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The air and thin film plasma(AP and TFP) sparks may be generated at the same time when high-energy laser acts on the 
surface of the thin film. AP sparks and TFP sparks are often misjudged when the plasma sparks of laser -induced thin film 
damage is detected. Measuring the flash ignition time (referred to as “spark time” or “ST”) of AP enables researchers to 
accurately distinguish AP and TFP sparks and eliminate film damage discrimination that occurs when using plasma flash 
methods. A Nd:YAG nanosecond-pulse laser with 1064 nm  wavelength was employed to generate AP and AP sparks 
through induced-laser breakdown in air. The incident laser and AP spark signals were collected using high -speed free-space 
detectors and processed using an oscilloscope. These signals were computed and analyzed to  obtain the ST of the AP 
sparks produced during laser-induced breakdown and observe the variations in ST with different laser intensities. Finally, the 
multiphoton absorption and cascade ionization theories were applied to calculate and compare theoretical  STs to the 
experiment results. Findings showed that the experimental STs decreased slightly with an increase in laser intensity. 
Moreover, the experimental STs were extremely consistent with the theoretical STs, verifying the feasibility of the proposed 
experiment method. 
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1. Introduction 
 

In high-energy laser application systems, the 

continuous application of h igh-power lasers can break 

down air and optical films into plasma and ignite the 

plasma to fo rm flashes (hereafter referred to as “sparks”). 

Previous studies indicated that multiphoton absorption 

(MPA), i.e., cascade ionizat ion (CI), is the primary cause 

for air breakdown [1–9]. The development of air plas ma 

(AP) can be characterized by four stages [10]. The first 

stage is the initialization stage wherein the incident laser 

irradiates a focal point to form initiat ing electrons. This is 

the beginning of spark development. The second stage is 

the plasma growth stage wherein CI causes the free 

electrons and ions in the air to multip ly rapid ly, 

consequently increasing the electron density at the focal 

point to a specific threshold (density that causes air 

breakdown). The third stage is the development and 

distribution of shock waves accompanying the AP in the 

focal p lane. The fourth stage is the dissipation of the AP. 

The spark time (ST) o f AP refers to the period from the 

irradiation of the laser on the focal point until a spark is  

produced. Therefore, ST can be defined as the time 

required to complete the first and second stages. Although 

AP sparks produced during laser-induced breakdown and 

the aforementioned four stages have been extensively 

studied by a number of scholars [10–20], few have 

analyzed the ST of AP produced during laser-induced 

breakdown. AP sparks and thin film plas ma (TFP) sparks 

are often misjudged when detecting the plasma sparks of 

laser-induced thin film damage [21–22]. A number of 

scholars reported that when a laser is concentrated on the 

target material, the plas ma ST of the target material and  

the ST of the AP are different [23–24]. Therefore, by  

determining the STs of AP and TFP produced during 

laser-induced breakdown, researchers can use the time 

differences to identify AP and TFP sparks accurately. In  

this study, an experiment was designed to measure the ST 

of AP produced during laser-induced breakdown. The 

results are then compared to the ST of AP obtained 

through theoretical computation to analyze the effects of 

incident laser power on ST. The findings obtained in this  

study not only revealed the mechanisms involved in the 

formation, growth, and expansion of AP during  

laser-induced breakdown but also provided a technical 

basis for detecting the plasma sparks of thin film damage, 

thereby fundamentally eliminating the discriminat ion of 

thin film damage that occurs when using the plasma flash 

method and providing new concepts for gas dynamics 

research concerning high-power laser-induced breakdown 

of air. 

 

 

2. Numerical computation for the flash  
  ignition time of air plasma  

 
In atmospheric air, this transformation from neutral 

air into hot plasma occurs in  three d istinct stages: 

initiat ion, formative growth, and air p lasma spark. A  

fourth and final stage, ext inction, follows. The first stage 

refers to MPA, this process begins with the release of a 

free electron, and the growth in the free electron and ion 
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concentrations in the air. The second stage is formative 

growth stage under the action of CI, during which the 

number of free electrons and ions increases until the state 

of “breakdown” is reached. Air plas ma spark time (tb) can 

be defined as the time required to complete the first and 

second stages. Therefore, in order to obtain the air plasma 

spark time (tb), the processes of MPA and CI will be 

analyzed above. In MPA, photo-excitation corresponds to 

the absorption of a photon as a result of which the atomic 

system is raised to a higher state. Photo-deexcitation is  

simply the converse emission process. Photo-ionization  

can occur when an incident photon has sufficient energy to 

remove an electron fiom an atomic system thus leaving it  

in a higher stage of ionization. In photo recombination the 

electron recombines with an ion with the emission of a 

photon. In this process, an atom simultaneously absorbs a 

k
th

 number of photons, where total k photons energy is 

greater than the atom’s ionization potential. This  

absorption causes the atom to ionize. During the formation  

of AP, electron density (ne1) changes over time (t ).The 

equation can be expressed as follows [10,21]: 
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0(t) exp{ 4ln2[(t ) / ]}p pI I      is the principle 

for the change of laser pulse over time, 2
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initial intensity of the incident laser, 
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is the MPA rate, 
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is the optical frequency, p is the pulse width, 

E  is the energy of the incident laser, r  is the radius of the 

focal point of the incident laser, N  is the density of the air 

molecules, k  is the number of photons that must be 

simultaneously absorbed to ionize an atom,   is the photon 

absorption cross section of the atomic step, and 
346.626 10h    is the Planck constant. 

Naturally formed electrons and early  electrons created 

through mult iphoton ionization are typically present in the 

laser irradiat ion area. These electrons are commonly  

referred to as init iating electrons. Initiat ing electrons are 

activated by the laser’s electric field. W ith sufficient  

energy, atom excitation and ionization occur during 

collision. Continuous collision consequently causes 

electron collapse or CI. During CI, electron density (ne2) 

changes over time (t). The equation can be expressed as 

follows [10,21]: 
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where q is the air coefficient, mv  is the electron collision  

frequency for momentum transfer, 
83 10 ( / )c m s   is  

the speed of light,   is the wavelength of the incident 

laser, and 1.0003n   is the refractive index of air. 

Equations (1) and (2) can be combined to calcu late the 

electron density (
en ) of a specific gas over time ( t ) while 

taking MPA and CI into account. The merged equation can 

be expressed as follows:  
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In Eq. (3), 19 32.7 10 ( )N cm  , 21 1 1 210 ( V )q cm s   ,

13 13.9477 10 ( )m s   , 15 110 ( )s  , 16 210 ( )cm   . 

Under normal temperature and pressure, the moment 

of air b reakdown can be defined as the moment  

corresponding to 13 310en cm . At this moment, air is  

broken down, and AP is ignited [10,21–22]. As shown in  

Equations (3), Laser wavelength, incident laser energy, 

pulse width, and laser facu la rad ius  are the main factors 

that affect the air plas ma spark time tb. If 
61.064 10 ( )m   , 810 ( )p s  , and

 
0.015( )r cm , the 

laser wavelength, pulse width, and laser facula radius  are 

constants, then only the variation of air p lasma spark time 

tb with laser energy have been analyzed. The laser energy 

chosen have a requirement that must be greater than the 

energy threshold of air breakdown. The energy threshold 

of air breakdown is related to many factors, such as 

ambient temperature, humidity and laser action 

parameters. It is found that the energy threshold of the air 

is about 150mJ under the conditions of the experimental 

environment and the parameters of the laser in this paper, 

so the laser intensities of 160 mJ , 200 mJ , and 230.59 mJ , 

which is larger than 150 mJ, is randomly selected. 

Using the equation (3), the tb simulation results using 

different laser intensities are illustrated in Fig. 1. 

Fig. 1 indicates that when other conditions are 

unchanged, the greater the laser energy, the easier the air 

will be broken down, and the less air plasma spark time tb 

it will be. Under the same condition that other conditions 

are unchanged, from the microscopic point of view, the 

greater the incident laser energy, the greater the energy 

absorbed by the air. Then, the plasma with high 

temperature was generated earlier. The plas ma absorbed 

the residual energy of the laser and expanded rapidly, 

forming a plas ma flash. From a macroscopic point of 

view, the greater the incident laser energy, the shorter time 

it takes to ionize the same atom after the air absorbs 

energy. Therefore, air plas ma spark time tb decreases with 

increasing laser intensity E. 
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(a) tb results (laser intensity = 230.59 mJ)          (b) tb results (laser Intensity = 200 mJ)  

 

 
(c) tb results (laser Intensity = 160 mJ) 

 

Fig. 1. tb calculation results using different laser intensities 

 

 

3. Experimental test system and configuration  
 

A schematic representation of the AP sparks produced 

during laser-induced breakdown is illustrated in Fig. 2. In  

the figure, a high-power Nd:YAG laser (1) is passed 

through a filter (2) and an attenuator (3). A focusing 

system (4) concentrates the laser on the sample stage (7). 

The air surrounding the specimen breaks down and forms  

plasma sparks. An energy meter (6) promptly reads the 

reflected light energy released by the beam splitter (5). A  

computer (8) serves as the operation console. The two  

probes (9 and 10) are the high-speed free-space detectors, 

DET08CL/M and DET025AL/M, manufactured by 

THORLABS. Taking into account the speed of light, the 

signals collected by the detectors can be characterized as 

the moment at which the incident laser reaches the focal 

point and the moment at which a plasma spark begins. The 

light signals are converted into electric signals and 

compared. The difference between the two sets of signals 

is the ST of the AP produced during laser-induced 

breakdown (tb). The two sets of electric signals are 

processed using the Tektronix MSO2024B four-channel 

oscilloscope (12) to p roduce a curve that shows the 

changes in signal voltage over time. The voltage 

occurrence of the two sets of signals corresponding to the 

time d ifference is tb. To  protect Probe 9 from the immense 

energy of the incident laser, a set of annuates (11) are 

placed between the laser and the probe. 

 

 
 

Fig. 2. Schematic of the experiment 

 

The partial configuration of the experiment is 

illustrated in Fig. 3. The high-power Nd:YAG solid-state 

laser emits a wavelength of 1064 nm. The laser's output is 
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adjustable between 5 mJ and 235 mJ, the radius of the 

focal point is 0.015 cm, and the pulse width is 10 ns. For 

stability, the laser output is fixed at  a specific voltage. The 

maximum bandwidths of Probe 9 and Probe 10 are 5 GHz 

and 2 GHz, respectively. Because the incident laser 

wavelength is 1064 nm, in order to collect the incident 

laser signal, it  is necessary to use the near infrared  

photodetector, and the air plasma flash spectrum is mostly 

in the v isible region, so the visible light detector is used to 

collect the air plas ma flash. In this paper, the measurable 

spectra of the two  probes are between 800 and 700 nm and  

400 and 1100 nm, respectively. The surge times of the two  

probes are 70 ps and 150 ps, respectively. The maximum 

sampling frequency of Oscilloscope 12 is 1 GHz, g iven the 

use of a GHz type oscilloscope one can expect a time 

precision of at  best 0.1 ns. Th is guarantees that the times 

of the incident laser signals  and the AP spark signals can 

be distinguished. 

 

 
 

Fig. 3. Experiment configuration 

 

 

All of experiments were done in a set of laser damage 

threshold test devices developed by our team. In this test 

device, the relative position of the laser, focusing system 

and the sample table have been fixed. Therefore, the 

focusing spot radius of the arrival sample platfo rm will not 

change theoretically. In addit ion, pulse width of the laser 

is also fixed. Therefore, all measurements above were 

carried out only in function of the laser energy. 

 

 

4. Experimental results and analysis 
 

In all experiments, the incident laser signal is taken  as 

the reference signal, and air plasma spark time (tb) is the 

difference between the starting time of the air p lasma flash 

signal and the reference signal. Therefore, in order to  

make the measurement results accurate and reliable, it is  

necessary to verify that the signal collected by Probe (9) is  

indeed the incident laser signal firstly. The whole 

experiment is carried out in the dark space. In order to 

avoid the signal interference, the incident laser energy is 

less than the energy required for the air to be broken down 

(about 150mJ), and the air plas ma spark can not be 

produced, then the signal collected by the Probe (9) is the 

incident laser signal. In order to eliminate other 

disturbances, the connection line between Probe (10) and  

oscilloscope (12) is disconnected. 

The incident laser signal obtained under different 

incident laser energy is shown in Fig. 4. 

 

 

 

 
Fig. 4. The incident laser signal diagram 

Attenuators 3 Focusing len 4 Sample stage 7 

Probe 9 

Probe 10 

Annuates 11 Beam splitter 5 
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In Fig. 4, the energy of the incident laser energy is 

randomly  chosen to be smaller than the energy required  

for the breakdown of the air. When the incident laser 

energy were 11.63mJ, 41.60 mJ , 73.33 mJ and 97.63 mJ , 

the peak values of the incident laser signals  were about 

0.15V, 0.58V, 0.64V, 0.90V. respectively. Fig. 4 shows 

that the peak values of the incident laser signal were 

increased with  an increase in the incident laser energy. It  

indicated that the signal collected in the experiment was 

indeed the incident laser signal. When Probe (10) and  

oscilloscope (12) were connected, the following  

experimental results were obtained. 

In Fig. 5(a), the energy of the incident laser was 

228.38 mJ. Oscilloscope 12 collected the incident laser 

signals and the spark signals of AP produced during 

laser-induced breakdown over a sampling time of 200 µs. 

The figure shows that the amplitude step times of the 

incident laser and spark signals increased at 0 ns and then 

decreased to 0 V after several hundred millisecond. This 

process is consistent with that of pulsed light signals 

[10,23], suggesting that the sparks in this paper can be 

processed as pulse signals. 

 

 
(a) Original Image                       

 

 
(b) Enlarged Image 

 

  Fig. 5. Signal diagram (Laser intensity = 228.38 mJ) 

 

To obtain signal details, Fig. 5(a) was enlarged (Fig. 

5b). The spark signals illustrated in Fig. 5(b) was 

fundamentally consistent with the spark signals of AP 

produced during the laser-induced breakdown proposed in 

a previous study [23]. The signals presented a number of 

continuous peak values , the main  reason for this  

phenomenon is inverse bremsstrahlung process. Laser 

radiation is absorbed in the priming plas ma by inverse 

bremsstrahlung, at the beginning of the inverse 

bremsstrahlung process, this absorption coefficient  

increases with the increase of electron density. Hence, the 

rate of absorption, and with it the rate of ionization  

escalates so that the electron density increases further and 

eventually approaches the critical density at which stage 

the critical density is established across a plane surface 

some distance into the plasma. At this surface the plasma 

becomes opaque to the incoming radiation which is  

therefore reflected outwards again. When the plasma 

becomes opaque laser radiation can no longer reach the 

surface of the target to generate new plasma by  

evaporation and ionization. Plas ma growth however does 

not cease. Because of the heating which follows the 

absorption of energy by inverse bremss trahlung, the 

plasma is driven rapidly  away  from the target surface;  

consequently the electron density decreases and the laser 

again reaches the target. These processes do not take place 

discontinuously however but merge into a s mooth 

self-regulating reg ime with the generation, heating and 

expansion of plasma taking place throughout the length of 

the laser pulse. 

In the experimental results, the increase of electron 

density is actually  the increase of voltage. Therefore, there 

is an obvious attenuation for the peak values of the air 

plasma spark signals in a different time range. 

Subsequently, the sampling time of Oscilloscope 12 was 

reduced to enhance the accuracy of the measured times 

and obtain the signals during laser intensities of 230.59 

mJ, 200 mJ, and 160 mJ, the signals of which are 

illustrated in Fig. 6, Fig. 7, and Fig. 8, respectively. 

 

 
(a) Original image 

 

 
(b) Enlarged image 

 

Fig. 6. Signal diagram (Laser intensity = 230.59 mJ) 
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(a)Original Image 

 

 
(b) Enlarged Image 

 
Fig. 7. Signal Diagram (Laser Intensity = 200 mJ) 

 

 
(a) Original Image 

 

 
(b) Enlarged Image 

 

Fig. 8. Signal Diagram (Laser intensity = 160 mJ) 

 

 

Figs. 6(a), 7(a), and 8(a) are the original signal 

diagrams. The three figures show that the peak values of 

the incident laser signals decreased, respectively, to 1.63 

V, 1.31 V, and 1.05 V and concurrently with  laser 

intensity. The peak values of the AP spark signals also 

decreased respectively to 0.84 V, 0.404 V, and 0.32 V and  

concurrently with laser intensity, suggesting that AP 

sparks are closely associated with the incident laser 

intensity. Moreover, Fig. 6(a), Fig. 7(a), and Fig. 8(a) 

indicated obvious step peaks of the spark signals during 

the flash in itializat ion stage. This was consistent with the 

findings of a previous study [23]. The flash init ialization  

stage was analyzed to determine tb. Therefore, Fig. 6(a), 

Fig. 7(a), and Fig. 8(a) were en larged to produce Fig. 6(b), 

Fig. 7(b), and Fig. 8(b), respectively. 

In Fig . 6(b), the incident laser and AP spark signals 

occurred at a positive value close to 0 ns and 1 ns, 

respectively. Therefore, tb ≈ 1 ns. In Fig. 7(b), the incident 

laser and AP spark signals occurred at −1 ns and a 

negative value close to 0 ns, respectively. Therefore, tb ≈1 

ns. In Fig. 8(b), incident laser and AP spark signals 

occurred at −1.8 ns and 0.2 ns, respectively. Therefore,    

tb = 2 ns. These results were consistent with the conclusion 

proposed in a previous study [10], which reported that AP 

ignites within  a few nanoseconds. Figs . 6(b), 7(b), and  

8(b) further show that the ST of AP reduced slightly as 

laser intensity increased. When all variab les remain the 

same, a microanalysis revealed that the absorption of laser 

energy by air atoms or molecules near the focal point 

increased concurrently with an increase in laser intensity, 

accelerating the ionization of the atoms or molecu les and 

the formation of high-temperature, h igh-density plasma. 

The plasma then absorbed the remain ing laser energy and 

rapidly expanded to form AP sparks, which constitute a 

decrease in tb. 

In summary, the theoretical and experimental tb under 

different laser intensities are tabulated in Table 1. 

 

 
Table 1. Comparison of the theoretical and experimental  

tb under different laser intensities 

 
Incident laser intensity (mJ) 160  200 230.59  

Theoretical tb (ns) 2.146 1.595 1.854 

Experimental tb (ns) 2 1 1 

 

 

Table 1 shows that the tb values were 2.146 ns, 1.959 

ns, and 1.854 ns at  laser intensities of 160 mJ, 200 mJ, and  

230.59 mJ  respectively. The experimental tb values were 2 

ns, 1 ns, and 1 ns at laser intensities of 160 mJ, 200 mJ , 

and 230.59 mJ respectively. These results showed that the 

experimental values were similar to the theoretical values. 

The error margin might have been caused by the response 

times of the probes and the sampling frequency of the 

oscilloscope. Nonetheless, both the sets of simulation data 

confirmed that tb reduces slightly as laser intensity 

increases. 

 

 

5. Conclusions 
 

Calculating tb allows us to prevent film damage from 

misinterpreting. The resistance of the optical thin film to  
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laser affects commonly used laser-induced damage 

threshold (LIDT). Usually, the thin film has already been 

damaged if the thin film p lasma spark occurs. However, 

the thin film p lasma spark may be accompanied by an air 

plasma spark, if a spark is detected, which may be caused 

by air or thin film breakdown. In this case, to misinterpret  

film damage is possible. The spark can be distinguished 

according to the different ignition times. This can help us 

judge the damaged condition of the thin film accurately.  

In this paper, a  Nd:YAG nanosecond-pulse laser 

operating at 1064 nm was used to break down air. 

DET08CL/M and DET025AL/M, h igh-speed free-space 

detectors manufactured by THORLABS, were used to 

collect the incident laser and AP spark signals. The signals 

were displayed using the MSO2024B oscilloscope 

manufactured by Tektronix. The time differences between 

the occurrence of the incident laser and the AP spark 

signals were measured to determine the experimental tb 

values. The MPA and CI theories were applied to simulate 

the theoretical tb values. Results showed that when the 

laser pulse width was 10 ns, and the radius of the focal 

point of the incident laser was 0.015 cm, the experimental 

tb values were 2 ns, 1 ns, and 1 ns at laser intensities of 

160 mJ , 200 mJ, and 230.59 mJ, respectively. Under 

similar parameters, the theoretical tb values were 2.146 ns, 

1.959 ns, and 1.854 ns at laser intensities of 160 mJ, 200 

mJ, and 230 59 mJ, respectively. Both the sets of data 

confirmed that tb reduces slightly as laser intensity 

increases.  

The findings obtained in this study not only revealed 

the mechanisms involved in the initial formation of AP 

during laser-induced breakdown but also provided a 

technical basis for detecting the plasma sparks of thin film 

damage. 
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