Observation of reflection feedback induced the
formation of bright-dark pulse pairs in an
optically pumped semiconductor laser
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Abstract: It is experimentally demonstrated that the tiny reflection
feedback can lead the optically pumped semiconductor laser (OPSL) to be
operated in a self-mod-locked state with a pulse train of bright-dark pulse
pairs. A theoretical model based on the multiple reflections in a phase-
locked multi-longitudinal-mode laser is developed to confirm the formation
of bright-dark pulse pairs. The present finding can offer an important
insight into the temporal dynamics in mode-locked OPSLs.
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1. Introduction

Pulse operation has been widely studied and plays an important role in the fields of laser
physics and laser engineering. Among various pulse lasers, mode-locked lasers are well-
known light sources to generate pulses with the pulse duration on the order of picoseconds or
femtoseconds. Generally, the mode-locked pulses are regarded as the bright pulse which
means a short intensity peak beyond a continuous wave (CW) background. Intriguingly but
rarely observed, the so-called dark pulse can be also observed in mode-locked lasers. In
contrast to the bright pulse, a dark pulse is a rapid intensity dip in the intensity of a CW
background [1]. Since the first theoretical prediction of dark nonlinear pulses by Hasegawa et
al [2], the formation of dark pulses has been reported in various laser systems [3—6]. In the
theoretical aspect, the nonlinear Schrédinger equation (NLSE) is usually employed to model
the formation and propagation of the dark pulse in nonlinear media such as optical fibers [1].
Recently, the generation of bright-dark pulse pairs has attracted substantial interest in fiber
lasers, where the bright-dark pulse pair means that bright and dark pulses can coexist in the
pulse train. To date, bright-dark pulse pairs have been experimentally demonstrated in
different fiber lasers [7—12], and the formation of bright-dark pulse in the fiber laser is usually
analyzed by the coupled generalized Ginzburg-Landau equation [13].

Optically pumped semiconductor lasers (OPSLs) offer a unique combination of many
desirable laser properties such as high output power, flexible emission wavelength, and nearly
diffraction-limited beam quality [14]. In the last few years, the phenomena of self-mode-
locking (SML) have been reported in OPSLs with different cavity configurations [15-21].
The SML operation means that no additional active or passive mode-locking elements (such
as saturable absorbers) are used in the laser cavity except for the gain medium. In previous
works [19,21], we observed that the OPSL displayed the SML feature with the co-existence of
the TEM,p mode and the first high-order transverse mode. In the absence of high-order
transverse modes, the laser output was found to be in the CW operation. To obtain well-
behaved bright pulses in the SML operation, the laser cavity was aligned to avoid any
unwanted reflection. The riches of temporal states such as SML operation imply that OPSLs
can be a promising platform to explore the temporal dynamics. Especially, the nonlinear
dynamics of passively mode-locked semiconductor lasers with external feedback and coupled
to the external passive cavity has been studied so far [22,23].

In this work, we first observe an intriguing phenomenon in an OPSL related to the
formation of bright-dark pulse pairs. We find that the tiny reflection feedback can cause the
OPSL to emit bright-dark pulse pairs in the SML operation. In the cavity configuration, we
employ a concave-plano mirror as the output coupler (OC) to form a linear cavity. The
concave-plano mirror had a partial reflection coating on the concave surface and an anti-
reflection coating on the plane surface. Although the residual reflection from the plane surface

#263364 Received 15 Apr 2016; revised 30 May 2016; accepted 30 May 2016; published 6 Jun 2016
© 2016 OSA 13 Jun 2016 | Vol. 24, No. 12 | DOI:10.1364/0OE.24.013000 | OPTICS EXPRESS 13001



of the OC is quite low, experimental results reveal that it can significantly affect the temporal
dynamics of the OPSL. We experimentally find that under the influence of the residual
reflection, the phase locking between lasing longitudinal modes can be assisted to form
bright-dark pulse pairs in the scale of round-trip time. Moreover, trains of bright-dark pulse
pairs with different repetition rates can be obtained by adjusting the cavity length. We develop
a theoretical model to consider the effect of multiple reflections in phase-locked multi-
longitudinal modes. The numerical calculations are found to be agree very well with
experimental results, which verifies that the origin of bright-dark pulse pairs comes from the
influence of the reflection feedback on phase-locked multi-longitudinal modes. The present
finding not only provides a practical route to achieve bright-dark pulse pairs in an OPSL, but
also signifies that the reflection feedback may play an important role in the formation of
bright-dark pulse pairs in other laser systems.

2. Cavity configuration and design of aperture size

The OPSL cavity consists of a semiconductor gain chip, a pump laser diode, and a concave-
plano mirror. The gain chip and the pump laser diode were obtained from a commercial OPSL
module (Coherent Inc.). The active region was a structure of multiple quantum wells to form a
resonant periodic gain. The gain chip included a structure of distributed Bragg reflectors
(DBRs) to act as the front mirror. The photoluminescence emission wavelength of the gain
chip was approximately 1060 nm at room temperature. For effectively removing the heat from
the gain structure, the gain chip was soldered with indium to chemical vapor deposition
diamond heat spreader with DBR side down. The gain structure was antireflection coated at
the wavelengths of 808 nm and 1060 nm. The radius of the 808 nm pump beam was
approximately 320 um. The concave-plano mirror was utilized as the OC with the radius of
curvature of 800 mm. The OC had a partial reflection coating (R =98.5% ) on the concave
surface and an anti-reflection coating ( R = 0.2% ) on the plane surface.
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Fig. 1. Two cavity designs for exploring the influence of the reflection feedback: (a) the
configuration in the absence of the reflection feedback. (b) the configuration with the existence
of the reflection feedback.

Figure 1 depicts the schematic diagram of the OPSL, where the point O represents the
center of the radius of curvature of the OC. As shown in Fig. 1(a), we aligned the optical axis
to have a small angle (8 =0.38") with respect to the normal of the plane surface of the OC,
hence the laser emission did not propagate along the central axis of the OC. For the reason
that the gain chip was not parallel to the plane side of the OC, the influence of the residual
reflection from the plane surface of the OC could be completely avoided. In contrast to Fig.
1(a), Fig. 1(b) shows that the optical axis was set to coincide with the normal of the plane
surface of the OC. When the laser emission emitted from the plane surface of the OC
vertically, the residual reflection could cause the tiny reflection feedback. With these two
cavity configurations, we can manipulate the influence of the residual reflection.

#263364 Received 15 Apr 2016; revised 30 May 2016; accepted 30 May 2016; published 6 Jun 2016
© 2016 OSA 13 Jun 2016 | Vol. 24, No. 12 | DOI:10.1364/0OE.24.013000 | OPTICS EXPRESS 13002



(a) 50 mV/div | 5 ns/div

(d)

©) RBW =300 kHz
VBW =3 kHz

2 20

Spectral power (dBm)
s
(=3
Intensity (LW)
(=] —_ [ w S W (=)}

0 1 2 3 4 5 6 1060 1061 1062 1063
Frequency (GHz) Wavelength (nm)

Fig. 2. Experimental measurements in the SML operation without the reflection feedback: (a)
the temporal trace with time span of 50 ns, (b) the temporal trace with time span of 10 ns, (c)
the RF spectrum, and (d) the optical spectrum.

3. Influence of the reflection feedback on bright pulses

First of all, the cavity length was adjusted to be around 115 mm. With ABCD matrix, the
cavity mode size on the gain chip was calculated to be 308 um. For the reason that the radius
of the pump beam was larger than the cavity mode size on the gain chip, the first high-order
transverse mode was experimentally found to be excited at the pump power of 12.48 W. With
the co-existence of TEM,y mode and the first high-order transverse mode, the OPSL can be
operated in the SML operation [19,21]. Figure 2 shows the overall observations for the laser
operated at a pump power of 14.4 W with the cavity configuration depicted in Fig. 1(a). The
temporal behavior of the laser output was detected by a high-speed InGaAs photodetector
(Electro-Optics Technology Inc. ET-3500 with rise time 35 ps), whose output signal was
connected to a digital oscilloscope (Lecroy 820Zi-A) with 20 GHz electrical bandwidth and a
sampling interval of 25 ps. The maximum linear CW power of the detector was 10 mW, and
the laser power coupled into the detector was approximately 7.5 mW. Figure 2(a) shows the
temporal trace with the time span of 50 ns demonstrating the mode-locked pulses. The pulse
trains with nearly-zero CW background indicates the realization of mode locking. In Fig. 2(b),
the unapparent pulse tail implied that there were slight amplitude fluctuations of longitudinal
modes with time variation [24]. Figure 2(c) illustrates the peak values of the harmonics of the
longitudinal mode spacing Af, =1.3 GHz in the RF spectrum, and the signal to noise was
approximately 60 dB, regarding as larger than the standard value of well-behaved SML
operation. In the meantime, there were two beat peaks which accompanied the harmonics of
the longitudinal mode spacing in the RF spectrum. The beat frequency was measured to be
161 MHz which was corresponded to the transverse mode spacing Af; . The peak values of
beat frequencies were less than 20 dB. The appearance of the beat peaks at the frequencies of
f=u-Af, £Af; withu=1,2,3, 4 in the RF spectrum distinctly revealed the existence of the
first high-order transverse mode. A Fourier optical spectrum analyzer (Advantest Q8347),

which was constructed with a Michelson interferometer, was employed to monitor the spectral
information with the resolution of 0.003 nm. Referring to Fig. 2(d), the full width at half
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maximum (FWHM) in the optical spectrum was found to be as wide as 0.84 nm. It could be
seen that there was not any periodic modulation in the optical spectrum, hence the temporal
state was in the SML operation without the influence of residual reflection. Because the
longitudinal mode spacing was nearly equal to the resolution of the spectrum analyzer, it
could be seen slight modulation on the envelope of the optical spectrum. According to the
optical spectrum, it was also verified that influence of residual reflection was completely
avoided by employing the cavity configuration shown in Fig. 1(a).
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Fig. 3. Experimental measurements in the SML operation with the reflection feedback: (a) the
temporal trace, (b) the RF spectrum, and (c) the optical spectrum.

Next, the cavity length was still set to be 115 mm, but we utilized the cavity configuration
plotted in Fig. 1(b). The performance of SML was observed for the laser operated at the same
pump power. Referring to Fig. 3(a), the bright pulse train was still obtained, but the pulse
shape was not as symmetric as the temporal trace depicted in Fig. 2(a). As shown in Fig. 3(b),
all frequency peaks in the RF spectrum were measured at the same frequencies plotted in Fig.
2(c). However, the signal to noise was found to be 54 dB, considering smaller than the results
shown in Fig. 2(c). The experimental measurements revealed that the cavity configuration
illustrated in Fig. 1(b) was not appropriate for the bright pulses in the SML operation. In Fig.
3(c), it could be seen that there was the distinctly periodic modulation in the optical spectrum.
The spacing between two periodic peaks was measured to be 0.12 nm which was
corresponded to the optical length of the OC of 4.7 mm. Consequently, the experimental
results indicate that the tiny reflection feedback is a disadvantage for generating well-behaved
bright pulses in the SML operation.

4. The formation of bright-dark pulse pairs

In the following section, we considered that only the fundamental transverse mode was
excited in the laser cavity. The cavity length was set to be around 200 mm, hence the cavity
mode size on the gain chip was calculated to be approximately 342 um. The pump threshold
for high-order transverse modes could be increased significantly because the cavity mode size
on the gain chip was larger than the radius of the pump beam [19]. For the pump power
ranging from the lasing threshold to the maximum pump power of 22.08 W, the laser output
was experimentally found to display the fundamental transverse mode. Without the existence
of high-order transverse modes, the laser cannot emit bright pulses in the SML operation
[19,21].
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Fig. 4. Experimental results for the laser in the CW operation without the reflection feedback:
(a) the temporal trace, (b) the RF spectrum, and (c) the optical spectrum.

Figure 4 illustrates overall performances for the laser operated in the CW operation at a
pump power of 14.4 W with the cavity configuration plotted in Fig. 1(a). The temporal trace
did not exhibit any obvious oscillations, as shown in Fig. 4(a). Referring to Fig. 4(b), there
were several frequency peaks corresponded to the harmonics of the longitudinal modes
spacing Af, =765MHz in the RF spectrum, and the peak values were less than 20 dB,

considering much smaller than standard value of mode-locked lasers. As seen in Fig. 4(c), the
optical spectrum was found to be centered at 1061.86 nm, and the full width at half maximum
(FWHM) was found to be as narrow as 0.04 nm. Note that there was no any periodic
modulation in the optical spectrum. Therefore, the results exhibited that the laser was operated
in the CW operation when only the TEM, o mode was excited and the influence of the residual
reflection was avoided.

However, under the influence of the residual reflection, the observations of temporal
dynamics was beyond expectations. Figure 5 depicts the experimental measurements for the
laser operated at a pump power of 14.4 W with the cavity configuration plotted in Fig. 1(b).
As shown in Fig. 5(a), the temporal trace exhibited a distinctly pulse train of bright-dark pulse
pairs. It could be seen that a bright pulse followed a dark pulse in the single pulse of bright-
dark pulse pairs. The depth of the dark pulse was approximately equal to the intensity of the
bright pulse in the CW background. Figure 5(b) illustrates the single bright-dark pulse pair,
where the pulse widths of bright and dark pulses were measured of 18 ps. The pulse duration
did not changed with varying the pump power in the range of 11.52-15.36 W. In Fig. 5(c),
there were several frequency peaks in the RF spectrum corresponded to the harmonics of the
longitudinal mode spacing Af, =765 MHz , and the peak values were approximately 30 dBm.

Without any additional active or passive mode-locking element, the results revealed that the
emission of bright-dark pulse pairs was in the SML operation. As a result of the nonzero CW
background, the signal to noise of bright-dark pulse pairs was smaller than the standard value
of bright pulses in mode-locked lasers. Referring to Fig. 5(d), it could be seen that there was
the obviously periodic modulation in the optical spectrum. The spacing between two periodic
peaks was measured to be 0.12 nm which was corresponded to the optical length of the OC of
4.7 mm. The time-bandwidth product was calculated to be 0.575. The results revealed that
under the influence of the residual reflection, the multi-longitudinal modes could be phase-
locked to form bright-dark pulse pairs in the scale of round-trip time. Comparing the results in
Figs. 4 and 5, it signifies that the reflection feedback is necessary for the formation of bright-
dark pulse pairs in an OPSL.

#263364 Received 15 Apr 2016; revised 30 May 2016; accepted 30 May 2016; published 6 Jun 2016
© 2016 OSA 13 Jun 2016 | Vol. 24, No. 12 | DOI:10.1364/0OE.24.013000 | OPTICS EXPRESS 13005



50 mV/div 1 ns/div (b) 50 mV/div
50 ps/div

50 40
(© RBW = 300 kHz (d)
40 VBW =3 kHz

Intensity (uW)
[ (%)
=] (=]

Spectral power (dBm)
S

1060 1061 1062 1063
Frequency (GHz) Wavelength (nm)

Fig. 5. Experimental observations for overall performances of bright-dark pulse pairs: (a) the
temporal trace, (b) the RF spectrum, and (c) the optical spectrum.

Furthermore, we demonstrate the temporal dynamics of bright-dark pulse pairs with
varying the pump power. Figure 6 illustrate the experimental results for temporal traces
measured at four different pump powers. For the pump power ranging from the lasing
threshold to 11.52 W, bright-dark pulse pairs were observed with apparent noise on the CW
background, as shown in Fig. 6(a) for the result measured at a pump power of 10.56 W. With
increasing the pump power, the appropriate pump power for generating bright-dark pulse
pairs was experimentally found to be in the range of 11.52-15.36 W. Referring to Fig. 6(b),
the temporal trace manifested bright-dark pulse pairs with indistinct noise on the CW
background at a pump power of 14.4 W. However, it was found that the temporal state was
changed for the pump power greater than 15.36 W. Figures 6(c) and 6(d) depict bright-dark
pulse pairs measured at pump powers of 18.24 and 22.08 W, respectively. As the pump power
was increased, the depth of dark pulse and the intensity of bright pulse both became less and
less. It could be seen that the bright-dark pulse pairs began to transform into the CW operation
when the pump power was higher than 15.36 W.
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Fig. 6. Bright-dark pulse pairs at different pump powers: (a) P, = 10.56 W, (b) P;, = 144 W,
(c) Pin=18.24 W, and (d) P;, = 22.08 W.

The temporal traces of bright-dark pulse pairs with different repetition rates can be
obtained by adjusting the cavity length. Figures 7(a) and 7(b) illustrate the temporal trace and
the RF spectrum of bright-dark pulse pairs at the cavity length of 135 mm. As seen in Fig.
7(a), it could be seen that the distinct bright-dark pulse pairs were generated successfully. In
Fig. 7(a"), there were four frequency peaks in the RF spectrum corresponded to the harmonics
of the longitudinal mode spacing Af, =1.11GHz, and the peak values were approximately 38

dBm. With increasing the cavity length, Figs. 7(b) and 7(b’) depict the temporal trace and the
RF spectrum at the cavity length of 250 mm. Referring to Fig. 7(b"), the frequency peaks were
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corresponded to the harmonics of the longitudinal mode spacing Af, = 600 MHz . It is worth

to note that the pulse structures in Figs. 6 and 7 are the same as the pulse shape shown in Fig.
5(b). The results verified that bright-dark pulse pairs could be obtained not only at a specific
cavity length.
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Fig. 7. Experimental measurements of bright-dark pulse pairs with different repetition rates: (a)
the temporal trace and (a’) the RF spectrum at the cavity length of 135 mm. (b) the temporal
trace and (b’) the RF spectrum at the cavity length of 250 mm.

5. Theoretical analysis of bright-dark pulse pairs

The formation of the bright-dark pulse pairs in a mode-locked laser could be understood more
clearly with the numerical reconstruction of the temporal trace. The theoretical model of SML
operation with external Fabry-Perot etalon effect has been manifested in the spectral domain
in terms of the Lorentzian function [25]. However, in the following analysis, we developed a
theoretical model to consider the effect of multiple reflections in a phase-locked multi-
longitudinal-mode laser. The normalized complex electric field for the single-spectral-band
mode-locked laser with amplitude coefficients following a binomial distribution and equal
phases can be expressed as

eiw"t N N iZIrLIz
‘//(t) ZZT Z Cn+N e ’ ° (1)
n=—N

where @), is the angular frequency for the central longitudinal mode, T is the resonator round-

trip time, n is the longitudinal mode index, and 2N + 1 is the number of longitudinal
oscillating modes. According to experimental results, the residual reflection from the plane
surface of the OC led the lasing beam to multiply reflect when the cavity configuration shown
in Fig. 1(b) was employed. Considering the multiple reflections, the electric field after each
reflection is a mode-locked pulse train with the relatively delayed time corresponded to the
optical path of the OC is given by

eiwot
v, (f)zzz—N

N i27nz-lim'f
2| Che T ®)

n=-N

where m is the index of multiple reflections, 7 is the delayed time caused from each reflection.
Therefore, the total output a superposition of multiple mode-locked pulse trains with the
amplitude coefficient of each pulse train:
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where M + 1 is the number of reflections, and 4, is the amplitude coefficient of each pulse

train. Based on Eq. (3), we numerically reconstructed the oscilloscope trace of bright-dark
pulse pairs shown in Fig. 5(a). According to the experimental condition, the parameters in
used in the fitting were as follows: T=13ns , 7=31ps, 4, =1+1.5-9 N =45,

m,0
M =39, and @, =1.78 PHz . Figure 8 illustrates the numerical pulse train for the best fit to

the experimental result shown in Fig. 5(a). It can be seen that the numerical result agrees very
well with the experimental measurement. The good agreement validates that the origin of
bright-dark pulse pairs comes from the reflection feedback in phase-locked multi-longitudinal
modes.

Intensity (a.u.)

Time (ns)

Fig. 8. The numerically reconstructed pulse train.

4. Conclusions

In summary, we have experimentally demonstrated that the phase locking between lasing
longitudinal modes in an OPSL can be assisted by either the first high-order transverse mode
or the residual reflection from the outer side of the OC. Experimental results revealed that
when the influence of the residual reflection was avoided, bright pulses in the continuous
SML operation could be achieved with the co-existence of the TEM,, mode and the first
high-order transverse mode. Nevertheless, it was experimentally found that under the
influence of the residual reflection, distinct bright-dark pulse pairs at the scale of round-trip
time could be observed in the absence of high-order transverse modes. Furthermore, trains of
bright-dark pulse pairs with different repetition rates have been generated successfully by
adjusting the cavity length. A theoretical model has been developed to consider the effect of
multiple reflections in phase-locked multi-longitudinal modes. Although the experimental
measurements did not reveal the phase locking between longitudinal modes, the numerical
reconstruction of bright-dark pulse pairs indicated that the reflection feedback could force the
phase locking. The good agreement between numerical calculations and experimental results
validates that the reflection feedback in a phase-locked multi-longitudinal-mode laser gives
rise to the formation of bright-dark pulse pairs.

Acknowledgments

The authors acknowledge the Ministry of Science and Technology of Taiwan for the financial
support of this research under Contract No. MOST 103-2112-M-009-0016-MY 3.

#263364 Received 15 Apr 2016; revised 30 May 2016; accepted 30 May 2016; published 6 Jun 2016
© 2016 OSA 13 Jun 2016 | Vol. 24, No. 12 | DOI:10.1364/0OE.24.013000 | OPTICS EXPRESS 13008





