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Abstract: A Q-switched Nd:YAG laser with mode-locked modulations is utilized to explore the laser-
induced air breakdown. The various modulation depths of the mode-locking within the Q-switched
pulse can be utilized to investigate the threshold conditions. With the GHz high-speed detectors to
accurately measure the temporal pulse shape pulse by pulse, it is verified that the air breakdown
threshold is crucially determined by the peak-power density instead of the energy density from
the statistic results, especially for mode-locked Q-switched lasers. The stability of the system for
laser-induced breakdown can be evaluated by threshold width through fitting the statistical result.
Otherwise, by measuring the temporal characteristics of the excitation pulse and the induced plasma,
it is further found that the plasma radiation displays a few-nanoseconds time delay to the excitation
pulse and shows a decaying tail to be 10 times longer than the plasma build-up time. Moreover, the
incident laser pulse is observed to be self-scattered by the air breakdown, and a rapidly modulated
scattering rate is found with a slight delay time to the excitation mode-locked subpulse modulations.

Keywords: laser-induced breakdown; solid-state lasers; plasma dynamics

1. Introduction

Gas breakdowns generated by high-power optical pulses can be traced back to the
groundbreaking era for lasers [1,2]. Since then, the technologies of laser-induced break-
downs (LIBs) have been intensely studied and developed to be mature applications, includ-
ing laser ablation [3], micromachining [4], photochemistry [5], laser fusion [6], laser-induced
breakdown spectroscopy [7], laser ignition [8,9], and cavitation bubble generation [10].
The LIB is generally described as the formation of ionized gas or plasma during or by the
end of the excitation of the laser pulse. Physically, the breakdown and ionization of the
gas molecules are triggered when the electric field of the laser pulse is greater than that
of the binding electrons to their nuclei [11]. After the initial breakdown, the avalanche
ionization through some cascade effects takes place to vastly increase the plasma density
of the gas molecules [12,13]. In addition to the gas breakdown, the interaction between ns
laser and matter was deeply studied [14,15]. Since LIB belongs to a threshold-like process
with respect to the peak intensity of the laser pulse [16-18], determining the breakdown
threshold has long been a critical issue for reliable results of the developed applications.

In general, the threshold criterion for LIB is defined by the minimum laser energies at
which 10-50% of the laser firings result in an observable optical breakdown [11,19-21]. A
few reports also propose that it is adequate to determine the breakdown threshold by the
laser power intensity for taking the focused laser beam radius into account [18,22,23]. The
thresholds of LIBs under different experimental conditions—such as laser wavelengths [24],
pulse durations [25], gas pressures [26], compositions of gas molecules [27], and focal
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point properties [28,29]—have been widely investigated. Due to the limitation of the
response time of photodetectors, the temporal shapes of laser pulses were usually assumed
to have Gaussian-like profiles for calculating the breakdown intensities in most works of
literature [19,20]. We call these laser pulses the pure Q-switched laser pulses. However,
most of the temporal shapes of pure Q-switched pulse still have some small sub-pulse
modulations by mode beating or slightly mode-locking that might not have been noticed
for LIB in the past. In recent years, researchers have started to study the science of air-
breakdown plasma using such modulated Q-switched pulse [23]. Moreover, because
the actual temporal profiles of laser were not explicitly resolved and monitored pulse-
by-pulse, the determined threshold intensities may have large fluctuations even under
similar experimental arrangements [30,31]. Thanks to the development of high-speed
optical detecting technologies, the high-resolution temporal behaviors of laser pulses can
be precisely measured. This improvement enables us to resolve the temporal dynamics
further to find out the most crucial threshold condition for the initial breakdown.

In this work, we utilized the lamp-pumped high-energy Q-switched Nd:YAG laser
to explore the threshold conditions of the air breakdown. Based on the designed convex-
concave resonator for good beam quality [32] and wedged gain crystal to avoid etalon
effect for simultaneously mode-locking [33,34]. The mode-locking modulation may have
suffered from the instabilities caused by the inhomogeneous thermal loading and cavity
misalignment [35,36]. By utilizing this feature, we can generate laser pulses with various
temporal shapes to study the influences of peak-power intensity on the gas breakdown.
Both qualitative observation and the statistics results indicated that the breakdown thresh-
old was determined mainly by the peak-power intensity instead of the pulse energy density.
The threshold of peak-power intensity for air breakdown was found to be 0.63 TW / cm?.
The threshold width was also determined through a phenomenological formula. On the
other hand, pulse lasers with lower energy breakdown thresholds are more suitable for
ophthalmology surgery [37] and microfluidics [38]. This work shows that the energy break-
down threshold of deeply-mode-locked Q-switched pulse was 0.36 times lower than pure
Q-switched pulse.

In addition, with sub-nanosecond mode-locked subpulses, we studied the temporal
dynamics of incident laser, residual laser, scattered laser, and radiation of induced plasma.
Part of the following incident laser photons was scattered by the plasma induced by the
same incident laser pulse itself. The time-dependent self-scattering rate of plasma was
obtained without additional probe light, and showed the fast response to the mode-locked
subpulses. The observation may inspire further study on fine-structured plasma formation
for aerospace science and point scattering for 3D display in mid-air. Finally, the time-
averaged radiation spectrum of the induced plasma was measured and confirmed to
correspond well to the excited levels of the composite molecules in air [39].

2. Experimental Setup

The schematic diagram for the experimental setup is shown in Figure 1. A Xe flash
lamp with an arc length of 70 mm, normal pressure 450 Torr, and a maximum energy output
of 20 J at 850 volts was used as the pump source. A 1.1 at %-doped Nd:YAG rod with a
length of 50 mm and a diameter in 3 mm was used as the gain medium. Both surfaces of the
gain medium were coated with anti-reflection (AR, R < 0.01%) at 1064 nm and wedged with
2 degrees to prevent the parasitic pulse and the unwanted etalon effect. The Nd:YAG rod
and the flash lamp were placed inside a pumping enclosure consisting of reflectors coated
with silver on the inside surface to improve the pump efficiency. The laser resonator was
designed as a convex-concave cavity to enlarge the laser mode volume for achieving high
pulse-energy output with good beam quality [32]. The radius of curvature of the convex
front mirror was —500 mm, and the surface was coated for high reflection (HR, R > 99.9%)
at 1064 nm. For the concave output coupler, the radius of curvature for the resonant surface
was 600 mm, and the coating was partially reflective (R = 55%) at 1064 nm. The 1064 nm
anti-reflective coated outer surface of the output coupler was designed to be convex with a
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curvature of —140 mm to reduce the output divergence. A Cr*":YAG crystal with initial
transmittance of 35% was employed as the saturable absorber. The effective cavity length
was chosen to be 90 mm. With a weak thermal lensing effect, the laser was operated in
a stable region [32,34]. The output pulse energy was able to be stabilized around 21 m]
with one-sigma stability of 1% under continuous-firing operation at a repetition rate of
0.2 Hz after warm-up. However, under the randomly single-shot operation, the one-sigma
energy stability was up to 3%, coinciding with an increased energy fluctuation of +10%.
For varied incident energy for the air breakdown, an attenuator was placed behind the
laser cavity to adjust the pulse energy by utilizing the polarization given by the Brewster
plate. The Q-switched pulses were able to be attenuated with a range from 0 to 11 m].

Oscilloscope

Energy meter

Lamp pumped

Q —switched
Nd:YAG laser
T g A .
Ener BS Beam Focal lens = Spectrometer
o Expander g - =
attenuator

Photo of air
breakdown

Figure 1. Schematic diagram of experimental setup and the photo of air breakdown. BS: beam splitter;
PD: photodetector.

A focusing unit composed of a beam expander with 10 times magnification and a
triplet focusing lens with a 12 cm focal length is exploited to tightly focus the Q-switched
pulses for inducing breakdown in atmospheric air. The focused laser beam waist of 7 um in
radius was measured through the knife-edge method. We also measured the beam radius
within 1-3 mm before and after the focal point to verify the beam size at focal point through
the curve fitting with Gaussian-beam propagation theory. High-speed photodetectors with
a silicon base (PD2, EOT Inc., ET-2030 with rising time 300 ps) and an InGaAs base (PD1,
PD3, EOT Inc. (Traverse City, MI, USA), ET-3500 with rising time 25 ps) were respectively
employed to detect the temporal characteristics of the induced plasma as well as the
incident and residual laser pulses. The output signal of the photodetectors was connected
to a digital oscilloscope (Agilent DSO 80,000) with 10 GHz electrical bandwidth and a
sampling interval of 25 ps. The time-averaged radiation spectrum of the induced plasma is
measured by a compact spectrometer (UVisIR Inc. (Traverse City, MI, USA), FullScan-LR)
with a resolution < 5 nm.

3. Results
3.1. Qualitative Observation of the Threshold Conditions

First, we use another slightly degraded laser cavity with larger instability, then single
shot randomly without warm-up. Figure 2 shows the output pulses with various temporal
profiles in the test range from 2.9 to 3.4 m] while the attenuation ratio of the attenuator
was fixed. In most pulses, the modulations originated from the mode-locking mechanism
can be clearly seen since the unwanted etalon effect was prevented [40]. It can also be
found that, with deeper modulations, the pulses under nearly the same pulse energy
will possess higher peak power, such as the comparisons between Figure 2b,c as well as
Figure 2d,e. After firing hundreds of pulses, we found that all the pulses like Figure 2b,d
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cannot induce air breakdown. On the contrary, all the pulses like Figure 2c,e can induce air
breakdown. By using mode-locked Q-switched pulses, the qualitative observation implied
that the peak power could dominate the threshold condition of air breakdown. In the
forthcoming section, the threshold conditions were investigated through a quantitative
method to support this observation.
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Figure 2. (a—f) Mode-locked Q-switched pulses with various temporal profiles in the test energy
range from 2.9 to 3.4 m].

3.2. A Statistic Method to Evaluate the Threshold and Investigate the Threshold Conditions

In order to determine the threshold of peak-power intensity and energy density for
the initial breakdown under continuous-firing operation at a repetition rate of 0.2 Hz after
warm-up, hundreds of mode-locked Q-switched (ML-QS) pulses were tightly focused
into the atmospheric air. Note that the temporal profiles of these laser pulses have been
monitored pulse-by-pulse to determine the region of threshold fairly. The pulse width of
the envelope of ML-QS pulses was 7 ns on average. Figure 3a shows the relation of the
successes of air breakdowns to the laser energy and laser peak power with ML-QS laser.
The experimental results indicate that the success of the initial breakdown is slightly related
to the pulse energy but mainly dominated by the peak power in the energy range from 2.10
to 3.05 m]J, corresponding to an energy density range from 1.36 to 1.98 k] / cm?. To analyze
the influence of peak power on air breakdown for the specific laser cavity more explicitly,
the statistics on the breakdown probability, p, with respect to the peak power, P, was
performed in Figure 3b. For determining the threshold peak power, Py, threshold width of
peak power, AP, and normalized threshold width of peak power, AP, a phenomenological
formula was used to fit the experimental data numerically as

p(x) = ¥t PE LED 0
1+exp {7“ th }
. Ax

AX = — 2

o 2

where the x represents the evaluated laser parameter such as peak power, P; pulse energy,
E; and peak-power intensity (peak power per unit area), I; and pulse energy density
(pulse energy per unit area), ED. The solid red line shows the fitting curve given by (1) in
Figure 3b,c,e,f. According to the numerical fitting, the Py, corresponding to 50% breakdown
probability was 0.972 MW. In other words, the I;;, was determined to be 0.63 TW/cm?. In
addition, the AP and AP was found to be 44 kW and 0.045, respectively.
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Figure 3. (a,d) Relation of the success of air breakdown to the laser pulse energy and peak power
with mode-locked Q-switched laser and pure Q-switched laser, respectively. (b,c,e,f) Histogram and
fitting curve (red line) of the breakdown probability versus the pulse peak power and energy in
(a,d), respectively.

The histogram of breakdown probability with respect to the pulse energy was per-
formed in Figure 3c. According to the numerical fitting, the Ey,, EDy,, AE, and AE was
found to be 2.35 mJ, 1.53 kJ /cm?, 0.273 mJ, and 0.116, respectively. The AE was significantly
larger than the AP, which indicated the peak power was the principal threshold condition
and consistent with the qualitative observation.

In order to verify that the ML-QS pulse has a lower energy threshold than pure Q-
switched (p-QS) pulse, the typical p-QS pulses with 7-ns duration were generated by adding
a feedback mirror to inject a weak etalon effect. The p-QS laser pulse had almost the same
beam quality and pulse width as the ML-QS laser pulses. Figure 3d—f show the experimental
results and statistic analysis of air breakdown with p-QS pulses. According to the numerical
fitting, the Py, Iy, AP, and AP was found to be 1.07 MW, 0.70 TW / cm2, 52 kW, and 0.048,
respectively. The E;;,, EDy,, AE, and AE was found to be 6.52 mJ, 4.23 kJ/cm?, 0.382 m],
and 0.059, respectively. The results demonstrate that the threshold peak power of ML-QS
pulse was similar, only 0.91 times lower than the p-QS pulse. Moreover, the reason might
be that the transverse mode quality of the ML-QS laser was still slightly better than the
p-QS laser with feedback injection. However, the threshold energy of the ML-QS pulse was
significantly 0.36 times lower than the p-QS pulse.

As stated above, the peak-power intensity was approved to be a more suitable con-
dition than the energy density for a Q-switched laser to determine the air breakdown
threshold. For p-QS pulses, the AP of 0.048 is smaller than the AE of 0.059. Because there is
no big difference in pulse shape, defining the threshold value based on the peak power is
slightly better than energy. However, through the qualitative and quantitative results of
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ML-QS pulses, we confirm that the peak-power intensity is the critical condition rather than
the energy density. Furthermore, the statistic method can explicitly evaluate the threshold
value and threshold width which is related to the peak power stability of the laser source
and the breakdown environment.

Reference [20] was chosen for comparison with previous literature works due to its
similar breakdown conditions. The breakdown threshold energy was 13.4 m] by use of the
1064-nm 6.5-ns p-QS pulses. With an estimated beam radius of 9 um, the EDy, would be
5.1 kJ/cm?, close to the EDy;, of 4.23 kJ /cm? for p-QS pulse in this work.

3.3. Temporal Characteristics of Air Breakdown

After determining the air breakdown threshold condition from different pulse shapes,
the laser was operated to output modulated pulses with high peak power intensity that
can 100% induce plasma signal for studying the temporal dynamics. Figure 4a depicts
the temporal characteristics for the incident pulse, residual pulse, and the radiation of
induced plasma after carefully calibrating time delay from the optical path difference. The
temporal profiles of the incident and residual pulse reveal that the air molecules absorb only
partial energy from the excitation pulse at the initial stage before the plasma is triggered.
When the power intensity exceeds the threshold for air breakdown; however, most of
the energy for the excitation pulse is depleted to build up the radiation of plasma with
a rising time of about 2 ns. In addition, when the decaying instantaneous power of the
excitation pulse is insufficient to sustain the buildup of plasma, plasma radiation begins to
decay with a decaying time of a few tens of nanoseconds. Intriguingly, there were small
peaks on the radiation pulse shape of induced plasma, corresponding to the mode-locked
modulation subpulses of the incident laser pulse. It implied that the ionization process and
correspondent plasma core density might be modulated rapidly, too. However, due to the
long decay time of radiation, the fast dynamics cannot be seen through radiation directly.
The fast dynamics was observed by the self-scattering method in the coming section.
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0.6 0.6}
04} 04}
‘02t ‘0.2
> >
_E' 0.0 - h _8'0'0 : . : i £
S1.0F ! Incident 1064-nm pulse S 1 r Incident 1064-nm pulse
2> ! — Radiation of induced plasma > 3r \ —— Scattering rate
‘7081 . '3 | i
S | g o} | |
2061 | = ! !
04} | ! |
l r | :
0.2+ ' i I
Lo i |
00 AN, 1 — i 0 - 1 & 1 s
0 5 10 15 20 25 0 5 10 15 20 25
Time (ns) Time (ns)

() (b)

Figure 4. (a) Temporal characteristics for the 1064-nm incident pulse, 1064-nm residual pulse, white-
light radiation of induced plasma. (b) Temporal characteristics for the 1064-nm incident pulse, the
1064-nm scattered pulse and the calculated scattering rate.

By replacing the HR-1064 nm filter with a band-pass filter at 1064 nm in front of the
photodiode—PD2, we found that the 1064 nm pulse laser was scattered by the plasma
induced by the laser itself. Here, we called the phenomenon ‘self-scattering’. The temporal
characteristic of the scattered 1064 nm pulse in the above experiment was illustrated in the
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upper part of Figure 4b. Dividing the temporal trace of scattered pulse to the incident pulse,
we defined the above temporal result as scattering rate, which was shown in the lower
part of Figure 4b. With the self-scattering method, the time-dependent scattering ability of
induced plasma was obtained without additional probe light. Notice that when the signal
of the scattered pulse was small, the calculated result of the scattering rate showed plenty
of noise, which was ignored in the lower part of Figure 4b.

Furthermore, the start-up time of scattering rate was matched the third subpulse that
can induce initial breakdown with the power exceeding threshold power, and was 0.25 ns
before the plasma emission observed. It implies that the self-scattering method could be
useful for studying the plasma formation after comparing quantitatively with the method
of interferometry, shadowgraphy, or high-speed photography using ns intensified CCD.

Finally, the time-averaged radiation spectrum of the induced plasma was further
measured, as shown in Figure 5. The peaks of the experimental spectrum were found to
correspond to the excited levels of the gas molecules in the air [36] well. In addition, the
envelope of the radiation spectrum is confirmed to be in good consistence with the reported
result in previous literature [41].
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Figure 5. Time-averaged radiation spectrum of the induced plasma in air.

4. Conclusions

In summary, a lamp-pumped Q-switched Nd:YAG laser at 1064 nm with mode-locked
modulations has been utilized to explore the threshold of air breakdown. It is feasible
to utilize pulse-by-pulse monitoring and the statistic method to precisely determine the
breakdown threshold value and threshold width. As shown in the present work, the
breakdown threshold was dominated by peak-power intensity. Moreover, the increased
peak power by the deep mode-locking modulations can significantly reduce the required
pulse energy for laser-induced breakdown.

Furthermore, the radiation of induced plasma rises rapidly while the instantaneous
power exceeds the threshold power and displays a decaying time of a few tens of nanosec-
onds. With the self-scattering method, the time-dependent scattering ability of induced
plasma can be obtained without additional probe light.
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