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Abstract: The accuracy of judging whether the film is damaged directly affects the accuracy of the
measurement of the film laser damage threshold. When judging the film damage by the traditional
plasma flash method, there is a problem of misjudgment caused by the failure to distinguish the film
and air plasma flash. In order to eliminate misjudgment, the two flashes are accurately distinguished
by the difference in the duration of the air and film plasma flash. This paper aims to obtain the
theoretical and experimental values of the duration of the film plasma flash (t f ) and analyze the
factors affecting it. Firstly, taking single-layer hafnium oxide and aluminum oxide thin films as
examples, when the wavelength of the incident laser is 1064 nm, the diameter of the laser focusing
spot is 0.08 cm, the energy of the incident laser is 100 mJ, and the pulse width of incident laser is
10 ns, the t f of hafnium oxide, and aluminum oxide thin films are 542.7 and 299.6 ns, respectively.
Secondly, the experimental study of t f was carried out. Through six experiments, the following
results were obtained: (1) With the increase in incident laser energy, the t f of both films increases;
(2) The t f of the hafnium oxide film is longer than that of the aluminum oxide film. (3) The experimen-
tal parameters are put into the calculation model, and the theoretical results are in good agreement
with the experimental t f values. Finally, it is found that t f increases with the increase in incident laser
energy and incident laser pulse width, and decreases with the increase in focusing spot diameter.

Keywords: laser damage; thin film plasma flash duration; damage identification; damage misjudgment

1. Introduction

With the application of laser weapons such as laser fusion, laser radar guidance, laser
blinding and strong laser destruction, and the development of the “divine light” system,
the development trend of laser is gradually towards the direction of high power and high
energy [1,2]. The thin film element with a high threshold is one of the necessary devices
in the high-power laser system, it is very important in the system, and it is also the most
vulnerable link because of its working environment. This requires the thin film element
to have good resistance to laser damage. The resistance to laser damage of the thin film
element is often evaluated by its laser-induced damage threshold (LIDT). The larger the
LIDT of the thin film, the better its resistance to laser damage [3–7]. Therefore, how to obtain
high LIDT becomes the main bottleneck to improving the resistance to laser damage of thin
film components. One of the keys to solving this problem is the accurate measurement of
LIDT of thin films.

The International Committee for Standardization issued the test standard ISO21254.
When measuring the LIDT of the film with this standard, it is necessary to test under
different ten kinds of laser energy. Each laser energy needs to test ten different positions,
and some positions are damaged while the rest are not damaged. In this way, a damage
probability can be obtained under each laser energy, and finally, ten damage probabilities
can be obtained, and the LIDT of the thin film can be obtained by fitting ten damage
probabilities under the action of ten laser energies [8]. Obviously, to ensure the accuracy
of measuring the LIDT of thin film, the key is to accurately judge whether the damage
occurs at each test point. When the traditional plasma flash method is used for damage
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discrimination, sometimes it cannot distinguish the air plasma flash from the thin film
plasma flash, which will cause misjudgment and lead to a large error in the measurement
of LIDT. When the measured component is applied to the high-energy laser system, it may
be damaged in advance, resulting in the failure of the whole system to work normally.

The traditional plasma flash method cannot distinguish the air plasma flash from the
thin film plasma flash in damage identification, which leads to misjudgment. In order to
improve the accuracy of film damage identification, misjudgment must be eliminated. In
fact, in 2011, Lang et al. experimentally found that the duration of the aluminum target
plasma flash was about 280 ns, while the duration of the accompanying air plasma flash
on the target surface was greater than 7580 ns [9]. Therefore, it is feasible to distinguish
the film plasma flash from the air plasma flash by the different duration of the two flashes
(t f and tc).

In the study of high energy laser induced breakdown of solid to produce plasma,
Xia et al. [10] experimentally studied the conditions under which the thermodynamic parame-
ters of thin-film plasma flash changed with time; Yizhong et al. [11] and Ran et al. [12] reported
the temporal and spatial evolution of aluminum plasma flash; Tristan et al. [13], Lancry et al. [14],
Kim et al. [15], Axente et al. [16], Lian-Bo et al. [17], and Ran et al. [18] obtained many important
laws and conclusions related to high energy laser induced breakdown of solids by using high
energy laser induced breakdown plasma flash spectra; Nagli et al. [19], Behera et al. [20], and
Lan et al. [21] conducted a detailed analysis of the dynamic behavior of aluminum plasmas.
In this paper, the authors performed many studies on laser-induced thin film and air plasma
flash, and found that the ignition time of the thin film and air plasma flash is on the order of
nanosecond, and the air plasma flash is ignited before the thin film plasma flash. Around the
plasma flash generated by high energy laser-induced breakdown of solids, the above literature
studies the breakdown threshold, the ignition time of plasma flash, the temporal and spatial
evolution of plasma flash, and the application of flash spectrum, etc. However, the problem of
how to calculate and test the duration of film plasma flash (t f ) has not been solved.

This paper mainly focuses on the theoretical and experimental research of t f , and
analyzes the factors affecting the length of t f . The specific contents are as follows: (1) build
a model and calculate t f ; (2) the experimental value of t f is obtained, and the experimental
and theoretical values of t f are compared and analyzed. (3) Through the analysis of the
established model, the relevant factors affecting the length of t f were analyzed, and the
influence law was found.

2. Theoretical Calculation Model of the Duration of Film Plasma Flash

Generally speaking, the incident laser energy of the air-generated plasma is higher
than that of the film-generated plasma, but after the film surface is first broken down, the
ejector material generated reduces the breakdown threshold of the air near the film surface,
so the film plasma flash will also be accompanied by the air plasma flash. According to the
aerodynamic theory, the relation between the pressure ps of a plasma shock wave in the air
and the velocity vs of the shock wave is [22]:

ps

p0
= [1 +

(γ − 1)vs

2cs
]

2γ
γ−1

(1)

In the above equation, p0 is the pressure of air, and p0 = 1.01 × 105 N/m2; cs is the
speed of sound in air, and cs = 340 m/s; γ is the specific heat ratio of air plasma, and
γ = 1.4. Equation (1) can be obtained after simplification and deformation:

vs =
( ps

p0
)
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In Formula (4), sD  is the diameter of the focusing spot, 1P  is the radiation loss in 
the plasma region, and 2P  is the radiation loss caused by inverse bremsstrahlung ab-
sorption, then the actual incident laser power density P  satisfies the formula 

0 1 2P=P P P− − . If the radiation loss in the plasma region is ignored, then 0 2−P=P P . In the 
process of laser irradiation, plasma has an inverse bremsstrahlung absorption effect on 
laser, and the inverse bremsstrahlung absorption coefficient is expressed as [22]: 

12 22
3

2.432 10 [1 exp( )]
( )

−
−× − −

37

s e
hK = N T Z
kTh
υ

υ
 (5)

In Equation (5), υ  is the laser optical frequency and h is Planck’s constant. When 
the incident laser wavelength is 1064 nm, 1.1=hυ  ev, k  is Boltzmann constant, eN  is 
the electron number density of the material on the surface of the film, T  is the plasma 
temperature, and Z  is the atomic number. 

If l  is assumed to be the linearity of the plasma, then [22]: 

0
0 2 exp

= −
slk

P
P P P =  (6)

In Equation (3), bγ  is the adiabatic index of the plasma, which takes a value of 1.2 
in the plasma region. The laser pulse width is pt , and 2Dt  is the time required for to laser 
supports detonation wavefront extending to the diameter distance of the focusing spot (

sD ), then, 2D s Lt = D v . 0t  is the total action time of an air plasma shock wave. 

− 1

0.000588824
(2)



Coatings 2023, 13, 1323 3 of 12

According to the literature [23], the pressure of plasma shock wave in the air (ps)
changes with time (t) as follows:

ps =



p0, t = 0

ρ0
vL

2

γb+1

(
γb+1
2γb

) 2γb
γb−1 , 0 < t < tp

ρ0
vL

2

γb+1

(
γb+1
2γb

) 2γb
γb−1

(
tp
t

) 2
3 , tp ≤ t ≤ t2D

ps20

(
t2D

t

) 6
5 , t2D ≤ t < t0

p0, t ≥ t0

(3)

In Equation (3), p0 is the pressure of air; vL represents the propagation velocity of

detonation wave supported by the laser, vL = 0.958ρ
− 1

3
0 P

1
3 , where ρ0 is the air density,

ρ0 = 1.295 kg/m3, and P is the actual incident laser power. If P0 is used to represent the
initial power of incident laser, when the incident laser energy is E, then:

P0 =
4E

πDs2tp
(4)

In Formula (4), Ds is the diameter of the focusing spot, P1 is the radiation loss in the
plasma region, and P2 is the radiation loss caused by inverse bremsstrahlung absorption,
then the actual incident laser power density P satisfies the formula P = P0 − P1 − P2. If
the radiation loss in the plasma region is ignored, then P = P0 − P2. In the process of
laser irradiation, plasma has an inverse bremsstrahlung absorption effect on laser, and the
inverse bremsstrahlung absorption coefficient is expressed as [22]:

Ks =
2.432 × 10−37

(hυ)3 [1 − exp(− hυ

kT
)]Ne

2T−
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Z2 (5)

In Equation (5), υ is the laser optical frequency and h is Planck’s constant. When the
incident laser wavelength is 1064 nm, hυ = 1.1 ev, k is Boltzmann constant, Ne is the electron
number density of the material on the surface of the film, T is the plasma temperature, and
Z is the atomic number.

If l is assumed to be the linearity of the plasma, then [22]:

P = P0 − P2 =
P0

explks
(6)

In Equation (3), γb is the adiabatic index of the plasma, which takes a value of 1.2 in
the plasma region. The laser pulse width is tp, and t2D is the time required for to laser
supports detonation wavefront extending to the diameter distance of the focusing spot
(Ds), then, t2D = Ds/vL. t0 is the total action time of an air plasma shock wave.

Coupling (2)–(6), set the wavelength of the incident laser λ = 1064 nm, the diameter
of the laser focusing spot Ds = 0.08 cm, and the pulse width of incident laser tp = 10−8 s.
Take l of H f O2 and Al2O3 film are 0.1 cm and 0.18 cm, respectively, and take the two films
T = 105 K, Ne = 1019/cm3, and E = 100 mJ, then the variation curve of plasma shock wave
velocity vs with time t of single layer H f O2 and Al2O3 film can be obtained, respectively,
as shown in Figures 1 and 2.
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When the film plasma shock wave velocity vs decreases to zero, the film plasma flash
disappears, so it is defined that the film plasma flash duration t f is equal to the time interval
when vs decreases from the maximum velocity to zero. According to Figures 1 and 2, t f of
single layer H f O2 and Al2O3 film is 542.7 ns and 299.6 ns respectively. This is consistent
with the experimental results in the literature [9] that the target surface plasma duration
of the target is greater than 280 ns. In addition, it is consistent with the experimental
results obtained in the literature [22] that the film plasma shock wave action time is greater
than 200 ns.

3. Experimental Study on the Duration of Film Plasma Flash
3.1. Experimental Principle

The experimental schematic diagram is shown in Figure 3. The light source is a
high-power Nd:YAG solid state laser, the laser wavelength is 1064 nm, the output energy
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is adjustable from 5 mJ to 235 mJ, the focusing spot diameter is 0.08 cm, and the pulse
width is 10 ns. After the intense laser emitted by Nd:YAG laser 1 passes through the filter
plate 2 and attenuator 3, it is focused by the focusing system 4 and passes through the
beam splitter 5 before reaching the sample platform 7. The laser induced the breakdown
of the film on sample platform 7 and the plasma flash occurs. Energy meter 6 reads the
reflected light energy of beam splitter 5 in real-time, and computer 8 serves as the operation
console. Detectors 9 and 10 are the high-speed free-space photodetectors DET08CL/M
and DET25K/M produced by THORLABS. The spectral ranges that can be collected are
800–1700 nm and 150–550 nm, respectively. They are used to collect incident laser signals
and thin film plasma flash signals, respectively. The optical signal of detector 9 acts as
the trigger signal of detector 10. After the two optical signals are converted into electrical
signals, the RT01014 four-channel oscilloscope 12 produced by Rhodes and Schwartz Com-
pany outputs and displays. The bandwidth of oscilloscope 12 is 1 GHZ and the sampling
rate is 10 GHZ. Then the duration of the voltage signal of detector 10 on oscilloscope 12 is
the duration of the thin film plasma flash. Due to the high energy of the incident laser, in
order to protect detector 9, attenuator 11 was placed in front of it.
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Figure 3. Schematic of the experiment.

3.2. Results and Analysis

In order to measure the duration of laser-induced thin film plasma flash, a total of
6 experiments were conducted. In experiment 1 to experiment 3, single-layer H f O2 thin
films with an optical thickness of were placed on sample platform 7, and the incident
laser energies were 149.88 mJ, 122.15 mJ, and 114.66 mJ, respectively. The output signals
were shown in Figures 4–6. The principle of data processing is as follows: Find a suitable
voltage value U on the entire voltage signal, record its corresponding time t1 when the
signal rises to U, record its corresponding time t2 when the signal falls to U, t2 minus t1 is
t f . The appropriate U selection principle is as follows: When the signal rises, the voltage
between the two adjacent collection points should not differ too much, and the smaller
voltage between the two collection points should be selected as U. At the same time, when
the signal drops, it should be relatively slow to drop from the voltage peak of the entire
signal to the corresponding voltage value U. For example, in Figure 4, when the output
signal rises 100 ns, the voltage difference between two adjacent collection points is greater
than 1 V. When t is 160 ns, the voltage is 1.68 V; when the next collection point t is 320 ns,
the voltage rises rapidly to 2.6 V, while the signal voltage drops slowly from the peak to
1.68 V. Therefore, in the six experiments from experiment 1 to experiment 6, appropriate
initial voltage values were selected for data processing for the obtained output signals. In
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Figure 4, the moment when the voltage rises to 1.68 V is selected as the beginning of the
thin film plasma flash, and the moment when the voltage drops to 1.68 V is selected as the
end of the flash. In Figure 5, the moment when the voltage rises to 1.92 V is selected as
the beginning of the thin film plasma flash, and the moment when the voltage drops to
1.92 V is selected as the end of the flash. In Figure 6, the moment when the voltage rises to
1.6 V is selected as the beginning moment of the thin film plasma flash, and the moment
when the voltage drops to 1.6 V is selected as the end moment of the flash. Therefore, the
duration of the thin film plasma flash t f in Figures 4–6 can be obtained as 640.8 ns, 590.4 ns,
and 574.6 ns, respectively. In experiment 4 to experiment 6, single-layer Al2O3 thin films
with optical thickness of λ/4 were placed on sample platform 7, and the incident laser
energies were 147.59 mJ, 120.87 mJ, and 112.52 mJ, respectively. The output signals are
shown in Figures 7–9. In Figure 7, the moment when the voltage rises to 1.52 V is selected
as the beginning of the thin film plasma flash, and the moment when the voltage drops to
1.52 V is selected as the end of the flash. In Figure 8, the moment when the voltage rises to
1.72 V is selected as the beginning of the thin film plasma flash, and the moment when the
voltage drops to 1.72 V is selected as the end of the flash. In Figure 9, the moment when the
voltage rises to 1.56 V is selected as the beginning moment of the thin film plasma flash,
and the moment when the voltage drops to 1.56 V is selected as the end moment of the
flash. Therefore, the duration of the thin film plasma flash t f in Figures 7–9 can be obtained
as 371.1 ns, 323 ns, and 314.6 ns, respectively.

Coatings 2023, 13, x FOR PEER REVIEW 7 of 18 
 

 

the flash. In Figure 9, the moment when the voltage rises to 1.56 V is selected as the be-
ginning moment of the thin film plasma flash, and the moment when the voltage drops to 
1.56 V is selected as the end moment of the flash. Therefore, the duration of the thin film 
plasma flash ft  in Figures 7–9 can be obtained as 371.1 ns, 323 ns, and 314.6 ns, respec-
tively. 

 
Figure 4. Signal diagram of experiment 1 ( 2HfO  thin film, incident laser energy is 149.88 mJ). 
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The experimental value of t f in Figures 4–9 is shown in Table 1. It can be seen from
Table 1 that no matter what sample is placed in experiment 1–experiment 6, t f increases
with the increase in incident laser energy. The incident laser energy of experiment 1 and
experiment 4 is similar, but the t f obtained by them is quite different. The same conclusion
is reached in experiment 2 and experiment 5, and experiment 3 and experiment 6, indicating
that under the action of similar incident laser energy, the t f of H f O2 film is longer than
that of Al2O3 film. This is because it is pointed out in literature [22] that, the initial velocity
of H f O2 film plasma shock wave is faster than that of Al2O3 film plasma shock wave,
indicating that H f O2 film plasma shock wave lasts longer, so H f O2 film plasma flash
lasts longer.
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Table 1. Experimental and theoretical values of t f .

Experimental
Number Sample E (mJ) Experimental

tf (ns)
Theoretical

tf (ns)

1 H f O2 film 149.88 640.8 640
2 H f O2 film 122.15 590.4 588.8
3 H f O2 film 114.66 574.6 573.8
4 Al2O3 film 147.59 371.1 351.1
5 Al2O3 film 120.87 323 323.7
6 Al2O3 film 112.52 314.6 314.4

Relevant parameters in the experiment are as follows: incident laser wavelength
λ = 1064 nm, laser focusing spot diameter Ds = 0.08 cm, incident laser pulse width
tp = 10−8 s, l of H f O2 and Al2O3 film is 0.1 cm and 0.18 cm, respectively, and in these two
films, T = 105 K, Ne = 1019/cm3. According to Formulas (2)–(6), theoretical values of t f of
the two films under different effects of E can be obtained when corresponding values of E
in Table 1 are taken, respectively, as shown in Table 1.

As can be seen from Table 1, both theoretical and experimental values of t f are in
good agreement. In conclusion, both theoretical and experimental values of t f satisfy the
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following conclusions: (1) t f increases with the increase in incident laser energy E; (2) the
t f of H f O2 film is longer than that of Al2O3 film.

4. Study on Influencing Factors of the Duration of Film Plasma Flash

Due to the complexity of the ignition and sustained process of thin film plasma flash,
t f is related to many factors, such as thin film material, thin film plasma parameters, laser
parameters, focusing parameters, ambient temperature, humidity, and air pressure, etc. It
is assumed that the electron diffusion and adhesion during the breakdown process of thin
film are ignored, and the focusing parameters, ambient temperature, ambient humidity,
and air pressure, and other factors are reasonably designed. For a certain thin film, the
main influences of the plasma flash duration t f are the incident laser energy E, focused
spot diameter Ds, and incident laser pulse width tp.

The following will take Al2O3 thin film as an example to study the variation rule of t f
when incident laser energy E, focusing spot diameter Ds and incident laser pulse width tp
change, respectively.

4.1. Incident Laser Energy

When the incident laser energy E is changed and other parameters remain unchanged
(tp = 10 ns, Ds = 0.08 cm), the variation curve of the plasma shock wave velocity vs of
a single-layer Al2O3 thin film with time t can be obtained, as shown in Figure 10. As
can be seen from Figure 10, with the increase in E, t f increases, and t f is in the order
of nanoseconds.
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Figure 10. Curve of vs versus t of the single Al2O3 film at different E.

The higher the incident laser energy, the higher the absorption laser energy of the
film surface, and then the high temperature and high-density plasma is generated ear-
lier [22]. This plasma absorbs the remaining laser energy, expands rapidly, and forms the
plasma flash faster. In addition, the plasma absorbs more laser energy, so the plasma flash
lasts longer.

4.2. Focusing Spot Diameter

When the focusing spot diameter Ds is changed and other parameters remain un-
changed (E = 0.1 J, tp = 10 ns), the variation curve of plasma shock wave velocity vs
of single-layer Al2O3 thin film with time t can be obtained, as shown in Figure 11. As
can be seen from Figure 11, with the increase in Ds, t f decreases, and t f is in the order
of nanoseconds.
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Figure 11. Curve of vs versus t at different Ds.

As the laser energy distribution is Gaussian, the farther the film is from the focal plane
of the focusing lens, the larger the laser spot area acting on the film, and the smaller the
incident laser energy per unit area, resulting in slower plasma generation and less laser
energy absorbed by the plasma [22], thus shortening the duration of the plasma flash.

4.3. Incident Laser Pulse Width

When the incident laser pulse width tp is changed and other parameters remain
unchanged (E = 0.1 J, Ds = 0.08 cm), the variation curve of plasma shock wave velocity
vs of single-layer Al2O3 thin film with time t can be obtained, as shown in Figure 12. As
can be seen from Figure 12, with the increase in tp, t f increases, and t f is in the order
of nanoseconds.
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Other things being equal, the larger the laser pulse width, the greater the incident laser
energy absorbed by the thin film plasma, and therefore the plasma flash lasts longer.
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5. Conclusions

1. The theoretical calculation model of t f is established. When λ = 1064 nm, Ds = 0.08 cm,
tp = 10−8 s, take l of H f O2 and Al2O3 film are 0.1 cm and 0.18 cm, respectively [22],
and take the two films T = 105 K, Ne = 1019/cm3, E = 100 mJ, the t f of H f O2 and
Al2O3 film is 542.7 ns and 299.6 ns, respectively.

2. The experimental value of t f is obtained, and the experimental parameters are put
into the theoretical model to obtain the corresponding theoretical value of t f . Through
the analysis of both the experimental value and the theoretical value of t f , it can be
concluded that: 1© With the increase in incident laser energy, t f increases; 2© the t f
of H f O2 film is longer than that of Al2O3 film. 3© The theoretical results are in good
agreement with the experimental t f values.

3. Through calculation and analysis, it is obtained that t f increases with the increase
in E and tp, and decreases with the increase in Ds. The process of laser induced
breakdown thin film to produce plasma flash is very complicated. In this paper, only
the influences of E, tp and Ds on t f were analyzed, respectively. In fact, t f is also
related to the film material, film plasma parameters, environmental gas type and
pressure, temperature, humidity, and pre-ionization, which will be a direction of our
subsequent research.

4. Because the film plasma flash duration t f is different from the air plasma flash duration
tc, obtaining the experimental value and the theoretical value of t f is the first step
to distinguishing the two flashes. Then, as long as the air plasma flash duration tc
is obtained, the two flashes can be distinguished, thus eliminating the misjudgment
caused by the plasma flash method when judging the laser film damage. The research
results can improve the accuracy of damage discrimination, ensure the accurate
measurement of the damage threshold of thin film laser, and have important scientific
significance and practical application value for developing and enriching new damage
identification methods [24,25].
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