometimes yielding two
or three pulses per round trip.

Figure 3 show an oscilloscope trace of the laser out-
put pulses at a pump power of 36 mW and a sweep
frequency of 250 Hz. The laser center wavelength in-
creases as the voltage applied to the filter (triangular
waveform) increases. The pulse repetition rate is
12.2 MHz. The separation of two neighboring pulses
is 83 ns in time, 1.1 pm in wavelength, and 140 MHz
in optical frequency. All the optical components in the
cavity were nominally polarization independent. At
some settings of the intracavity polarization control-
lers, the output polarization state exhibited rapid
variations in time, or wavelength, within each sweep.
This phenomenon arises due to cavity birefringence
and can be explained by simultaneous oscillations of
two uncorrelated polarization eigenmodes. Mode-
locked operation started spontaneously at all settings
of the polarization controllers. In a separate experi-
ment, the wavelength-dependent polarization evolu-
tion could be suppressed through the insertion of an
intracavity fiber polarizer (20 cm, 2 dB extinction).

The peak power traces are nearly identical when
one compares wavelength sweeps in the same direc-
tion but differ between increasing (down-sliding-
frequency) and decreasing (up-sliding-frequency)
sweeps. This difference results from a variation in
the chromatic dispersion across the Fabry—Perot fil-
ter passband.12 To understand this, we numerically
simulated our laser using a model described
previously.g’10 Briefly, the model uses a split-step
Fourier method and includes optical amplification,
spontaneous emission, spectral filtering, the nonlin-
ear Kerr effect, and chromatic dispersion. The com-
puter simulation predicted self-starting mode-locked
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pulses in the presence of both a \-swept filter and
self-phase modulation, and cw radiation otherwise.
The nonlinear phase shift accumulated at the peak of
the pulse was found to be 0.14 rad per round trip at a
pump power of 36 mW. The chromatic dispersion of
the optical fiber in the cavity was nearly two orders of
magnitude smaller than that induced by the Fabry—
Perot filter and therefore played a negligible role.
The chromatic dispersion of the filter is negative
(anomalous) at frequencies above its center fre-
quency and positive at frequencies below its center
frequency. This asymmetry produced the difference
in the intensities and temporal and spectral charac-
teristics of pulses originating during up- and down-
sliding operations. Because the center of the lasing
spectrum tends to be displaced from, lagging behind,
the center of the filter passband in the swept
opera‘cion,9 down-sliding operation causes the lasing
spectrum to overlap more with the anomalous disper-
sion region and therefore produces narrower pulses
than up-sliding operation. When the chromatic dis-
persion was neglected by using only the real part of
the filter function, the two scan directions produced
identical results.

In the experiment, the average pulse width be-
tween up- and down-sliding operations was mea-
sured with a second-harmonic generation autocorr-
elator. The spectral width of the pulses was
calculated from a Gaussian fit to the coherence func-
tion measured with a variable-delay Michelson inter-
ferometer. The experimental results, measured at
several sweep rates, correspond reasonably well with
the simulation, as depicted in Fig. 4. The simulation
produced shorter pulses than the experimental re-
sults but correctly predicted the dependence on the
tuning speed and the difference between up- and
down-sliding operations. The measured time—
bandwidth product was 0.46, averaged between up-
and down-sliding. The predicted value by simulation
was 0.48 for up-sliding and 0.43 for down-sliding.

The common nature of sliding-frequency mode
locking in both wavelength-swept and frequency-
shifted-feedback operations is further elucidated in
the following experiment. A fiber-pigtailed, acousto-
optic frequency shifter was inserted into the laser
cavity and provided an intracavity optical frequency
shift of 108 MHz. During up-sliding operation at a
sweep rate of 77 Hz, the filter sliding speed is
matched to the intracavity frequency shift. As a re-
sult, the effective sliding speed seen by the intracav-
ity light is zero and a frustration of the mode-locked
operation is anticipated. This behavior was measured
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Fig. 3. (a) Oscilloscope trace of the laser output and the
driving signal applied to the filter (upper trace). (b) Mode-
locked pulses.



It has been shown that wavelength-swept pulses
can be generated by sliding frequency mode locking
without the need for conventional mode lockers such
as amplitude modulators or saturable absorbers. In
addition, our simulations show that the generation of
picosecond or subpicosecond pulses might be possible
through optimization of the spectral width and scan
speed of a filter and the level of intracavity nonlin-
earity. Rapidly swept mode-locked lasers such as
these are expected to find applications in biomedical
imaging based on multiphoton interactions in biologi-
cal samples or time-resolved spectroscopy.

The author thanks B. Y. Kim of the Korea Ad-
vanced Institute of Science and Technology for his
support. The experiments were conducted in his labo-
ratory. S. H. “Andy” Yun’s e-mail address is
syun@hms.harvard.edu.

References

1. P. F. Wysocki, M. J. Digonnet, and B. Y. Kim, Opt. Lett.
15, 879 (1990).
2. S. H. Yun, D. J. Richardson, and B. Y. Kim, Opt. Lett.

2662 OPTICS LETTERS / Vol. 30, No. 19 / October 1, 2005
200 T T T T
»  experiment
>k A down-sliding
8 + (100 Hz) — up-sliding
ES N\ (200 Hz)
g100f
31 e » (600 Hz)
g el
gs0f e ]
0 R . . , (@)
0 100 200 300 400 500
12F " T " T
8 ene down-sliding
™ 10fF ® — up-sliding .
I
S st
=
6T
3
£ 47
3
2 L r
; .
0 100 200 300 400 500
Frequency change per roundtrip (MHz)
Fig. 4. (a) Temporal and (b) spectral widths of the pulses.
Data points, experimental results; lines, numerical
simulations.

N

resonant sweep

l-‘

h‘——

Fig. 5. Laser output in the presence of an intracavity fre-
quency shifter. A frustration of mode locking is observed
when the tuning speed and direction are matched to the
frequency shift (resonant sweep), resulting in cw emission.
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