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Abstract: In a high-power laser system, when the surface
pressure of the optical film caused by laser plasma shock
wave is greater than the adhesion per unit area of the film
layer, the film will produce mechanical damage, and in
serious cases, the whole system may not work. Therefore,
studying the formation mechanism of optical film surface
pressure and impulse caused by laser plasma shock wave
is the key to ensure the normal operation of the high-
power laser system. In this article, by studying the relaxa-
tion process of laser plasma shock wave on the surface
pressure of optical film, and using the time accumulation
effect of various pressures on the surface of the optical
film, the calculation model of impulse on the optical
film’s surface formed by laser plasma shock waves was
established, and the variation rules of the impulse I;; and
impulse coefficient j on the unit area of single-layer Al,03
and HfO, optical films with different parameters were
obtained. When the incident laser wavelength A was
1,064 nm, the energy E was , the pulse width f, was
10 ns, the focal length of the focusing lens f was 350 mm,
the distance between the film surface and the focal plane
of the focusing lens zy was 5 mm, and the film radius R
was 5 mm, the calculation and simulation results show
that the impulse I; of the two films was 10 N s order of
magnitude, the impulse coefficient j of the two films was
107% N s/J, the Al,0; film with small atomic number will
obtain larger Iy and j, Iy and j of the two films increase
with the increase of E and f, and I; and j of the two films
decrease with the increase of z, and f,. In the total
impulse transfer time (ty), Iy and j both increase with
the increase of R.
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1 Introduction

Generally speaking, in the initial stage of laser—optical
film interaction, heat action heats the film and makes it
locally heated, which leads to the increase of free elec-
trons or gasification of the film. When the concentration
of free electrons and ions reaches a certain amount,
optical breakdown (indicating that the optical film has
undergone irreversible changes, that is, failure) occurs,
and then, plasma is formed [1-5]. The absorption of sub-
sequent laser energy by plasma causes its own tempera-
ture to rise sharply, and its volume expands outward after
reaching a high temperature and overheating state, that
is, the plasma shock wave is formed [6—8], and the initial
propagation speed of plasma shock wave reaches the
order of magnitude of 10*m/s. As a result, mechanical
action is generated on the optical film surface, and
the film surface obtains impulse during the interaction
between the plasma shock wave and the optical film sur-
face. The magnitude of the impulse is not only related to
the action laser parameters, such as energy, pulse width,
and spot size, but also closely related to the properties of
the action film materials and the action environment. The
calculation of the impulse obtained by the film with dif-
ferent incident laser parameters can not only understand
the mechanism of the plasma shock wave on the film
impulse transfer, and the relationship between the effi-
ciency and the laser parameters, but also have a certain
reference value for the technology of using laser as the
propulsion power source.

At present, much research has been done on the
impact of laser-induced plasma shock wave on the target
surface. In 1966, Gregy and Thomas of the University of
California studied the impulse of a ruby giant pulse laser
on a surface in a vacuum, and experimentally measured
the impulse obtained by targets of different materials [9].
In 1972, Pirri et al. used high-power CO, to act on carbon
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targets and tungsten targets, measured the impulse obtained
by the targets, and tried to explain these impulses from the
theory of explosive waves [10]. In 1976, Hettche et al. mea-
sured the impulse of pulsed CO, laser on aluminum target by
the target pendulum technology, and measured the change
process of target surface pressure during pulse by the optical
interference technology, and found out the dependence of
target surface pressure and applied laser power density [11].
In 1980, Duzy et al. studied the impulse coupling coefficient
of 353nm XeF laser irradiation on aluminum target at
0.1Torr ambient pressure [12]. Bass et al. measured the
impulse coupling coefficient of the long-pulse Nd glass laser
on the aluminum target and found that the impulse coupling
coefficient is related to the convergence/divergence charac-
teristics of the laser when penetrating the material, and it is
inversely proportional to the migration quality of the target.
At the same time, the authors also gave the relationship
between the impulse coupling coefficient and the laser
power density, and the relationship between the impulse
coupling coefficient and the energy density [13]. Fu and
Wang from the Institute of Mechanics, Chinese Academy
of Sciences used the impulse matrix method to measure
the impulse caused by TEA CO,-intense laser acting on the
target, and also carried out the pressure measurement of
shock wave induced by intense pulsed laser in the air
[14-16]. In 2020, Liang et al. summarized the measurement
methods of impulse coupling coefficient, mainly including
impact pendulum method, laser interference method, laser-
combined impact pendulum method, horizontal guide rail
measurement method, pressure sensor method, etc., and
introduced the main numerical analysis methods and influ-
encing factors of impulse coupling coefficient [17]. In 2020,
Yu et al. studied the impulse generated by ablating alu-
minum targets using the micro-impulse measurement
method with a torsion pendulum, and the plasma plume
characteristics were researched using fast photography
and optical emission spectroscopy [18]. In 2022, Xu et al.
used impulse measurement, spectral diagnostics, tem-
poral evolution images, and target ablation to investigate
the dynamic behaviors and parameters of Nd:YAG nano-
second laser-induced aluminum plasma at different pres-
sures and laser fluence [19]. These works provide a lot of
experimental data and results for the study of laser—target
interaction, and lay a solid experimental foundation for
the theoretical model research. However, these works
mainly focus on the experimental measurement of target
impulse, while the research on the formation mechanism
of target surface impulse is relatively few; the optical film
is different from the general target, and its interaction with
laser is more complex. Therefore, in this article, the single-
layer Al,O; and HfO, films are taken as examples (the
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single-layer Al,05; and HfO, film substrates are both quartz
substrates, and their optical thickness is A/4 nm, in which
the wavelength is A = 1,064 nm); this article intends to
analyze the generation of optical film surface impulse
from the aspects of surface pressure generation and plasma
formation during the interaction between laser and optical
film surface, establish the calculation model of optical film
surface impulse, and calculate the optical film surface
impulse under different parameter conditions. The influ-
ence of various parameters on the surface impulse of optical
films is obtained, which reveals the formation mechanism
of laser plasma shock wave on the surface impulse of
optical films.

2 Theoretical calculation model of
optical film surface impulse

The impulse on the optical film surface formed by the
laser plasma shock wave is the time cumulative effect
of the shock wave on various pressures. According to
the generation and formation mechanism of various
pressures in the process of laser and optical film, the
formation of impulse and its calculation model can be
discussed. The impulse calculation of optical film surface
has the following two cases.

2.1 When the breakdown threshold of the
optical film surface is not reached

When the applied laser power density does not reach the
breakdown threshold of the optical film surface, the
impulse on the unit area of the optical film surface
formed by the laser has only two parts: one is the impulse
caused by the light pressure itself, whereas the second is
the recoil impulse caused by the material sprayed on the
optical film surface.
1) The optical pressure
When high-power pulsed laser light acts on the
surface of the optical film, considering the optical
pressure p,, there are [20]

Py = P/c, ey

where P is the incident laser power density and c is the
speed of light. If the incident laser is a Q-switched laser,
the pulse width is generally of the order of ns. If
P =10° W/cm?, then p, = 3.33 x 10*N/m? = 33 kPa.
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When the laser-focusing spot diameter is 0.8 mm, the pulse
width is 10ns, the energy is 0.1], and the wavelength is
1, 064 nm, the impulse caused on the optical film is the
product of light pressure, the laser-focusing spot, and time,
namely [20]:

By x % (0.8+2x1073) x10 x 107°
=1.67 x 10°1° N s.

)

2) Pressure produced by the ejected material

When the high-power laser is applied to the surface
of the optical film, the surface temperature of the film is
heated by the laser beam, and its surface temperature
rises rapidly. When the vaporization temperature is reached,
a Knudsen layer with high-temperature gas and liquid
phases will be formed on the surface of the film, and the
thickness of the layer is about 107" m. Because the layer
continues to absorb laser pulse energy, on the one hand,
the temperature continues to rise, and, on the other hand,
the substances in the layer quickly leave the film surface
in the form of vapor, that is, spray substances are formed
[20]. The velocity of ejected material particles is Maxwell
distribution, which can be characterized by a characteristic
velocity. The average velocity of vapor particles can charac-
terize the macroscopic behavior of the ejected material,

namely [20]:
V= % s (3)
\ TMino1

where R, is the molar gas constant, R; = 8.31432 J/(mol K),
T is the temperature of steam, and M, is the molar mass of
ejected material.

Suppose that when a pulsed laser with energy E acts
on the optical film surface, the ejected mass of the film
material is Am, and its mass mobility vy, is defined as the
mass of ejected material that can be taken away by the
laser beam with unit energy. In fact, when the ejected
material is ejected outward, according to the impulse
theorem, the optical film surface also has a recoil impulse,
so the recoil impulse I} per unit area is [20]:

[8R,T
I = AmV = v,E 8- . 4)
ﬂMmol

If the applied laser is a Q-switched laser, the mass
mobility v, is about 1-10ug/J (ug/] indicates how much
microgram (g) mass can be migrated by 1] laser energy on
the surface of the film), taking the single-layer HfO, film as
an example, if E = 0.1], t, = 10 ns, My = 210.49 g/mol,
T = 3,031 K, then I is about 7.56 x 1078 N s.
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Obviously, when the applied laser power density
does not reach the breakdown threshold of the optical
film surface, the impulse caused by the light pressure
is about two orders of magnitude smaller than the
recoil caused by the ejected material. At this time, the
impulse of the laser on the unit area of the film surface
mainly depends on the recoil caused by the ejected
material.

2.2 When the breakdown threshold of the
optical film surface is reached

When the applied laser power density is greater than the
breakdown threshold of the film surface, the impulse
formed by the plasma shock wave on the unit area of
the film surface consists of three parts: one is the impulse
caused by the light pressure itself; second is the recoil
impulse caused by ejected materials; the third is the
impulse generated by the expansion and diffusion of
laser plasma shock wave.

It can be seen from the previous analysis that the
impulse caused by light pressure is about 1.67 x 107°N s,
and this impulse is far less than the impulse caused by
ejected material and plasma shock wave, so it can be
ignored. The mass of splashed material is also very small,
and the impulse ; introduced is about 7.56 x 10~ N s. This
order of magnitude impulse is not dominant in the interac-
tion between laser and optical film surface, and can also be
ignored. Therefore, when the applied laser power density is
greater than the breakdown threshold of the film surface, the
impulse on the optical film surface is mainly generated by
the expansion and diffusion of the plasma shock wave,
which will be mainly discussed below.

When the applied laser power density is greater than
the breakdown threshold of the optical film surface, the
optical film surface is broken down and a plasma shock
wave is generated. The plasma shock wave generates
great pressure on the film, making the optical film obtain
impulse. If the time distribution of the pressure generated
after the plasma shock wave acts on the film surface is
ps(t), and I is used to represent the impulse obtained on
the unit area of the film, then:

)
I = jps(t)dt, 5)
0

where t, is the total action time of laser plasma shock
wave. Therefore, the film impulse mainly depends on
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the pressure ps(t) of the expansion and diffusion of the
plasma shock wave on the film surface, which is calcu-
lated below.

2.2.1 Pressure produced by the expansion and diffusion
of plasma shock wave

During the pulse laser irradiation, the plasma on the thin
film surface ignites, expands rapidly outward, and rapidly
develops into laser supported detonation wave (LSDW).
This absorption wave continues to absorb the residual
pulsed laser energy and expands away from the film sur-
face, and produces a pressure pgo on the film surface.
However, the pulse width of the laser pulse is limited,
and the disturbance behind the LSDW wave cannot catch
up with LSDW during the pulse laser action. LSDW prefer-
entially absorbs the laser pulse energy and propagates at
the supersonic speed, so the intensity of LSDW would not
weaken. LSDW mainly expands in the reverse direction of
laser, which can be approximately regarded as one-dimen-
sional flow field. The motion of LSDW would change after
the end of the laser pulse. First, the intensity of LSDW
would decrease with the propagation process. Second,
the propagation of LSDW has no laser energy absorption
in the opposite direction of the laser, so there is no priority.
The lateral sparsity becomes important, and the motion of
LSDW should be regarded as a two-dimensional flow field.

If the laser pulse width is ¢, and the characteristic
time of LSDW two-dimensional motion is defined as t,p,
which is equal to the time required for LSDW wavefront to
expand to the distance of focused spot diameter (Ds),
then [20]:

N2
D= Mg [Fd) | ©)
nd A2
v, = 0.958p; P’ (7)
tbp = DS/VL. (8)

In Eq. (6), A is the wavelength of the incident laser
beam, d is the diameter of the incident laser beam, f is
the focal length of the focusing lens, and z, is the dis-
tance between the surface of the film and the focal plane
of the focusing lens. In Eq. (7), p, is the air density,
po = 1.295kg/m?, and P is the power density of the inci-
dent laser; in Eq. (8), v, is the propagation speed of
the LSDW.

Use P, to represent the initial power density of the
incident laser. When the incident laser energy is E, there
are:
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Py 9)
P, and P, are used to represent the radiation loss in the
plasma region and the radiation loss caused by the
reverse bremsstrahlung absorption of the laser passing
through LSDW, respectively. Then, the actual incident
laser power density P = Py — P, — P,. If the radiation loss
P, in the plasma region is ignored, then P = P, - P,.
During laser irradiation, the laser acts on the surface
of the film to produce a plasma with high temperature
and high density. This plasma expands rapidly outward.
During the expansion, the plasma continues to absorb the
incident laser, so that the laser energy reaching the film
will be greatly reduced, preventing the energy coupling
between the laser and the film. This effect is called laser
plasma shielding. Under the influence of the shielding
effect of laser plasma, the laser energy reaching the film
surface will gradually decrease, the plasma temperature
and density will decrease, the shielding effect of laser
plasma will become weak, the plasma absorbs less and
less incident laser energy, the laser energy reaching the
film will slowly increase, so the plasma temperature and
density will rapidly increase, and the plasma shielding
effect will be generated. This process is called reverse
bremsstrahlung absorption, and the reverse bremsstrah-
lung absorption coefficient is expressed as [20]:

K, = 9.4675 x 10"2A2N,2T222, (10)

where N, represents the electron number density of the
film surface material, T represents the plasma tempera-
ture, and z represents the atomic number. The actual
incident laser power density after considering the reverse
bremsstrahlung absorption is P [20], then

Py

P=F - P> 100-06k; *

(11)

After the end of the laser pulse, considering the influ-
ence of the sparse wave on the LSDW, it is assumed that
after the end of the laser pulse, a left-traveling simple
wave is reflected on the LSDW, and the time of the first
left-traveling simple wave reaching the surface of the film
is t,, which can be expressed as [20]

Ypt1

2 (-1
tzzztp( Yo ) "
Y1

where y, is the adiabatic index of plasma, and the value
in the plasma region is 1.2 [20].

The model used for LSDW motion to study the relaxa-
tion process of film surface pressure depends on the three
time parameters &, t;, and t,p. There are three cases:

(12)
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1) When t, < ¢, < top and O < &,/bp < tp/t;, the axial rar-
efaction wave reached the film surface before the
radial rarefaction wave reached the center of the
film surface. When ¢, < t < t,p, the plane attenuation
model can be used at that time. When ¢t > t,p, the
cylindrical attenuation model was used. When ¢ < t,,
one-dimensional model was used.

2) Whent, < tp < t; and t,/t; < t,/tp < 1, the radial rar-
efaction wave reached the film surface before the axial
rarefaction wave reached the center of the film surface.
When ¢, < t < tp, the plane attenuation model can be
used. When t > t,p, the cylindrical attenuation model
was used. Whent < t,, one-dimensional model was used.

3) When £, > tp, the radial rarefaction wave reached the
film surface before the axial rarefaction wave reached
the center of the film surface, and the cylindrical
attenuation model was used when ¢ > .

Assuming A = 1,064 nm laser-focusing spot diameter
Ds = 0.8mm, incident laser energy E = 0.1 J, incident
laser pulse width &, = 10 ns, and the laser is incident on
the surface of a single layer of hafnium oxide film, its t,
equals 2.7 x 1072 s and tp equals 5 x 10-8 s. Obviously,
tp, < tp < t, satisfied the second case. Therefore,

® Whent = 0, the surface pressure of the film becomes
the initial atmospheric pressure py = 1.013 x 10°N/m?.

@ WhenO < t < t,, using one-dimensional model, the
pressure psio of LSDW on the film surface is [20] as follows:

2

V.2 (yb +1 )Vb—l
o+ 1\ 2) .
® Whent, < t < tp, the plane attenuation model can

be used, and the pressure of LSDW on the film surface
Ps(t) is [20] as follows:

(13)

DPs10 = Py

2

p(t) = ps1(t?p)3- (14)

When t = btp,

t )
Ds20 = Psiol — | -
tp

@ Whent > tp, ty is introduced; when t = t,, the sur-
face pressure of LSDW becomes the initial atmospheric
pressure po, then the plasma flow field has diffused into
two dimensions when tp < t < typ, and the cylindrical
decay model can be used. The pressure pg(t) of LSDW
on the surface of LSDW is as follows [20]:

6

tp \5
DPs3(t) = pszo(zTD) ,

(15)

(16)
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6
By po = pszo(t;—;))5 >
5

G
to = tZD(@) .
Po

From Egs. (13)-(17), the expansion and diffusion of
plasma shock wave on the surface pressure ps(t) of the
film is as follows:

an

pO’ t=0
Wy
2 + 11
Po 8 (Yb T, O<t<t
o+ 1\ 2p
Dy 2
= 2 + 1\ 1(t)3
p<() Po n | Y ’ (—p) , <t<tp (18)
Yy + 10 2y, t
¢ 6
5
Pszo(zTD) , bp<t<ty
Do, t > o

2.2.2 Impulse per unit area of optical film surface
formed by plasma shock wave

Since the area of the optical film is limited, the effective
area of the optical film surface for impulse transmission
by laser can only be the area of the optical film, and its
impulse transmission will be limited by the size of the
film area. Assuming that the film area is S and the radius
is R, the total impulse transmission time is the total action
time ¢, of the laser plasma shock wave. From the previous
analysis, it can be seen that t, < t,p < t,. Therefore, the
impulse Iy obtained by the film changes from Eq. (5) to
the following equation:

L= ] j pu(H)dsdt. (19)
oS

The following are discussed according to different
time intervals:

1) IntherangeO < t < tp, plasma and shock wave develop
in one dimension, and their radial impulse transfer area is
approximately the laser spot area 71(Ds/2)?. During this
period, the impulse obtained by the film is as follows:

s20

bp \
L = n(Ds/2)? jps(t)dt = n(Ds/2)2[3pswtp( 1;510)
0 (20)

- 2psl() tp] .

2) When t > t,p, considering the two-dimensional diffu-
sion effect of plasma and shock wave, the lateral
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explosion wave is attenuated in the form of the cylind-
rical explosion wave. According to the cylindrical
explosion wave theory, if the time required for the
explosion wave to propagate to the film boundary R
is tq, then:

t
R=(Dy/2) | L. (21)

tp

Therefore,
2
2R

ta=btbpl — | . 22
d ZD( Ds) (22)

Thus, the impulse obtained by the optical film during
bp < t < tq period is as follows:

tq 6
bLp 5 t
Istz = n(Ds/2)2 Ips20( 2D) ( )dt
t bp
bt (23)

4
5 ta \°
= —ﬂ(Ds/Z)ZPszobD[(—d) - 1:|-

3) In the range tq < t < to, the impulse transfer area is
limited by the size of the film area, and will not increase
any more, but will always be the film area S = 7R2.
During this period, the impulse obtained by the film is
as follows:

fo 6/5
t
L3 = ﬂszpszo(zTD) dt

fa (24)
1 1
tp )’ bp \°
= 51R2poot| | 2| - [ 2] |-
ta to
Therefore, the total impulse transmitted to the film
during the whole action time is as follows:

1/2
Ist = Istl + Istz + Ist3 = n(Ds/2)2|:3p310tp( pslo)
DPs20

5 tq 4/5
- zpslotp] + Zn(Ds/z)zpszotZD[(t_) - 1} (25)

2D

2 tn)"” to )"
+ 51R pSZOtZD — - | — .
ta to

2.2.3 Impulse coupling coefficient per unit area of
optical film surface formed by plasma shock wave

Impulse energy coupling coefficient can reflect the ability
of the film surface to obtain impulse, which is defined as
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the magnitude of the impulse obtained by the film under
the action of unit laser beam energy [20], namely:

R
J=7" (26)

The unit of j is N s/].

When the incident laser wavelength A = 1,064 nm,
the energy E = 0.1 ], the pulse width ¢, = 10 ns, the dia-
meter of incident laser beam d = 28 mm, the focal length
of the focusing lens f = 350 mm, the distance between
the film surface and the focal plane of the focusing lens
Zo = 5 mm, and the film radius R = 5 mm, taking single-
layer Al,05; and HfO, thin films as examples, the impulse
I and impulse coupling coefficient j of optical thin films
per unit area are calculated according to Egs. (25) and
(26). The calculation results are shown in Table 1.

It can be seen from Table 1 that under the same laser
action parameters, a single layer of Al,Os thin film with
a smaller atomic number Z has a larger impulse and
impulse coupling coefficient than HfO, thin film, indi-
cating that the single layer of Al,O; thin film has a
stronger ability to obtain impulse. In the literature [21],
an experimental study on the impulse formation of laser
target was carried out. It was found that copper target can
obtain more impulse than aluminum target under the
same conditions, and the impulse coupling coefficient
of copper target and aluminum target is about 10™*Ns/J,
which is basically consistent with the conclusion in this
article. In this article, the impulse coupling coefficient
obtained by single-layer aluminum oxide and hafnium
oxide film is about 10> Ns/J. The difference in data is
mainly caused by the difference in laser parameters and
materials.

Different materials have different impulses. The main
reason for this phenomenon is that under the action of
the same laser action parameters, the effects on plasma
and shock waves generated by different films are dif-
ferent. In the process of reverse bremsstrahlung absorp-
tion during plasma formation, the reverse bremsstrahlung
absorption coefficient is related to the atomic number Z of
the film material because the atomic number Z of Al,Os
thin film is smaller than that of HfO, thin film. As a result,
the plasma absorbs more laser energy, expands more vio-
lently, and obtains greater impulse.

Table 1: Calculation results

I (N's) j (Ns/))
Al,05 thin film 2.60 x 107% 2.60 x 1073
HfO, thin film 2.27 x 1074 2.27 x 1073
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3 Analysis of factors affecting the
impulse of optical film surface
formed by shock wave

The variation of I; and j would be studied when the
incident laser energy (E), the distance between the film
surface and the focal plane of the focusing lens (zg),
the radius of film (R), the focal length of the focusing
lens (f), and the incident laser pulse width (¢,) change,
respectively.

3.1 Incident laser energy

When the incident laser energy E is changed and other
parameters are unchanged (zo =5mm, f= 350 mm,
t, =10 ns, R = 5mm), the curves of I; under different
E actions are obtained, as shown in Figure 1. As shown in
Figure 1, I increases with increasing E. And the impulse
of the single-layer AL,O; film is larger than that of HfO,
thin film.

The curve of impulse coupling coefficient j versus E
is shown in Figure 2. With the increase of E, j decreases,
and the impulse coupling coefficient of the single-
layer Al,O;5 thin film is larger than that of HfO, thin
film, indicating that the ability of the single-layer Al,O5
thin film to obtain impulse is stronger than that of HfO,
thin film.

In 1972, Pirri et al. carried out experiments on impulse
coupling coefficient of laser-supported detonation wave

. x10™
D

KN.s)
! D o
N L N B

o
T

0 0.05 0.1 0.15 0.2

E(J)

Figure 1: Curves of I versus E (zo = 5 mm, f =350 mm,
t, =10 ns, R = 5mm).
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Figure 2: Curves of j versus E (zo = 5 mm, f = 350 mm,
t, =10 ns, R =5 mm).

acting on a flat plate. The experimental results show
that the impulse coupling coefficient decreases with the
increase of laser incident energy [22]. In 2011, Chen et al.
also studied the change rule of the impulse coupling coef-
ficient of the plate under the action of laser-supported
detonation wave with the laser incident energy, and obtained
a conclusion through experiments: the impulse obtained by
the plate increases with the increase of the laser incident
energy, while the impulse coupling coefficient decreases
with the increase of the laser incident energy [23]. The results
in these works are basically consistent with the analysis
results in this article, but the results given in the works are
the change curves of data fitting obtained from experimental
measurements, while this study is the theoretical curve
obtained from modeling.

3.2 Distance between the film surface and
the focal plane of the focusing lens z,

By changing the distance between the film surface and
the focal plane of the focusing lens z,, other parameters are
unchanged (E = 0.1], f= 350 mm, &, =10 ns,R = 5 mm),
and the curves of I; versus z, are obtained, and I
decreases as zj increases, as shown in Figure 3. The impulse
coupling coefficient j varies with zg, and j decreases with
the increase of z,, as shown in Figure 4.

In 2007, Zhang et al. [24] conducted an experimental
study on the influence of defocusing amount z, on the
mechanical effects of plasma shock waves. The experi-
mental results show that the impulse coupling coefficient
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. x10™
d
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4 ()(""")
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Figure 3: Curves of I versus z, (E = 0.1}, f= 350 mm,
t, =10 ns, R =5 mm).

decreases with the increase of z,, which is consistent with
the theoretical analysis results in this study. In 2011, Chen
et al. [23] obtained the curve of impulse and impulse
coupling coefficient changing with defocusing amount
Zo, and found that impulse and impulse coupling coeffi-
cient decrease with increasing z,, which is consistent
with the conclusion of this study.

This is because as the distance z, between the film
surface and the focal plane of the focusing lens decreases,
the radius of the focusing spot on the film surface will
decrease, so the laser power density on the film surface
will increase, and the impulse transferred to the film will
be greater.

x107

n

4 6 8 10
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Figure 4: Curves of j versus zy (E=0.1), f= 350 mm,
tp =10 ns, R =5 mm).
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Figure 5: Curves of /s versus R (E= 0.1}, f= 350 mm,
t, =10 ns, zo = 5 mm).

3.3 Radius of film R

By changing the radius of film R, other parameters are
unchanged (E = 0.1], f = 350 mm, t, = 10 ns, R = 5 mm),
and the curves of I; versus R are obtained, and I increases
as R increases, as shown in Figure 5. The impulse coupling
coefficient j varies with R, and j increases with the increase
of R, as shown in Figure 6.

In 2011, Chen et al. [23] obtained the curve of impulse
and impulse coupling coefficient changing with target
area when the critical area of the laser target is 77.33,
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Figure 6: Curves of j versus R (E= 0.1}, f= 350 mm,
t, =10 ns, zo = 5 mm).
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113.91, and 128.85 cm?, respectively. The results showed
that impulse and impulse coupling coefficient increase
with the increase of target area, and the larger the critical
area of the target, the larger the impulse and impulse
coupling coefficient. Because the target area is propor-
tional to R, this is consistent with the conclusion in this
study.

The size of film radius R has a significant impact on
impulse transfer. When the film radius increases, the film
area increases, and the impulse transferred to the film
also increases, because the impulse transferred to the
film is the time accumulation effect of the force, and
the action area of the force increases with the expansion
of the plasma. Within a certain range, when the film sur-
face area increases, the impulse transferred to the film by
the laser also increases, but not unlimited. It can be seen
from the previous analysis that the impulse has a total
transmission time t,. When the transmission time is tg,
the corresponding film area is the limit area of impulse
transmission. Only the film surface within this limit area
has impulse transmission, and there is no impulse trans-
mission beyond this limit area. In addition, when the
applied laser energy is small, there is no significant dif-
ference in the impulse obtained by the films with different
film areas for the same energy. This is because at this
time, the limit area of impulse transmission decreases
with the weakening of the film surface plasma, so that
all the impulses caused by laser plasma can be trans-
mitted to the film.
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Figure 7: Curves of Iy versus f (E= 0.1}, zo =5 mm,
t, =10 ns, R =5 mm).
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3.4 Focal length of focusing lens f

By changing the focal length of focusing lens f, other para-
meters are unchanged (E = 0.1], zo = 5mm, &, = 10 ns,
R = 5mm), and the curves of I versus f are obtained,
and I increases as f increases, as shown in Figure 7.
The impulse coupling coefficient j varies with f, and j
increases with the increase of f, as shown in Figure 8.

Because the focal length f of the focusing lens directly
affects the size of the laser focus spot on the film surface,
that is, it directly affects the laser power density in the
focal spot area, thus affecting the characteristics of plasma
generated on the film surface. With the increase of f, the
obtained impulse and the impulse coupling coefficient
increase.

3.5 Incident laser pulse width ¢,

By changing the incident laser pulse width ¢,, other para-
meters are unchanged (E = 0.1], zo = 5 mm, f = 350 mm,
R = 5mm), and the curves of I versus t, are obtained,
and I decreases as f, increases, as shown in Figure 9.
The impulse coupling coefficient j varies with ¢, and j
decreases with the increase of t,, as shown in Figure 10.

This is because the larger the ¢, is, the smaller the
laser power acting on the unit area of the film surface is.
Therefore, the smaller the impulse I; and impulse cou-
pling coefficient j formed on the film surface are.
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Figure 8: Curves of j versus f (E= 0.1}, zo = 5 mm,
t, =10 ns, R =5 mm).
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Figure 9: Curves of I versus t, (E= 0.1}, zo = 5mm,
f =350 mm, R =5 mm).
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Figure 10: Curves of j versus t, (E = 0.1}, z, = 5 mm,
f=350 mm, R =5 mm).

4 Conclusion

1) In this study, the impulse calculation model of plasma
shock wave acting on the film surface is established.
The impulse I;; and impulse coefficient j of the single-
layer Al,05; and HfO, films on the unit area are calcu-
lated, respectively, under the specified parameters.
The results show that the impulse obtained by Al,03
films is larger, which indicates that I and j are related
to the atomic number Z of the film material. The
smaller Z is, the larger I and j are.

2) The factors affecting the size of I; and j are analyzed.
The results show that I and j of the two films increase

DE GRUYTER

with the increase of E and f, and Iy and j decrease
with the increase of z, and t,. In the total impulse
transmission time ¢y, I;; and j increase with the increase
of R, and when the action time exceeds ty, I;; and j are
both zero.

The above research shows that the pressure and
impulse of the plasma shock wave on the optical film
are the factors that cannot be ignored in the process of
laser damage to most of the films. Considering that there
are also thermal effects, field effects and plasma flash
splashing away vaporized film material and other destruc-
tive effects in the process of laser damage to the film, it can
be asserted that the mechanical effect of plasma shock
wave on multilayer optical film, combined with the stress
existing in the film, can strengthen the destructive effect of
other laser effects on the film system, leading to the col-
lapse of a large area of the film.

In addition, since the laser-supported detonation
wave drives the light ship, its propulsion performance
is mainly reflected by thrust, impulse, and impulse cou-
pling coefficient. Therefore, the research in this study can
also provide theoretical basis for the impulse coupling in
laser propulsion technology and the selection of light
ship, and has reference significance for the selection
of laser parameters, focusing system parameters, and
target parameters in laser propulsion research. Since
the impulse coupling coefficient is an important para-
meter to calculate the laser clearance of space debris,
this work can also provide a way for the research of laser
clearance of space debris.
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