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Abstract: We report on the first building of an active spectral narrowing mechanism in a
pulsed, multiline optical parametric oscillator (OPO) based on a novel aperiodically poled
lithium niobate (APPLN) device constructed using the aperiodic optical superlattice
technique. The APPLN device functions simultaneously in the system as a multi-channel
optical parametric down converter (OPDC) and an electro-optic (EO) gain spectral filter
working on the corresponding (multiple) signal bands. When the APPLN OPO was installed
in a diode pumped Nd:YVO, laser system, highly narrowed dual-wavelength signal lines (at
1540 and 1550 nm) were observed at the output of the system through EO control of the
APPLN. Correspondingly, an enhancement of the power spectral density of the source by a
factor of ~7.8 with respect to the system operated in passive mode was found.
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1. Introduction

Dual- or multi-line coherent light sources have attracted more and more attention because
they are favorable to many applications such as remote sensing, optical communications,
interferometry, biomedicine, and terahertz wave generation [1-3]. Such a source can be built
in a laser system where a laser diode array or a solid-state laser with multiple gain lines has
been used as the basis for the multiple wavelength selection and oscillation [4, 5]. However,
the applicability of these laser systems can be quite restricted due to the limited spectral bands
and range that can be offered by a laser. Optical parametric down conversion is a powerful
technology that can extend the accessible spectral region from a single laser line (pump) to
broad and continuous (single and idler) bands according to the energy conservation law,
allowing reaching a desired application wavelength simply by varying the phase-matching
condition of the conversion process. Moreover, rapid advances of the quasi-phase-matching
(QPM) technology have contributed to the study of nonlinear optics besides the common
application of the nonlinear gain enhancement. For example, the manipulation of the phase-
matching spectrum of a nonlinear wavelength conversion process can be enabled through the
highly engineerable characteristics of a QPM material based on, e.g., lithium niobate
(LiNDbOs) crystals. For this aspect, optical parametric oscillators (OPO) oscillating at multiple
signal/idler wavelengths have been demonstrated using a cascade-grating periodically poled
lithium niobate (cg-PPLN) or an aperiodically poled lithium niobate (APPLN) providing
multiple reciprocal vectors for phase-matching the multiple optical parametric down
conversion processes [6, 7]. It has been shown that the aperiodic domain structuring
technique exhibits many advantages over a cascade-grating structure in implementing
multiple QPM channels in a nonlinear conversion process, including the high tailorability of
the phase-matching spectrum and the full access of the device length for all the conversion
channels [8, 9]. The tailorability facilitates the production of a specific multiline spectrum
where the spectral heights and positions of the lines can be designed in great freedom, while a
longer interaction length benefits the conversion process to acquire a higher nonlinear gain
and a narrower output linewidth (and therefore leads to a higher spectral brightness).

A high brightness OPO is in demand for those applications aforementioned but usually
realized in a pulsed pumping scheme (using usually a Q-switched laser). Pulsed pump lasers
produce high peak power that benefits the down conversion efficiency due to the resultant
high parametric gain. However, the signal/idler spectral bandwidth increases with increasing
parametric gain, making against the building of a high resolution/precision/coherence system
for most of the applications requesting a narrow-line source. Several methods have been used
to reduce the output spectral linewidth of a (pulsed) OPO. Among these, the application of a
wavelength selective element such as an etalon, a grazing-incident grating, a volume Bragg
grating, or a birefringence filter in the oscillator has been a popular approach [10-12]. All
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these elements work on specific wavelengths (spaced by the “free spectral range”) satisfying
the relevant governing equations of the devices, limiting the applicability of being a multi-
wavelength selector when free selection of the working spectral lines (e.g., multiple lines with
nonuniform spacings) is desired. Besides, these elements work externally to the parametric
gain medium, which is disadvantageous to the system integration and the total loss of the
system. The passive operation of these elements also hinders them from being a versatile
component in contrast to an active device (see below). The access to the electro-optic (EO)
properties of a QPM material opens up new application frontiers for QPM technology. First,
several interesting photonic devices including an EO polarization mode converter (PMC) [13]
and an EO Bragg deflector [14] based on the spatial modulation of the EO coefficients (via
the spatial modulation of the domain polarity) of QPM materials have been developed and
successfully applied in laser and OPO systems [7, 15, 16]. Second, these active device
functions can be readily built in a conventional QPM wavelength converter benefiting from
the high domain-engineering ability of a QPM material, enabling the realization of highly
integrated multi-function photonic devices with low insertion loss and high working
efficiency. We have implemented a variety of such integrated QPM devices including a two-
dimensionally domain structured LiNbO; crystal combining the functionalities of an EO
Bragg deflector and an optical parametric down converter (OPDC) to achieve a pulsed
multiline source [7]. Furthermore, a cascaded or an aperiodic domain structured LiNbO;
device combining the functionalities of an EO PMC and an OPDC was realized to achieve a
novel OPO source whose output spectrum can be narrowed and tailored via the fast EO
control [15, 16]. However, the pulsed multiline source in [7] has a broad output spectral
linewidth of ~0.8 nm (or ~100 GHz, which is almost unresolved by the International
Telecommunication Union (ITU) grids), while the electro-optically spectrum narrowed OPOs
in [15, 16] (and those OPOs using passive wavelength selective elements) work only on a
single signal line (i.e, on one phase-matching channel).

In this work, we have designed and constructed an aperiodic domain structure in LiNbO;
integrating the functionalities of a multi-channel EO PMC and a corresponding multi-channel
OPDC in an all solid-state laser system to realize an EO controlled, highly narrowed multiline
pulsed intracavity OPO (IOPO) source. This is, to the best of our knowledge, the first spectral
narrowing mechanism working in a multiline OPO system with important advantages of
allowing for a great freedom in the spectrum design and an integration with the OPDC thanks
to the aperiodic optical superlattice (AOS) technique [17] employed in this work.

2. Core device design and simulation

The AOS technique has been a promising approach of constructing a domain structure
providing multiple reciprocal vectors demanded in multiple QPM processes. In this study, a
domain structure simultaneously satisfying the QPM conditions of an EO PMC and an OPDC
working on the same (multiple) spectral lines has been derived using the AOS technique. To
find an optimized domain structure (optimized with respect to the working efficiency of the
two involved QPM devices, see below), an algorithm based on the simulated annealing (SA)
method [18] has been developed, which is similar to a methodology reported in [16]. The
built-in EO QPM PMC functions here as a multi-channel, narrowband notch-type spectral
filter for narrowing the gain bandwidths of the down-converted signals at the corresponding
channels. The working principle of an EO QPM PMC as a wavelength selective element in an
OPO based on a QPM OPDC has been expounded elsewhere [15]. Mainly, an EO PMC (built
in PPLN as an example) can perform energy conversion between the ordinary (o) and
extraordinary (e) polarization modes of a wave in a narrow conversion bandwidth (-2 nm-cm
at 1.5-um band [19]) subject to the EO QPM condition. The conversion efficiency of the
PMC is a function of the electric field (E,) applied along the crystallographic y axis and can
reach 100% at specific voltages at the phase-matching wavelength. The parametric gain
bandwidth of a pulsed PPLN OPO (on the order of 1 nm [7, 16]) can be comparable to or
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broader than the conversion bandwidth of a PPLN EO PMC (of a few centimeters long).
Therefore, photons in a portion of the gain spectrum of the down-converted signal will be
converted to the o-polarized wave, they will not be amplified effectively and will not reach
the oscillation threshold if that spectral portion of the signal has been within the conversion
bandwidth of the PPLN EO PMC working in the OPO cavity. This is because the type-0 (eee)
QPM conversion process works only on the e-polarized wave. The output signal spectrum can
thus be narrowed by this gain-spectrum suppression mechanism and can even be manipulated
via the tuning of the applied electric field as the conversion (filtering) spectrum of the EO
PMC is electric-field dependent [15, 16].

0.25 4
T
S o oPDC EO PMC
Q 0 N
E
3
0 0.15
1Y
=
P
3 0.104
(18

) W,

0.0325 0.0330 0.0335 0.0340 0.0465 0. 0470 0. 0475 0. 0480

Spatial frequency (um™)

Fig. 1. Fourier spectrum of the calculated domain structure in LiNbO;. Two and four target
spatial frequencies, required for phase-matching the 1064-nm pumped 1540/3442 and
1550/3393 nm signal/idler OPG processes and for phase-matching the corresponding EO
polarization-mode conversion processes at 40°C, respectively, are resolved. The inset
schematically shows a section of the domain structure.

The developed SA algorithm mainly works on a calculation model built based on the
coupled-wave theory describing the dual QPM devices (i.e., the multi-channel EO PMC and
OPDC) to be integrated. The coupled-wave equations employed in our previous work [16] to
calculate the behavior of single-channel devices are still valid for the present study. To yield a
domain structure optimized for the requested multiple and multi-channel QPM processes, we
applied an objective function (OF) to the algorithm to best achieve the target output
performance of the involved QPM devices, given by

OF = {(Z Nopo (Aa) =11, (,1m)| W, (A o)) + 7., (max[n,, (4),....17,, (4, )] -

o

min(77,, (4.7, (A D+ Q10 (Ag) =11,
B=1

7., max[n, (4),....n,,(A4)]-min[7, (4),....7,, (4]},

where M and N are the numbers of the conversion channels specified for the optical
parametric down conversion and EO polarization-mode conversion processes, respectively,
/s« 18 the phase-matched signal wavelength associated to the a-th down-conversion channel,
Hop,0(4s,q) and #o,(4s4) (as defined in [16]) are the target and calculated conversion efficiencies
of the OPO at A4, Wop(4s4) is the weighting factor for the a-th down-conversion process, 4z is
the phase-matched wavelength associated to the f-th polarization-mode conversion channel,
Heoo(Ap) and 7.,(A) (as defined in [16]) are the target and calculated efficiencies of EO PMC
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at Az (located in the signal gain bandwidths), w.,(4s) is the weighting factor for the f-th
polarization-mode conversion process, y,, and y,, are adjustable parameters for equalizing the
peak efficiencies of the multiple down-conversion and EO processes, respectively, and the
operators max][...] and min[...] select the maximum and minimum values from the quantities
enclosed in the square brackets. To build a high spectral brightness OPO, the signal gain
bandwidth should be effectively reduced while the peak spectral gain can be best maintained.
Such a goal has been pursued in the algorithm. The calculated domain structure exhibits a
barcode-like pattern, as schematically shown in the inset of Fig. 1 (only a section of the
structure is shown). The black and white stripes denote the opposite domain polarities. The
total length of the structure is 3 cm. The thickness of the unit domain block [17] for
constituting the structure is 4 um. Figure 1 shows the Fourier spectrum of the calculated
domain structure in LiNbO; (which is an aperiodically poled lithium niobate (APPLN)). Two
target spatial frequencies at 0.03344 and 0.03332 um™, required for quasi-phase-matching the
1064-nm pumped 1540/3442 and 1550/3393 nm signal/idler optical parametric generation
(OPG) processes at 40°C, are resolved from the Fourier analysis, while another group of
frequencies at 0.04736, 0.04731, 0.04702, and 0.04697 pm™" is also resolved as expected for
phase-matching the corresponding EO polarization-mode conversion processes (at
wavelengths 1539.39, 1540.66, 1549.38, and 1550.62 nm at 40°C) for achieving the desired
gain spectrum tailoring. The OF parameters M = 2, N = 4, A;, = 1540 and 1550 nm with
Wop(dsa) = 16 for a = 1 and 2, respectively, y,, = 3, 43 = 1539.39, 1540.66, 1549.38, and
1550.62 nm with w,,(44) = 2 for f =1, 2, 3, and 4, respectively, and y., = 2 were used in the
calculation.

Figure 2(a) shows the calculated single-pass e-wave transmission spectrum at £, = 150
V/mm and OPO signal spectrum based on 7 cavity roundtrips for signal buildup at £, = 0
V/mm when an e-polarized wave with a flat spectrum over 1520-1560 nm (calculation range)
and a 6 MW/cm® e-polarized wave at 1064 nm are incident at the domain structure,
respectively. All the calculations on the outputs of the APPLN device and the IOPO in this
study were carried out with a calculation model based on the coupled-wave theory [16]. The
number of the cavity roundtrips and the pump level assumed in the calculation is to produce
signals of linewidth around ~1 nm based on the IOPO configuration built in this work (see
section 3). As shown in Fig. 2(a), the e-wave transmission spectrum of the domain structure
(i.e., the APPLN) under £, = 150 V/mm has two spectral peaks located around the peak
wavelengths of the two OPO signals with their spectral linewidths (~0.6 nm) narrower than
those OPO signals (0.8-0.9 nm), achieving the goal of spectral narrowing by suppressing the
lower gain portions while maintaining the peak gain regions of the signal oscillation bands.
Multiline signal with drastically increased power spectral density can thus be expected from
such a gain spectrum tailoring technique where only the high spectral gain regions of the
signals are nonlinearly (exponentially) amplified. Figure 2(b) shows the calculated output
signal spectrum (blue line) from an IOPO constructed using the APPLN device (refer to
section 3 for the system configuration used in an experimental demonstration) at £, = 150
V/mm under intracavity 1064-nm pump intensity of 6 MW/cm® and 7 cavity roundtrips for
signal buildup. The result shows the spectral peak heights and widths of the signals have been
increased and reduced by ~3.5 and ~80 times, respectively, in contrast to those (red line) from
the system operated in the passive mode (i.e., at E, = 0 V/mm), leading to a great
enhancement of the signal power spectral density.

It is interesting to investigate the temperature effect on the output spectrum of the electro-
optically controlled, dual-wavelength APPLN IOPO. The APPLN device integrates the
functionalities of an OPDC and an EO PMC whose output spectra are tunable with
temperature but with dissimilar tuning characteristics described by their respective QPM
conditions (e.g., the tuning rates are 0.27 and —0.66 nm/°C for the OPDC and EO PMC,
respectively, at the 1550 nm band). It is thus possible to use the present technology to perform
the spectral tuning/tailoring of the signal with temperature as long as the (dual) pass bands of
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the EO PMC are within the corresponding parametric gain bandwidths according to the gain-
spectrum suppression mechanism as illustrated in Fig. 2(a). Figures 2(c) and 2(d) show the
simulated output spectra of the IOPO under the EO control (at £, = 150 V/mm) at the 1540
and 1550 nm signal bands, respectively, for several different operating temperatures. The
results suggest that the signal spectrum can be well retained within the 0.1 °C temperature
fluctuation. Besides, the results obtained at an operating temperature of 40.5 °C show it is
possible to tune the dual-wavelength signal of the IOPO with temperature (a red shift of 0.013
and 0.012 nm for the 1540 and 1550 nm spectral peaks, respectively), manifesting an
important advantage of this unique technology.
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Fig. 2. (a) Calculated single-pass e-wave transmission spectrum at £, = 150 V/mm and OPO
signal spectrum based on 7 cavity roundtrips for signal buildup at £, = 0 V/mm when an e-
polarized wave with a flat spectrum over 1520-1560 nm and a 6 MW/cm? e-polarized wave at
1064 nm are incident at the APPLN, respectively. (b) Calculated output signal spectra from an
IOPO constructed using the APPLN device at £, = 0 V/mm (red line) and 150 V/mm (blue
line) at 40°C. (c) and (d) Simulated output spectra of the IOPO under the EO control (at E, =
150 V/mm) at the 1540 and 1550 nm signal bands, respectively, for several different operating
temperatures.

The present technology can be readily applied to implement an IOPO system for a higher
number of spectral lines (though demanding a more involved calculation process). As an
example, Fig. 3(a) shows the Fourier analysis of an APPLN calculated for a three spectral-
peak (1530, 1540, and 1550 nm) system by following the methodology presented above,
while Fig. 3(b) shows the calculated IOPO signal spectrum based on the APPLN at £, = 200
V/mm under intracavity 1064-nm pump intensity of 6 MW/cm® and 11 cavity roundtrips for
signal buildup.
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Fig. 3. (a) Fourier analysis of an APPLN calculated for a three spectral-peak (1530, 1540, and
1550 nm) system. (b) Calculated IOPO signal spectrum based on the APPLN at E, = 200
V/mm under intracavity 1064-nm pump intensity of 6 MW/cm? and 11 cavity roundtrips for
signal buildup.

3. Device fabrication, IOPO construction, and output performance
characterization

Fiber coupled PPLN FO
809-nm laser diode Bingg Q-swlich
rﬁ‘ M2 M3
, = rﬁ I

:I . M-uo, L %l“

coupling
lens

Fig. 4. Schematic arrangement of an EO spectral-line controlled/narrowed, multiline OPO
achieved using the constructed APPLN device in a diode-pumped, EO Q-switched Nd:YVO,
laser. The inset shows an image of a portion of the HF-etched + z surface of the APPLN
crystal.

To conduct a proof-of-principle demonstration of the proposed multiline gain spectrum
tailoring technique, we fabricated the APPLN device as designed in section 2 for the
application to a dual-wavelength IOPO. The binary ( + 1) content of the APPLN domain
structure, composed of 7500 unit domain blocks with each having a thickness of 4 um, is
translated into a photomask for the subsequent lithographic and electric-field poling process
made in a 30-mm-long, 1-mm-wide, and 0.5-mm-thick z-cut LiNbOj; chip. Both end (x) faces
of the fabricated APPLN crystal were anti-reflection coated for wavelengths at 1064 and
1500-1580 nm, while the two y faces of the crystal were sputtered with NiCr alloy as the
electrodes for the E, application. Figure 4 shows the schematic arrangement of an EO
spectral-line controlled/narrowed, multiline OPO achieved using the constructed APPLN
device in a diode-pumped, EO Q-switched Nd:YVO, laser. The inset shows an image of a
portion of the HF-etched + z surface of the APPLN crystal, indicating the constituent domains
have thicknesses a multiple of 4 pm. The APPLN device was installed in a crystal oven
maintaining a constant temperature of 40°C (stabilized within £ 0.1 °C). The laser gain
medium is an a-cut 0.3-at. % Nd:YVO, crystal, having a 9 mm length and a 3 mm x 3 mm
clear aperture. The pump laser is a fiber coupled diode laser centered at 809 nm. A 15-cm
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radius-of-curvature (ROC) meniscus dielectric mirror (M1) and a plane-plane dielectric
mirror (M2) form a laser resonator for oscillating the 1064-nm wave. Mirror M1 has ~93%
transmittance at 809 nm and ~99.8% and >99.4% reflectance at 1064 and 1510-1560 nm,
respectively, while mirror M2 has ~99.6% reflectance at 1064 nm and >99.3% transmittance
at 1510-1560 nm. The 1064-nm laser is Q-switched by a homemade PPLN EO Bragg cell
[14]. An efficient Q-switching in such a high finesse laser cavity can only be accomplished
via the effective laser energy dumping through the optical parametric down-conversion in the
APPLN device. The down-converted multiline signals build up in an IOPO formed by mirror
M1 and an output coupler (M3). M3 is a ROC = 15 cm, plano-concave dielectric (BK7)
mirror having ~97% reflectance at 1510-1560 nm.
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Fig. 5. (a) Measured normalized IOPG (black line) and IOPO (red line) signal spectra when the
system shown in Fig. 4 was pumped at ~5 W diode power. (b) Measured signal spectra of the
IOPO when the APPLN device is applied with £, = 0 V/mm (red line) and 150 V/mm (blue
line). (¢) and (d) Expansion of signal spectrum from Fig. 5(b) at the 1540 and 1550 nm bands
for the IOPO under EO control, respectively.

We first worked the system as a pulsed IOPO in the passive mode (i.e., with E, = 0
V/mm) by driving the PPLN EO Bragg cell with a 170-V, 300-ns voltage pulse train at 1 kHz
but without the application of any voltage to the APPLN device. Figure 5(a) shows the
measured normalized OPO signal spectrum (red line) when the system was pumped at ~5 W
diode power. The spectral linewidths of the dual-wavelength signal at £, = 0 V/mm are about
0.5 nm, a bit narrower than those design values (red-line signal in Fig. 2(b)) mainly due to the
acquisition of a smaller nonlinear gain than expected (which could arise from the non-ideal
domain poling quality) and the limit of the available diode pump power. Yet this discrepancy
verifies a high design tolerance with the present technology according to the experimental
results shown below. The normalized single-pass OPG signal spectrum (black line in Fig.
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5(a)) was also measured (by removing the mirror M3) for the comparison. It was found that
the OPG signals emerge at 1540 and 1550 nm and exhibit almost the same spectral height,
which is in line with the goal set in the design algorithm. The OPO signals, however, slightly
deviated from the designed spectral positions (blue-shifted from 1540 and 1550 nm by ~0.85
and ~0.5 nm, respectively). The deviation can be attributable to the present algorithm, which
assumes a uniform cavity condition such as uniform cavity losses for all the (signal) spectral
elements of interest in the core (APPLN) device design and simulation. The OPO signal
spectrum in Fig. 5(a) thus presents a result of the gain competition of modes (in the gain
bandwidth) on the basis of the non-uniform (spectral dependent) cavity condition associated
to the built system. When the IOPO is operated in the active mode (i.e., when an electric field
E, is applied to APPLN device), the output signal spectral shape can be varied (including a
narrowed spectrum as desired) with the change of E, due to the unique EO gain spectrum
tailoring mechanism discussed above. Figure 5(b) shows the measured signal spectrum (blue
line) of the IOPO when E, = 150 V/mm is applied to the APPLN device. The diode pump
power was again at ~5 W. No obvious variation in the output signal spectrum is found from
measurement to measurement. The output result for the IOPO operated in the passive mode is
also plotted (red line) here for the comparison. Figures 5(c) and 5(d) show the expansion of
signal spectrum from Fig. 5(b) at the 1540 and 1550 nm bands for the IOPO under the EO
control, respectively. The values of the spectral linewidths of the dual signals from the IOPO
under the EO control have both reached the resolution limit (0.06 nm) of the employed optical
spectrum analyzer (Agilent 86142B), though even narrowed linewidths of 0.01 nm have been
predicted (see Fig. 2(b)). Thus the measured spectral linewidths have been remarkably
narrowed by a factor of >8 and >8.7, while the peak spectral intensities have been enhanced
by ~2.5 and ~1.6 times, for the 1540 and 1550 nm signals, respectively, when compared to
the output of the system in passive mode. From Fig. 5(c), we found the intensity ratio
between the main spectral peak and side bands is about 3, leading to a lowered contrast of the
main spectral peak which is 92% (with respect to the local minimum. The contrast can be as
high as 99.2% for the main spectral peak at the 1550 nm band though) due to an elevated
background intensity level caused by the nearby side bands. Signal side bands can be possibly
suppressed by creating broader notch dips in the transmission spectrum of the APPLN under
the EO control (refer to Fig. 2(a)) to increase the free spectral range and to further narrow the
pass bands for tailoring a more satisfactory signal spectrum. This can be done by applying
more but appropriately allocated phase-matching channels in the EO PMC calculation (i.e.,
by setting Ag for a larger N in Eq. (1)), which, however, entails a complicated and time-
consuming computation work. The measured highly-narrowed dual-wavelength signal
spectrum under the EO control was in reasonable agreement with that simulated in Fig. 2(b);
the discrepancy between the measured and predicted results can originate from the blue-
shifted signals observed in the passive mode as discussed above. Consider the measured
output signal energies of 0.631 and 0.512 pJ (corresponding to peak powers of 140 and 114
W) from the IOPO operated in the passive (£, = 0 V/mm) and active (£, = 150 V/mm) modes,
respectively, we estimated an enhancement of the power spectral density of the EO controlled
system to be a factor of ~7.8. Figure 6 shows the measured temporal behavior of the system
output, exhibiting signal pulses having a pulse width of ~4.5 ns and a peak-to-peak intensity
fluctuation of ~7%.



Research Article Vol. 24, No. 25 | 12 Dec 2016 | OPTICS EXPRESS 28914

Optics EXPRESS

84 8 T
74 74 4
S5 6] 6] ]
S‘ o
> 54 54 1
‘B 14.5 ns
g 4 78 i | R
3 |
S 34 34 J
24 24 J
1 1] J
0 y 04
5 4 3 2 14 0 1 2 3 4 5 -20-10 0 10 20
Time {ms) Time (ns)

Fig. 6. Measured temporal behavior of the IOPO output. Left: peak-to-peak intensity
fluctuation. Right: a typical signal pulse shape.

4. Conclusion

We have developed a design methodology based on the AOS technique to construct a novel
APPLN for integrating the functionalities of a multi-channel EO PMC and a corresponding
multi-channel OPDC in a 1064-nm Nd:Y VO, laser system to realize an EO controlled, highly
narrowed multiline pulsed IOPO source at 1.5 pm bands. When the IOPO is operated in the
active mode (i.e., when an electric field E, is applied to APPLN device), the output signal
spectral shape can be varied with the change of £, via the unique EO gain spectrum tailoring
mechanism. In this way, we obtained from the APPLN IOPO under the EO control (at £, =
150 V/mm) the output of a dual-wavelength signal at 1540 and 1550 nm whose spectral
linewidths have been remarkably narrowed by a factor of >8 and >8.7, while the peak spectral
intensities have been enhanced by ~2.5 and ~1.6 times, respectively, when compared to the
output of the system in passive mode, indicating a largely increased power spectral density of
the source.
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