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Abstract: Using an all passive approach, synchronized Q-switching of two
Nd:YAG lasers, at 946 nm and 1064 nm, is reported. Two laser crystals are
used to avoid gain competition, and stable operation is reported for the first
time. The pulse trains are synchronized over a wide range of pump powers
and a relative timing jitter of 36 ns is achieved. A minimum delay of 64 ns
is observed between the two laser pulses, and by making the 946 nm pulse
relatively long, a 79% temporal overlap is obtained when compared to the
zero-delay scenario.
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1. Introduction
Synchronized Q-switching has been an active field of research in recent years, including both
actively and passively Q-switched systems [1–4]. Synchronization between a quasi-threelevel and a four-level laser is particularly interesting for sum frequency generation into the
blue spectral region [2] and pump-probe experiments [5]. This is, however, complicated by
reabsorption losses, and in the case of Nd:YAG, a seven times lower emission cross-section
for the quasi-three-level transition.
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There has been one demonstration of a pulsed simultaneous dual-wavelength laser
(SDWL) at 1064 nm and 946 nm [6]; but due to gain competition in using a single laser
crystal, considerable fluctuations in output powers were reported.
In another approach, a quasi-three-level 912 nm and a four-level 1063 nm Nd:GdVO4
laser were synchronized using two laser crystals and two active Q-switches. The 912 nm
pulses were made relatively long (250 ns) to absorb the relative jitter between the two pulse
trains [2]. The authors reported that a timing jitter of 40 ns resulted in 10% peak-to-peak
fluctuation in the resulting SFG power.
Recently, two flash-lamp pumped four-level Q-switched lasers were passively
synchronized by directing the output of one laser (master) to the Q-switch of the other (slave),
also achieving good temporal overlap by making one pulse relatively long when compared to
the other [7].
In another all passive system, Tidemand-Lichtenberg et al. and Janousek et al. achieved
good control between the various synchronization states using two laser crystals and
individually adjusting the pump powers to the respective crystals [3,4]. This was
demonstrated for the synchronization of two four-level lasers using Nd:YVO4 – at 1064 nm,
and 1342 nm.
In this paper, we report for the first time stable, synchronized Q-switching between a
quasi-three-level transition and a four-level transition in an all passive approach. In contrast to
a previous system [6], two laser crystals were used to avoid gain competition, resulting in
stable synchronization. The two lasers were synchronized over a wide-range of pump powers
despite the difference in their respective repetition rates. While timing jitter in the freerunning lasers were on the order of 10 μs, the relative jitter between the two pulse trains was
only 36 ns, comparable to the actively synchronized system reported in [2]. A minimum delay
of 64 ns was observed between the two laser pulses. Making the 946 nm pulse relatively long,
a 79% temporal overlap was achieved when compared to the zero-delay scenario.
2. Experimental setup
Figure 1 illustrates the experimental setup. The HR facet of Nd:YAG1, mirrors M1, BS and
M2 form the 946 nm cavity, while the HR facet of Nd:YAG2, mirrors M3 and M2 form the
1064 nm cavity. Synchronization of the two lasers is achieved with one saturable absorber
(SA), placed in the common section between BS and M2, close to the beam waist located at
M2. The SA is a 0.97 mm Brewster-cut Cr:YAG specified for 85% unsaturated transmission
at 1064 nm at normal incidence. Taking into account the SA is oriented at Brewster’s angle
and using the absorption cross-sections published in [5], the unsaturated transmission at 1064
nm and 946 nm are 82% and 83% respectively. Similarly, the saturated excited state
absorption are 6% and 8% at 1064 nm and 946 nm respectively. M1, a plane folding mirror
coated for high transmission at 808 nm and high reflection at 946 nm, is inserted to minimize
feedback to the tapered diode pump source. BS is the coupling mirror coated for high
transmission at 1064 nm and high reflection at 946 nm. M2 is the output coupler, coated for
3% transmission at both 1064 nm and 946 nm. M3, with a radius of curvature of 100 mm, is
coated for high reflection at 1064 nm, and the intracavity lens, LS, with a focal length of 75
mm, is coated for high transmission at 946 nm. The cavity lengths are 19 cm and 37 cm for
the 1064 nm and 946 nm lasers, respectively.
A narrow spectrum, external cavity tapered diode laser, at 808.8 nm, is used to pump the
946 nm laser, and is illustrated in the dotted red box in Fig. 1. The pump source has an M2 of
1.4 and 5.7 for the fast and slow axis respectively (using the second-moments definition).
After the optical isolators and focusing optics, 1.6 W of pump power is incident on the laser
crystal (Nd:YAG1). Given the relatively large pump volume required for low-repetition rate,
high pulse energy Q-switching, using a standard broad-area diode pump source should give
similar performance. More detailed description on the external cavity tapered diode pump
source can be found in [8,9]. The dotted green box illustrates the 1064 nm laser pump source,
a fiber-pigtailed broad area diode laser (LUMICS LU0808T045) with NA = 0.15 and a fiber
core diameter of 105 μm. It provides up to 4.1 W of incident power after the coupling optics.
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The single-pass pump absorption through the 3 mm long 946 nm laser crystal (Nd:YAG1)
and the 5 mm long 1064 nm laser crystal (Nd:YAG2) were 90% and 47% respectively. The
relatively low absorption in the 1064 nm laser crystal is due a mismatch between the diode
pump source spectrum and the absorption peak of Nd:YAG. The center wavelength of the
broad area diode pump source is 801 nm, with a FWHM spectral bandwidth of 2.5 nm.

Fig. 1. (Color online) Experimental setup for synchronized Q-switching. Nd:YAG1 and
Nd:YAG2 are the laser crystals for 946 nm and 1064 nm, respectively. SA is the saturable
absorber that is shared between the two lasers.

The SA was placed close to the cavity beam waists at mirror M2, and the corresponding
waist radii were measured with a Thorlabs BP109-IR beam profiler. They were 24 μm in both
the horizontal and vertical directions for the 946 nm laser, and 72 μm (h) x 97 μm (v) for the
1064 nm laser.
The pump and cavity mode sizes inside the laser crystals were optimized experimentally.
The cavity waist radii inside the laser crystals were estimated to be 77 μm (in both directions)
and 88 μm (h) x 108 μm (v) for the 946 nm and 1064 nm lasers respectively. The tapered
diode pump beam waist radius was measured to be 59 μm (h) x 80 μm (v), while the broad
area diode pump beam waist radius was estimated to be 70 μm in both directions from the
specified fiber core size and NA.
To overcome reabsorption loss at the 946 nm transition, a high pump photon density and a
good overlap between the pump and cavity beams are required inside the laser crystal [10,11].
In addition, a small cavity mode inside the SA is desired for efficient bleaching and coupling
of the two beams. These requirements imply the 946 nm laser only operates in a narrow range
of cavity lengths near the stability limit. Thus, an intracavity lens, LS, was used instead of a
curved folding mirror to avoid astigmatism, which would have produced asymmetric stability
regions. The insertion loss of LS was measured to be 1.9%.
The pulsed signals were separated using dichroic beamsplitters and detected using two
Thorlabs PDA-255 photodiodes, each with a 7 ns rise time. The respective signals were then
captured using a LeCroy Wavesurfer 104MXs-A oscilloscope with 1 GHz bandwidth. It is
reported previously that the 946 nm laser may simultaneously Q-switch and mode-lock when
Cr4+ ions are used in the SA [12]. This mode-locking behavior is not investigated in the
current paper, and only the synchronized Q-switching process is considered.
3. Results and discussion
3.1 General system performance
Repetition rates of the synchronized system and of the respective free-running lasers at 946
nm and 1064 nm are plotted in Fig. 2, where the free-running repetition rates were measured
with only one laser operating. The incident pump power of the 946 nm laser was held fixed at
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1.6 W, while incident pump power of the 1064 nm laser was slowly increased from 0.69 W to
3.0 W. The threshold of the 1064 nm laser was reduced from 1.0 W of incident pump power
in the free-running laser to 0.69 W in the synchronized system.
Operation of the synchronized system can be divided into three regimes: 1) when the freerunning repetition rate of the 1064 nm laser is below that of the 946 nm laser, the SA is
bleached by the 946 nm photons before sufficient gain in the 1064 nm laser is built up; thus,
in this case, the 946 nm pump power determines the repetition rate of the synchronized laser.
2) When the free-running repetition rate of the 1064 nm laser is higher than that of the 946
nm laser, the 1064 nm laser bleaches the SA and its pump power determines the repetition
rate of the synchronized laser. 3) When the free-running repetition rates of both lasers are
matched, an unstable regime exists, where small changes in the two lasers’ pulse build-up
times become important. This regime will be discussed in the next section.

Fig. 2. Repetition rates of the synchronized system and of the respective free running lasers at
946 nm and 1064 nm.

Note that the first three data points in Fig. 2 indicate 2:1 synchronization, where the 1064
nm gain is so low that a 1064 nm pulse is only generated with every other 946 nm pulse. This
is consistent with reports in [3,4]. It can be seen here, however, that the two lasers are locked
together over a wide range of pump powers, with the 946 nm laser following the 1064 nm
laser up to almost twice its natural free-running repetition rate.
When the 1064 nm laser pump power is increased beyond the switching point at ~1.6 W,
both the average power and pulse energy of the 946 nm laser increased significantly, while
the width of the Q-switch envelope decreased, as shown in Fig. 3. The relatively significant
increase in performance of the 946 nm laser is due to the three-level nature of the laser line,
where for each photon sacrificed for bleaching the SA, the population inversion is reduced by
two. When this burden is taken by the 1064 nm laser, the excess gain in the 946 nm laser
crystal could then be converted into useful output.
The second dip in the 1064 nm average power (at ~2.6 W) was due to thermal lensing,
which caused the 1064 nm laser cavity to become unstable in the horizontal direction. This
was verified using a beam profiler, where wings in the horizontal directions were observed in
the 1064 nm laser mode at 2.6 W incident pump power. Higher order modes were observed
when the pump power was further increased.
In the uploaded video (Media 1), the blue and yellow oscilloscope traces show the 1064
nm and 946 nm pulses, respectively. The 946 nm laser pump power was held at 1.6 W, while
the 1064 nm laser pump power was increased in 0.1 A increments. Stable locking of the two
lasers is clearly shown, and the abrupt change in output power is observed at 0:16 into the
video.
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Fig. 3. Average power, Q-switch envelope width (FWHM), and pulse energy of the
synchronized lasers.

3.2 Pulse delay and temporal overlap
Due to the unstable regime at around the switching point, a minimum delay between the two
laser pulses was observed during stable operation. This delay is plotted in Fig. 4 (a) as a
function of the 1064 nm laser pump power. A negative delay indicates the 1064 nm laser is
lagging, while a positive delay indicates the 1064 nm laser is leading.
The general dependence of the delay on the 1064 nm laser pump power can be explained
as follows: excess gain in the 1064 nm laser crystal, when the SA is bleached by the 946 nm
laser, increases with the 1064 nm pump power; therefore the 1064 nm pulse build-up time
decreases as a function of pump power, which in turn decreases the delay (regime 1). When
the 1064 nm laser bleaches the SA at a higher repetition rate than the 946 nm laser, the two
lasers switch roles and the 1064 nm laser becomes the leading pulse. As the pump power is
further increased, the two pulses start to move apart in time again (regime 2). This also
explains the drop in pulse energy and increase in the Q-switch envelope pulse width for the
946 nm laser as the 1064 nm pump power is increased beyond the switching point (see Fig.
3). Regime 3 is characterized by an abrupt change in delay in the experimental data. In order
to better understand the physical mechanism responsible for the delay and in particular, the
abrupt change in regime 3, a simple model based on coupled-rate equations [4] has been
adapted for the three-level laser. The model shows qualitatively the pulse build-up and cavity
losses in the three regimes as functions of time, shown in Fig. 4 (b) – (d). The absorbed pump
power of the 1064 nm laser is increased by 100 mW in each subsequent plot, while the pump
power of the 946 nm laser stays fixed.
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Fig. 4. (Color online) (a) Relative delay between the two laser pulses as a function of 1064 nm
laser pump power, with the 946 nm laser pump power held at 1.6 W. Qualitative plots of the
pulse build-up and cavity losses are shown for (b) regime 1, (c) regime 3, and (d) regime 2 as
functions of time. Dashed lines in (b)-(d) indicate when the lasers are below threshold.

It can be seen in regime 1 (Fig. 4 (b)) that the 1064 nm laser does not reach threshold until
the SA is bleached by the 946 nm laser, thus the point at which the 1064 nm laser reaches
threshold is well defined. In regime 2 (Fig. 4(d)), the situation is reversed, and the 1064 nm
pulse leads the 946 nm pulse. In regime 3 (Fig. 4 (c)), however, the free-running repetition
rates of the two lasers are closely matched, and both lasers reach threshold before the SA is
bleached. In this case, the photon flux for both lasers build up rapidly due to stimulated
emission, and gain fluctuations that delay or advance the threshold on the order of
microseconds will have a critical impact on the build-up time of the two pulses; thus, the
theoretical minimum delay for stable operation depends on the jitter of the individual freerunning lasers. Experimentally, the unstable regime 3 was observed to be very narrow, within
tens of mW of incident pump power.
From experimental data, the minimum delay with stable operation was 84 ns when the
946 nm laser was bleaching the SA (regime 1) and 242 ns when the 1064 nm laser was
bleaching the SA (regime 2). Measuring the delay over 1000 pulses and applying a Gaussian
fit to the corresponding histogram, the 4-sigma timing jitter was found to be 36 ns and 55 ns
for the corresponding operating points in regimes 1 and 2.
Reducing the 1064 nm mode size inside the SA, such that the horizontal beam waist
radius matches that of the 946 nm laser (to 24 μm (h) x 80 μm (v)), reduced the minimum
delay between the two pulses to 64 ns when the 946 nm laser was bleaching the SA. Figure 5
shows the corresponding oscilloscope trace. The jitter in this case was 48 ns using the 4sigma definition. The focusing lens of the 1064 nm pump beam was changed from 40 mm to
20 mm in this experiment to suppress lasing of higher order modes. Further reduction of the
1064 nm SA mode size was not possible due to physical limits with the current setup.
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Fig. 5. (Color online) Oscilloscope traces of the two pulsed signals, showing good temporal
overlap – black trace shows a 1064 nm pulse, purple trace shows a 946 nm pulse. The overlap
corresponding to the product of the two pulses was 79% with respect to the best case scenario
where no delay would be present. Inset shows a single frame in the uploaded video (Media 1) –
upper trace shows a 1064 nm pulse, lower trace shows a 946 nm pulse.

By making one of the pulses relatively long compared to the other, good temporal overlap
between the two could be achieved. It is reported in [2] that 40 ns of timing jitter in
combination with a 250 ns long pulse resulted in less than 10% peak-to-peak fluctuation in
the corresponding sum-frequency generation. In Fig. 5, the FWHM pulse widths of the 946
nm and 1064 nm lasers were 200 ns and 45 ns respectively. Multiplying the two traces, and
integrating the resulting product over time, the temporal overlap between the two pulse trains
was calculated to be 79%, with a 7% standard deviation. This was normalized against the best
case scenario, where no delay between the two pulses would be present.
4. Conclusion
Stable synchronized Q-switching of a quasi-three-level and a four-level laser is demonstrated
for the first time in an all passive approach. Stable locking of the two pulse trains was
demonstrated over a wide range of pump powers. Relative timing jitter down to 36 ns was
achieved, comparable to the 40 ns jitter reported in an actively synchronized system [2]. It
was found that timing jitter in the individual free-running lasers would prevent perfect
temporal overlap of the two pulse trains, but a minimum delay of 64 ns was achieved in stable
operation. The relative timing jitter was absorbed into a 200 ns FWHM 946 nm pulse, and the
resulting temporal overlap was 79% when compared to the best case scenario where no delay
would be present. Based on the results presented, pump-probe experiments and sumfrequency generation based on passively synchronized Q-switching of quasi-three-level and
four-level lasers seem feasible.
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