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Abstract: The precision of testing the damage threshold of
thin film lasers has always been a limiting factor in the
advancement of high-power laser systems. The conven-
tional plasma flash method sometimes fails to differentiate
between film and air plasma flashes, resulting in signifi-
cant errors in determining the film damage threshold. By
distinguishing between the different durations of thin film
and air plasma flashes, misjudgment can be eliminated.
The aim of this article is to determine both the calculated
and experimental values of the duration of air plasma flash
near the surface of thin films (tc) and to analyze the factors
that influence it. First, a model is established to calculate
the theoretical value of tc. For a sample consisting of a
single-layer hafnium oxide film, we assume that the incident
laser wavelength, focal spot diameter, energy, and pulse
width are 1,064 nm, 0.08 cm, 57.21mJ, and 10 ns, respectively.
The focal length of the lens positioned in front of the film
sample is set at 350mm, with a distance of 5mm between the
film sample and this lens. Under these conditions, the theore-
tical value for tc is calculated to be × −4.24 10 s6 . Second, the
device was used to conduct eight experiments to obtain
experimental values of tc. The results are as follows: (1) An
increase in incident laser energy leads to an increase in tc. (2)
The length of tc is solely dependent on the incident laser
energy, regardless of the sample material or placement
(even when the sample is not placed and the laser directly
acts on air). (3) When substituting experiment parameters
into the model for calculating tc, there is good agreement
between theoretical and experimental values. Third, it was
observed that tc increases with increasing incident laser
energy, pulse width, and focal length of the lens, while

decreasing with an increase in distance between the film
sample and the lens.

Keywords: laser damage, air plasma flash, duration of air
plasma flash, damage threshold

1 Introduction

The thin film element plays a crucial role in high-energy
laser systems and must have excellent resistance to laser
damage. The quality of its resistance to laser damage is
usually assessed by the laser-induced damage threshold
(LIDT), where a higher LIDT indicates superior resistance
to laser damage, while a lower LIDT signifies diminished
protective capability against laser-induced harm [1–4]. As
laser technology advances toward higher energy levels
[5,6], achieving high LIDT is very important to improve
the damage resistance of optical element. Precise measure-
ment of LIDT for these elements is key to addressing this
challenge. When evaluating the LIDT of optical element
following ISO 21254, it is essential to accurately determine
if each test point has experienced damage [7]. The tradi-
tional method for identifying damage through plasma
flashes may struggle to distinguish between air and thin
film plasma flashes, potentially leading to misinterpreta-
tions and significant errors in assessing the thin film’s
damage threshold. Additionally, integrating a thin film
component into a high-energy laser system may result in
premature damage, ultimately compromising the system’s
overall functionality.

When using the traditional plasma flash method for
identifying damage, there are cases where it is unable to
distinguish between air and thin film plasma flashes,
potentially leading to incorrect assessments. To improve
the precision of identifying film damage and avoid such
misunderstandings, it is crucial to differentiate between
air and film plasma flashes. A study in 2011 [8] found
that during experiments involving a laser interacting
with a target, the duration of the target’s plasma flash
was around 280 ns, while the duration of the air’s plasma
flash was over 7,580 ns. Therefore, by measuring both the
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plasma flash duration of the film (tF) and that of air (tc), one
can effectively tell these two types of flashes apart. This
distinction will help prevent misjudgments and enhance
accuracy in identifying film damage.

Currently, extensive research has been conducted on
the formation process and mechanisms of laser-induced
plasma flashes in air. It has been reported [9,10] that the
growth and formation stages of air plasma have been stu-
died by using the cascade ionization theory, and four dif-
ferent stages of air plasma composition have been pro-
posed, and ignition occurs after the second stage. Several
other literature [11–15] have studied the space-time evolu-
tion behavior of the plasma flash phenomenon caused by
laser-induced air breakdown, and found that the air
plasma appears as a luminous droplet in space, expanding
in the opposite direction of the laser beam, lasting only
tens of microseconds, and then dissipated. Liu et al. [16]
studied the effect of gas pressure on the properties of air
plasma through the experiment of laser-induced plasma
emission spectrum, identifying rules governing gas pres-
sure’s effects on emission spectrum intensity, electron tem-
perature, and electron density within the air plasma. While
most studies aim to elucidate phenomena related to time-
space evolution during an air plasma flash, challenges
remain regarding accurate calculation and measurement
of the air plasma flash’s duration (tc).

In this study, the length of tc is studied theoretically
and experimentally, and the factors affecting it are dis-
cussed. The specific contents include: (1) Creating a model
for calculating tc; (2) Obtaining experimental values for tc,
then comparing and analyzing these results with theore-
tical predictions; and (3) Investigating relevant factors
influencing tc through analysis using the established model
to determine their influence patterns.

2 Theoretical model

In general, thin film plasma is typically generated using air
plasma. Once the plasma is created, it absorbs laser energy
and undergoes a rapid temperature increase. This sharp
rise in temperature leads to the expansion of the volume
outward, resulting in the formation of laser-supported
detonation waves (LSDW). The emergence of LSDW causes
alterations in surface pressure on the film. At time t = 0,
when the laser is not working, its surface pressure is at
initial atmospheric pressure p0. Upon application of the
laser and as a result of LSDW effects, the surface pressure
rapidly increases from p0 and then decreases until
reaching p0 again. The duration for this entire process is
defined as t0 – the action time associated with LSDW.

There are four stages in the formation and develop-
ment of air plasma. The first stage is the initial phase,
where initial electrons are produced after laser irradiation
at the focal point, indicating the beginning of flash occur-
rence. The second stage involves rapid formation of
plasma; during this phase, cascade ionization leads to a
rapid increase in ions and free electrons within the air,
resulting in reaching a critical threshold of the electron
density near the focal point. The combined duration of
both the first and second stages is known as the flash’s
ignition time (tb). The third stage includes development
accompanied by shock wave propagation from the air plasma
near the focusing area. Finally, in the fourth stage, there is a
dissipation of plasma. The flash’s ignition time is defined as
the total duration of both the first and second stages. The sum
of the duration of the third and fourth stages is defined as the
duration of the air plasma tc. Then,

= −t t t .c b0 (1)

According to Wang and Su [17],
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where tp represents the width of the laser pulse, while t2D
denotes the characteristic time for the two-dimensional
motion of LSDW. vL stands for the propagation speed of
LSDW, ρ

0
represents air density, =ρ 1.295 kg/m

0

3, γ
b
is the

adiabatic index of the plasma and =γ 1.2
b

in the plasma
region. The film’s surface pressure is initially set at atmo-
spheric pressure p0, and = ×p 1.013 10 N/m

0

5 2.
When the incident laser having a wavelength of

1,064 nm, a focusing diameter of 0.08 cm, energy of
57.21 mJ, a pulse width of 10 ns, is focused by a lens with
350 mm focal length, and is focused 5 mm away from the
sample surface, it interacts with a single layer of hafnium
oxide film with = × −

t 4.24 10 s0
6 .

According to literature [18], tb is on the order of tens of
nanoseconds, which can be ignored compared with the
order of microseconds of t0. Hence,
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It is obvious that ≈ × −
t 4.24 10 sc

6 , this is consistent
with the conclusion in the study by Chen et al. [8]: The
air plasma flash lasts for more than 7,580 ns.

3 Experimental study

3.1 Principle of experimentation

The Nd:YAG laser 1 emits a laser beam, which passes
through light filter plate 2 and attenuator 3 in sequence.
The laser passes through the focusing system 4 to the beam
splitter 5, one beam to the sample platform 7, and the other
beam is connected to the energy meter 6 to measure the
energy reaching 7 in real time. Computer 8 is the console of
the entire system. The laser operates at a wavelength of
1,064 nm with adjustable output energy ranging from 5 to
235 mJ. The diameter of the focused spot measures approxi-
mately 0.08 cm, and it has a pulse width of 10 ns. Detectors
9 and 10 are high-speed free-space photodetectors,
DET08CL/M and DET025AL/M, respectively, both manufac-
tured by THORLABS, capable of collecting spectral ranges
of 800–1,700 nm and 400–1,100 nm, respectively. The inci-
dent laser signal and the air plasma flash signal were cap-
tured by detectors 9 and 10, respectively. The light signal of
detector 9 is the signal that triggers the operation of
detector 10. The resulting light signals are then converted
into electrical signals, which are displayed using the
RT01014 four-channel oscilloscope 12 produced by Rohde

& Schwarz Company. Oscilloscope 12 has a bandwidth of
up to 1 GHz and a sampling rate of 10 GHz. Consequently,
the duration of the voltage signal displayed by detector 10
on the oscilloscope 12 is the duration of the air plasma flash
tc. In order to prevent the high energy laser from damaging
the detector 9, the attenuator group 11 is placed in front of
the detector 9 to protect it (Figure 1).

3.2 Results and analysis

Eight experiments were carried out to measure the air
flash’s duration. For experiments 1–3, a one-layer Al O2 3

film of λ/4 optical thickness was used as the sample, and
the laser energies used were 92.076, 80.567, and 69.057 mJ,
respectively. Figures 2–4 display the output signals, from
which the durations of the air plasma flashes (tc) are deter-
mined to be 5.88, 5.38, and 5.25 μs, respectively. For experi-
ments 4–6, a one-layer SiO2 film of λ/4 optical thickness
was used as the sample, and the laser energies used were
238.41, 95.364, and 52.038 mJ, respectively. Figures 5–7 dis-
play the output signals, from which the durations of the air
plasma flashes (tc) are determined to be 13.63, 6.99, and
4.08 μs, respectively. In experiment 7, a one-layer HfO2

film of λ/4 optical thickness was used as the sample, and
laser energies used was 57.21 mJ. The output signal shown
in Figure 8 depicts the flash’s duration (tc) to be around
4.23 μs. In experiment 8, no sample is placed, the laser was
directly applied to ambient air using an incident energy
level also set at 231.79 mJ. The resulting output signal is

Figure 1: Diagram illustrating the experimental setup.
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depicted in Figure 9. Consequently, the length of time the
air plasma flash lasts (tc) observed here is estimated to be
around 12.06 μs.

The tc in Figures 2–9 is summarized in Table 1. It can be
observed from Table 1 that from experiment 1 to experiment
8, tc increases with the increase in laser energy. Experiments
1 and 5 have similar laser energy, resulting in comparable tc
values. Similar conclusions are also drawn for experiments 6
and 7, indicating that the tc is not dependent on the sample
material. In experiments 4 and 8, where the incident laser
energy is similar but the sample differs (SiO2 film for experi-
ment 4 and no sample for experiment), similar tc values are
obtained, suggesting that whether a sample is present or not
does not influence the tc.

This is because according to the analysis in Section 2.1,
when the sample is placed on the sample table, the pres-
sure on the film’s surface consists of three parts, and the
part related to the sample material is only the pressure
generated by the ejecting material on the sample surface.
The mass of this spatter is so small that the pressure gen-
erated is negligible. Therefore, the length of time tc is inde-
pendent of whether the sample is placed or not, and also
independent of the material in which the sample is placed.

The following are the relevant parameters of the
experiment: Assuming that the laser having a wavelength
of 1,064 nm, a diameter of focusing spot of 0.08 cm, a pulse
width of 10 ns is focused by a lens with 350 mm focal

Figure 2: Signal diagram of Experiment 1 (Al O2 3 thin film, laser energy is
92.076 mJ).

Figure 4: Signal diagram of Experiment 3 (Al O2 3 thin film, laser energy is
69.057 mJ).

Figure 3: Signal diagram of Experiment 2 (Al O2 3 thin film, laser energy is
80.567 mJ).

Figure 5: Signal diagram of Experiment 4 (SiO2 thin film, laser energy is
238.41 mJ).
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length, and is focused 5 mm away from the sample surface,
when the laser energy E matches the experimental values
listed in Table 1, theoretical values (tc) for various samples
at different E levels can be calculated using Eq. (3), and the
outcomes are presented in Table 1.

Table 1 shows that, with the exception of experiments
4 and 8, the results of calculation and experiment of tc are
in close agreement. The disparity between the results of
calculation and experiment in experiments 4 and 8 may be
attributed to air breakdown by high-energy lasers before
reaching the film surface [19], resulting in a prolonged
plasma flash duration and a larger experimental value of
tc compared to the theoretical value.

In summary, the theoretical and experimental values
of tc both support the conclusion that

(1) tc increases with increasing laser energy E; (2) The
length of tc only depends on incident laser energy regardless
of whether a sample is placed or its material type; (3) The
theoretical findings align well with the experimental tc values.

4 Analysis of influencing factors

The tc is affected by a range of factors, such as ambient
conditions like pressure, humidity and temperature, the

Figure 8: Signal diagram of Experiment 7 (HfO2 thin film, laser energy is
57.21 mJ).

Figure 9: Signal diagram of Experiment 8 (air, laser energy is 231.79 mJ).
Figure 7: Signal diagram of Experiment 6 (SiO2 thin film, laser energy is
58.038 mJ).

Figure 6: Signal diagram of Experiment 5 (SiO2 thin film, laser energy is
95.364 mJ).
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laser parameters, and focusing parameters. Assuming that
electron adhesion and diffusion can be ignored, and that
the design and preparation of focusing parameters and
environmental conditions are reasonable, the main influ-
ences on tc are the energy (E), the distance between the
focal plane and the sample surface (z0), the lens’ focal
length (f), and the width of laser pulse (tp).

The variation in tc will be investigated when the
energy (E), the distance between the focal plane and the
sample surface (z0), the lens’ focal length (f), and the width
of laser pulse (tp) change.

4.1 Laser energy

When the energy E is varied while keeping other para-
meters constant (tp = 10 ns, f = 350 mm, z0 = 5 mm), the
variation curve of tc can be obtained, as shown in Figure
10. It is evident from Figure 10 that tc increases with an
increase in E, and tc is on the order of microseconds.

Holding all other factors constant, higher laser energy
results in increased absorption of laser energy by air. This
results in an earlier generation of air ionization, which
results in a faster generation of high-temperature, high-
density plasma. The plasma then rapidly absorbs
remaining laser energy, expands quickly, and forms the
plasma flash at an accelerated rate. In addition, tc is pro-
longed due to the enhanced absorption of laser energy by
the plasma.

4.2 Distance between the focal plane and
the sample surface

When the distance between the focal plane and the sample
surface (z0) is adjusted while keeping other parameters
constant (tp = 10 ns, f = 350 mm, E = 100 mJ), the variation
curve of tc can be obtained, as shown in Figure 11. It is
evident from Figure 11 that tc decreases with an increase
in z0, and tc is on the order of microseconds.

Figure 10: Curve of tc vs E (tp = 10 ns, f = 350 mm, z0 = 5 mm). Figure 11: Curve of tc vs z0 (tp = 10 ns, f = 350 mm, E = 100 mJ).

Table 1: Experimental and theoretical values of tc

Experimental number Sample E (( ))mJ Experimental tc (( ))μs Theoretical tc (( ))μs

1 Al O2 3 film 92.076 5.88 5.93
2 Al O2 3 film 80.567 5.38 5.62
3 Al O2 3 film 69.057 5.25 5.27
4 SiO2 film 238.410 13.63 8.74
5 SiO2 film 95.364 6.99 6.01
6 SiO2 film 52.038 4.08 4.47
7 HfO2 film 57.210 4.24 4.88
8 Not any (air) 231.790 12.06 8.64
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The wider the distance between the focal plane and
the sample surface due to Gaussian laser energy distribu-
tion, the larger the area of the laser spot acting on the
sample, results in a decrease in laser energy per unit
area. As a result, the plasma production is slower, and
the laser energy absorbed by the plasma is also reduced,
ultimately leading to a shorter tc.

4.3 Focal length of lens

When the lens’ focal length (f) is adjusted while keeping
other parameters constant (tp = 10 ns, z0 = 5 mm, E = 100
mJ), the variation curve of tc can be obtained, as shown in

Figure 12. It is evident from Figure 12 that tc increases with
an increase in f, and tc is on the order of microseconds.

The size of the focusing spot is influenced by the
change in f. A smaller f leads to a larger focusing spot,
resulting in a larger laser spot on the surface of the film.
This leads to a decrease in laser energy per unit area,
resulting in less blockage generated by plasma and less
laser energy absorbed, thereby shortening the tc.

4.4 Width of laser pulse

When the width of laser pulse tp is varied while keeping
other parameters constant (f = 350 mm, z0 = 5 mm, E = 100
mJ), the variation curve of tc with tp can be obtained, as
shown in Figure 13. It can be observed from Figure 13 that
tc increases with an increase in tp, and tc is on the order of
microseconds.

When the width of laser pulse is reduced, the laser power
increases and the laser power density reaches the threshold
for air plasma ignition more quickly under unchanged con-
ditions. As a result, the plasma flash occurs at a faster rate,
absorbs more laser energy, and has a longer duration.

5 Conclusion

1) A theoretical model has been formulated to calculate
the tc. When =λ 1,064 nm, =D 0.08s cm, tp = 10−8 s, z0
= 5 mm, f = 350 mm, and E = 57.21 mJ, the tc of hafnium
oxide thin films is × −4.24 10 6 s.

2) The value of tc is determined through experimentation,
and the parameters in the experimental study are sub-
stituted into the established model, and the corre-
sponding tc theoretical values are calculated. Analysis
of both the experimental and theoretical values leads to
the following conclusions: (1) As incident laser energy
increases, so does tc; (2) The duration of tc depends
solely on incident laser energy, regardless of sample
placement or material type. (3) Theoretical results clo-
sely match experimental tc values.

3) After conducting calculations and analysis, it was deter-
mined that the increase in E, f, and tp leads to an
increase in tc, while a decrease in z0 results in a
decrease in tc. The process of generating plasma flash
through laser-induced breakdown thin film is intricate.
This study specifically examines the individual impacts
of E, f, tp, and z0 on tc. Additionally, other factors such as
ambient gas pressure, temperature, humidity, pre-ioniza-
tion, and type also have an influence on tc in reality.
These factors will be the focus of future research.

Figure 12: Curve of tc vs f (tp = 10 ns, z0 = 5 mm, E = 100 mJ).

Figure 13: Curve of tc vs tp (f = 350 mm, z0 = 5 mm, E = 100 mJ).
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4) The initial step in distinguishing between the duration
of air plasma flash (tc) and film plasma flash (tf) is to
acquire both experimental and theoretical values for tc.
Once tc is determined, it becomes feasible to differ-
entiate between the two flashes, thereby reducing mis-
interpretation caused by the plasma flash method when
evaluating laser film damage.
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