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Abstract: The buildup dynamics of diode-pumped passively mode-locked solid-state laser is thor-
oughly explored using the real-time measurement with temporal sampling rate of up to 40 GHz. A
concise cavity is developed to ensure the transient dynamics purely arising from the gain medium
and saturable absorber. Experimental results reveal that the laser output in the buildup process
exhibits numerous passively Q-switched pulses followed with a damped relaxation oscillation prior
to the stable mode locking. Furthermore, it is confirmed that the laser output has already displayed
single clean mode-locked pulses inside the first several Q-switched envelopes before stepping into
the stage of relaxation oscillation. The present real-time exploration is expected to provide important
information for practical applications with temporal modulation of the pump intensity.
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1. Introduction

Techniques used to achieve mode locking in lasers can be classified as “active” or
“passive”. Active techniques typically involve the use of external signals to induce modula-
tion of light within the cavity. On the other hand, passive techniques do not use external
signals, but instead rely on putting some components into the laser cavity, which induce the
self-modulation of the light. Passively continuous-wave mode-locked (CWML) solid-state
lasers with saturable absorbers [1-3] have been widely used in various applications of
time-resolved measurements, material processing, and other precise spectroscopies [4-6].
Saturable absorbers, such as semiconductor saturable absorber mirror (SESAM) and carbon
nanotube, can be deliberately introduced into the laser cavity to self-start mode locking by
providing nonlinearity [7-9]. Understanding the phase locking process of a large number
of longitudinal cavity modes is greatly helpful for designing passively mode-locked lasers
and valuable for finding the novel applications of ultrafast laser sources [10-13]. Several
theoretical models have been proposed to explain the observed threshold power for the
self-starting of the mode locking and to explore the buildup dynamics using the Ginzburg-
Landau equation [14,15]. In theoretical models, the initial optical wave is generally assumed
to be a single-pulse fluctuation residing on a continuous background [16-19]. However,
it has been recently found that the initial multiple-pulse phase and pulse-splitting phase
last for a long time in the buildup dynamics in self-starting of soliton mode-locked fiber
lasers [20]. Furthermore, the relaxation oscillations were observed to speed up the starting
process in dissipative-soliton fiber lasers [21]. In contrast, it is worth noting that there are
no previous experimental reports on the transient process of initial pulse evolutions and the
role of relaxation oscillations in passively CWML solid-state lasers. Therefore, exploring
the transient pulse evolution in real-time measurements is important for understanding
the starting dynamics of passively CWML solid-state lasers [22-25].
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So far, the cavity structures used in the passively mode-locked solid-state lasers mainly
comprise the V-shaped [26], Z-shaped [27,28], and W-shaped [29] configurations. In spite of
different configurations, the common purposes are to satisfy the designed requirements of
the cavity length related to the pulse repetition rate, the mode size on the gain medium for
pumping overlap, and the mode size of the saturable absorber for obtaining stable CWML.
The complexity of the cavity configuration somewhat introduces additional influences on
the transition dynamics of the mode locking buildup. Consequently, it is greatly useful for
exploring the buildup dynamics to construct a passively mode-locked solid-state laser with
minimal components in the cavity configuration.

In this work, we perform the real-time measurement to explore the starting dynamics
of diode-pumped passively CWML laser. The laser cavity is designed to contain only
three components of a Nd:YVOjy crystal, a SESAM device, and a focusing lens to eliminate
the unwanted influence on the buildup dynamics. A fast photodetector and a digital
oscilloscope with 40 Giga sampling rate are used to directly measure the transient behaviors
in various expanded time scales. Experimental results reveal that the laser output in the
buildup process consists of a series of passively Q-switched pulses followed with a damped
relaxation oscillation prior to the stable mode locking. The number of passively Q-switched
pulses and the damping time of the relaxation oscillation decrease with increasing the pump
power. Furthermore, the temporal traces inside the first several Q-switched envelopes
clearly manifest the transient evolution of the laser output from a random set of spikes to
the emergence of a single clean pulse within each round-trip period. It is indicated that
the buildup time for the complete phase locking is significantly shorter than that for the
stable mode locking. To the best of our knowledge, this result is the first direct observation
of the buildup dynamics of a passively mode-locked solid-state laser with SESAM. The
present real-time measurement is believed to provide useful insights into applications with
temporal modulation of the pump intensity.

2. Experimental Setup

Figure 1 shows the experimental setup of passively mode-locked solid-state laser
for exploring the buildup dynamics in the turn-on process. To investigate the transient
dynamics purely arising from the gain medium and saturable absorber, the laser cavity was
designed to comprise only three components of a Nd:YVOjy crystal, a SESAM device, and a
focusing lens. The pump source was a fiber-coupled semiconductor laser with wavelength
at 808 nm, where the fiber had a core diameter of 200 pm and a numerical aperture
of 0.16. The gain medium was a a-cut 0.35 at.% Nd:YVO; crystal with a dimension of
3 x 3 x 8 mm?. One facet of the Nd:YVOy crystal was a plane surface that was coated as a
rear mirror with high reflection (HR) at 1064 nm (reflectance > 99.8%) and high transmission
at 808 nm (transmittance > 95%). The other facet of the laser crystal with a wedged angle of
0.5° for avoiding the internal etalon effect had an anti-reflection (AR) coating at 808 nm and
1064 nm (reflectance < 0.2%). The Nd:YVOy crystal wrapped with indium foil was mounted
in water-cooled copper block with temperature held at 20 °C. The saturable absorber was
a SESAM device that was simultaneously designed as an output coupler, abbreviated as
SESAMOC [4,5]. The SESAM device was monolithically grown on an undoped GaAs
substrate with the method of metalorganic chemical vapor deposition. The SESAMOC
was composed of 10 pairs of distributed Bragg reflectors (DBRs) that were formed by
AlAs/GaAs quarter-wavelength layers with the effective reflectivity of approximately
96.5% at 1064 nm. The absorbing material of the SESAMOC was made of two 8 nm
Ing 34Gag g6 As quantum well that provided an effective modulation depth of 0.8% with the
saturable fluence of 50 puJ/cm?. Furthermore, the back side of the 350 um GaAs substrate
was coated for AR at 1064 nm (reflectance < 0.5%). The SESAMOC device was soldered
on a copper holder with temperature maintained at 20 °C. A focusing lens with a focal
length of f = 100 mm was used to satisfy the criterion of self-starting CWML cavity. Both
sides of the focusing lens were coated for AR at 1064 nm (reflectance < 0.5%). Experimental
optical spectra were measured using a Michelson interferometer-based Fourier spectrometer
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(Advantest Q8347) with a resolution of up to 0.003 nm. Temporal characteristics of mode-
locked pulses were measured using a high-speed InGaAs photodetector (Electro-Optics
Technology Inc., (Idar, Germany) ET-3500 with rise time of 35 ps), whose output signal
was recorded using a digital oscilloscope (Teledyne LeCroy, Chestnut Ridge, NY, USA,
Wave Master 820Zi-A) with a 20 GHz electrical bandwidth and the sampling rates of 25 ps.
Moreover, the output signal detected by the photodetector was also connected to an RF
spectrum analyzer (Agilent, 8563EC, Santa Clara, CA, USA) with a bandwidth of 26.5 GHz
to measure the output power spectrum. The second-order autocorrelation traces were
measured using a commercial autocorrelator (APE pulse check, Angewandte Physik and
Elektrnic GmbH, Berlin, Germany) to analyze the effective pulse width.
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Figure 1. Experimental setup of passively mode-locked solid-state laser for exploring the buildup
dynamics in the turn-on process.

3. Analysis of Cavity Mode Sizes

As shown in Figure 1, d; is the effective optical length between the HR side of the laser
crystal and the focusing lens, and d, is the effective optical length between the focusing
lens and the output plane of the SESAMOC. By using the ABCD matrix method, the mode
radius for the TEMy at the HR side of Nd:YVOy crystal can be derived as

_ | A [(di=f)l(dr +do)f — didy]
wl_J \/ (d2—f) ’ @

where A is the laser wavelength. On the other hand, the cavity mode radius at the output
plane of the SESAMOC can be found to be

wy = \J )‘\/(dz — Hlldr +do)f —didy] @)

n (d1—f)

In the experiment, the distances of d; and d, are designed be 460 and 125 mm, respec-
tively. Substituting the values of f, dq, and d; into Equations (1) and (2), the mode radii w,
and w; can be calculated to be approximately 203 and 53 um, respectively. The values of
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wjy and w; will be used in the following section. The optical length of the laser cavity is
approximately 585 mm corresponding to the repetition rate of 256 MHz.

4. Criterion for the Regimes of Q-Switched and CW Mode Locking

Saturable absorbers can be used in solid-state lasers to start up the CWML; however,
they also usually drive lasers into the so-called Q-switched mode-locked (QML) states. In
the QML operation, the laser output exhibits the characteristic of mode-locked pulses in a
Q-switched envelope. Due to the conventional cavity length, mode-locked pulse repetition
rates are typically in the order of 100 MHz, while typical Q-switched modulations are in
the order of 100 kHz. These Q-switch instabilities are undesirable for many applications
requiring constant pulse energy and high repetition rates. However, for certain applications,
such as nonlinear wavelength conversion, laser micromachining, or ablation applications,
the QML mechanism may be attractive because the pulse energy is significantly increased
but still concentrated in ultrashort mode-locked pulses. Regardless, understanding QML-
related solid-state laser dynamics is important to explore the transition dynamics of CWML.

For a passively mode-locked solid-state laser under the CW pumping scheme, there
is a critical intracavity pulse energy, Ep ., which is the minimum intracavity pulse energy
for obtaining stable CWML, i.e., for Ep > Ep ., the CWML operation can be achieved, and
for Ep < Ep, the laser output is displayed in the QML state, where Ep is the energy of a
mode-locked pulse in the cavity. As shown in Figure 2, the QML state (Figure 2a) exhibits
that the pulse energy is modulated with a strongly peaked Q-switching envelope, while
in the CWML regime (Figure 2b), the laser output displays a train of mode-locked pulses
with constant pulse energy. The experimental results shown in Figure 2a,b were obtained
with the present laser cavity at the pump powers of 1.0 and 2.0 W, respectively.
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Figure 2. Measured oscilloscope traces at two different time spans for (a) the operation of QML
obtained at the pump power of 1.0 W and (b) the operation of CWML obtained at the pump power
of 2.0 W.

Figure 3a shows the average output power versus the pump power for the laser
operation. At a pump power of 6.3 W, the output power for stable passive mode locking
is approximately 1.3 W, corresponding to the optical-to-optical conversion efficiency of
20.6%. The pump power for lasing threshold was found to be around 0.1 W, whereas
pump power as high as 1.2 W was required for stable mode locking. Figure 3b shows the
measured power spectral density at a pump power of 3.0 W for a representative case of
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the experimental results. The power spectral density reveals a signal-to-noise ratio higher
than 60 dB, indicating the excellent quality of stable mode locking. Figure 3c shows the
measured oscilloscope traces at four different time spans ranging from 10 ns to 50 ps to
display good stability and CW mode locking. From the autocorrelation trace, the real
pulse duration of CW mode locking was estimated to be approximately 20 ps based on the
assumption of the Gaussian-shaped profile.
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Figure 3. (a) Average output power versus the pump power for the laser operation. (b) Measured
power spectral density at a pump power of 3.0 W for a representative case of the experimental results.
(c) Measured oscilloscope traces at four different time spans ranging from 10 ns to 50 ps.

Honninger et al. [30] used the rate equations for the intracavity power, gain, and
saturable absorption to derive a stability criterion against QML by performing a linearized
stability analysis analogous to the derivation of the Q-switching criterion [31,32]. With
certain approximations, the critical intracavity pulse energy Ep . as the square root of the
QML parameter can be derived as [30]

1/2
Epe = (FatAesf LBt aAefr aBR) 3)

where Fy [ is the saturation fluence of the gain medium, A.¢f 1 the effective laser mode
area inside the gain medium, Fy, 4 is the saturation fluence of the saturable absorber, A,¢f 4
the effective laser mode area inside the saturable absorber, and AR is the modulation depth
of the absorber. The saturation fluence of the gain medium is given by F; 1 = hv/mo,
where hv is the photon energy, o is the stimulated emission cross section, and the factor m
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is the number of passes through the gain element per cavity round trip. For a ring cavity,
m = 1, while for a simple standing wave cavity m = 2.

In the present experiment, the average output power for the critical transition from
OML to CWML was found to be around 0.2 W, corresponding to the intracavity power
of 5.5 W. Accordingly, the critical pulse energy Ep . can be experimentally determined to
be approximately 21.5 pJ. On the other hand, Equation (3) can be used to calculate the
theoretical value for the critical pulse energy Ep.. By using the physical parameters of
Fat,.=3.66 X 107 nJ/em?, Fygy 4= 5.0 x 10* nJ/cm?, Azppp = mw?/2 = 6.5 x 10~* cm?,
Acfra = ﬂw% /2 = 4.4 x 107° cm?, and AR = 0.008, the theoretical value for the critical
pulse energy Ep . can be calculated to be 20.5 . The theoretical value can be seen to agree
very well with experimental result. In the following study, the transition dynamics will be
explored with the pulse pumping scheme.

5. Results and Discussion

For exploring the transient or dynamic behavior of laser oscillators, it is necessary to
clarify the terminologies used in the description of experimental phenomena. The terms of
spikes, relaxation oscillations, and gain switching refer to various kinds of comparatively
slow but different amplitude oscillations that are often observed by many solid-state lasers,
either when the laser is first turned on, or when the laser is suddenly perturbed by any kind
of small fluctuation in gain, cavity loss, or cavity alignment. The term “spike” is used to refer
to the discrete, sharp, large-amplitude pulses that typically occur during the initial turn-on
phase. The term “relaxation oscillation” is used to describe the small-amplitude, quasi-
sinusoidal, exponentially damped oscillations near the steady-state amplitude, following
the initial spiking behavior. Spikes and relaxation oscillations are characteristic phenomena
of most solid-state lasers, semiconductor lasers, and fiber lasers, where the recovery time of
the population inversion of the excited state is much longer than the cavity decay time. In
this exploration, the occurrence of spikes includes the influence of the saturable absorber.
Therefore, we use the term of passively Q-switched pulse instead of spikes for discussing
the experimental observations.

To explore the buildup dynamics, the pump source of the laser diode was electronically
operated at a pump duration of 500 us with a pump frequency of 1 kHz. The pump-on
duration of 500 s is sufficiently long to observe the pulse evolution. Furthermore, the
pump-off cycle of 500 us is also long enough to clean up the residual population density,
since the upper-state lifetime #; is approximately 90 ps. The laser output was directly
measured using a digital oscilloscope with 40 Giga sampling rate with a fast photodetector.
Based on thorough experimental observations, it is confirmed that under the optimal cavity
alignment the buildup process of the mode locking mainly depended on the pumping
strength, rather insensitive to environmental perturbations, such as air flow, acoustic noise,
and thermal variations. Consequently, experimental results could be utterly reproducible.
Figure 4a—e show the oscilloscope traces for the transient turn-on behavior measured at
different pump powers in the time span of 500 ps. The transient feature of the buildup
process can be found to comprise a series of passively Q-switched pulses followed with
damped relaxation oscillations. The number of passively Q-switched pulses can be clearly
seen to decrease with increasing the pump strength. From the results shown in Figure 4, the
buildup time for the stable mode locking, ¢ps;, can be identified as the duration from the
turn-on time of the pump power to the end of the damped relaxation oscillation. Referring
to tg =90 ps, the buildup time #yy;, decreases from a few times to a fraction of the upper-level
lifetime for the pump power increasing from 1.5 to 5.0 W.
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Figure 4. (a—e) Oscilloscope traces for the transient turn-on behavior measured at different pump
powers in the time span of 500 us; green lines: pump light; blue lines: laser output.

The formation process for the phase locking in the transient turn-on dynamics can be
comprehended from the temporal characteristics inside the passively Q-switched envelopes.
Figure 5a shows the oscilloscope traces for the transient dynamics measured at a pump power
of 2.6 W in a time span of 55 ps. It can be found that each passively Q-switched pulse is
approximately a fraction of a microsecond wide and spaced a few microseconds apart. After
growing to a maximum, the Q-switched pulses are gradually transformed into a quasi-sinusoidal
relaxation oscillation, then damping to the stable mode locking. The phase locking process
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between lasing longitudinal modes in the buildup dynamics can be further explored by looking
into the temporal behaviors inside the Q-switched envelopes. The six plots with labels (1)—(6)
in Figure 5b show the temporal traces in a time span of 50 ns measured from the intensities
inside the first six Q-switched envelopes shown in Figure 5a, respectively. From the left-hand
column of Figure 5b for the first three Q-switched pulses, the laser output can be seen to consist
not of single clean pulses but of a random set of spikes, essentially a noise-like feature, with
the spikes distributed throughout the entire round-trip period. Nevertheless, it can be found
that the signal output is still strictly periodic in time, that is, it repeats exactly after one cycle.
The signature of random spikes within each round-trip cycle indicates that the laser output
consists of a large number of longitudinal modes with random phases, regardless of whether
the amplitude distribution is random or more orderly. Precisely, the laser output in the first
three Q-switched pulses can be called a case of mode coupling that does not achieve the phase
locking. The cubic—quintic complex Ginzburg-Landau equation may describe qualitatively well
this observation [33]. From the right-hand column of Figure 5b for the Q-switched pulses with
labels (4)—(6), the transient evolution of phase locking can be clearly observed. From the plot (6)
in Figure 5b, the laser output has already displayed a single clean pulse within each round-trip
period. In other words, the lasing longitudinal modes have been arrayed all in phase to reach a
phase-locked situation.
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Figure 5. (a) Oscilloscope traces for the transient dynamics measured at a pump power of 2.6 Win a
time span of 55 us; green lines: pump light; blue lines: laser output. (b) Temporal traces in a time
span of 50 ns measured from the intensities inside the first six Q-switched envelopes shown in (a).
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It is worth mentioning the distinction between mode coupling and mode locking. Any
superposition of a set of longitudinal modes equally spaced in frequency, regardless of
their relative magnitudes and phases, will certainly result in an output signal envelope
that is periodic in time with a fundamental period equal to the reciprocal of the interval
between adjacent longitudinal modes. Thus, any such state can generally be referred to as
a mode-coupling situation, regardless of the signal variation over a period, since the modes
are all coupled together with fixed (even if irregular) amplitude and phase. On the other
hand, the term of mode locking is only used for conditions in which the longitudinal modes
are all arranged in phase; under these circumstances, constructive interference between the
superposed longitudinal modes can lead to the laser output to be a train of extremely short
pulses. The buildup time for the complete phase locking, tp;, can be ascertained as the
duration from the turn-on time of the pump power to the emergence of a single clean pulse
within each round-trip period. Figure 6 shows the experimental results for the buildup
times tpy, and t, versus the pump power. Clearly, the buildup time tp for the complete
phase locking is significantly shorter than the time t4;, for the stable mode locking.

200 |t mode-locking

150

100

Buildup time (us)

50 [ t,, : phase-locking

m

0 1 1 1 1
1 2 3 4 5

Pump power (W)

Figure 6. Experimental results for the buildup times for the complete phase locking and stable mode
locking versus the pump power.

6. Conclusions

In summary, we have explored the buildup dynamics of diode-pumped passively
mode-locked solid-state laser by means of the real-time measurement with temporal sam-
pling rate up to 40 GHz. We have designed the laser cavity comprising only three compo-
nents to ensure the transient dynamics purely arising from the gain medium and saturable
absorber. The laser output in the buildup process was observed to exhibit a number of pas-
sively Q-switched pulses followed with a damped relaxation oscillation prior to the stable
mode locking. The buildup time for the stable mode locking was found to decrease from
a few times to a fraction of the upper-level lifetime for the pump power increasing from
slightly to far above lasing threshold. Furthermore, we have experimentally confirmed
that the laser output has already displayed single clean mode-locked pulses inside the first
several Q-switched envelopes, which indicates that the buildup rate for the complete phase
locking is substantially faster than that for the stable mode locking. It is believed that the
present real-time exploration can offer important information for practical applications
with temporal modulation of the pump intensity.
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