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Abstract: The propagating evolution of shock waves induced by a nanosecond pulse laser (ns laser)
irradiating silicon assisted by a millisecond pulse laser (ms laser) is investigated experimentally. A
numerical model of 2D axisymmetric two-phase flow is established to obtain the spatial distribution of
shock wave velocity. Two types of shock wave acceleration phenomenon are found. The mechanism of
the shock wave acceleration phenomenon is discussed. The experimental and numerical results show
that the initial stage of ms laser-induced plasma can provide the initial ions to increase probability
of collision ionization between free electrons and vapor atoms. The velocity of the ns laser-induced
shock wave is accelerated. Furthermore, the ms laser-induced plasma as the propagation medium
can also accelerate the ns laser-induced shock wave. The shock wave acceleration methods obtained
in this paper can promote the development of laser propulsion technology.

Keywords: shock wave; combined pulse laser; acceleration phenomenon

1. Introduction

Shock waves have an extremely wide range of practical effects on a variety of fields;
for instance, laser propulsion, laser cleaning, laser shock peening, and so on [1-5]. For
example, Shukla P. reported the laser shock peening of Al;O3; advanced ceramics by an
Nd: YAG laser with a pulse duration of 10 ns. It was found that with the increase of
shock wave pressure, the surface roughness will also increase [6]. Yu H. utilized an ns
laser to remove particles. It revealed that the particle removal mechanism is dominated
by the shock wave ejection mechanism, which is due to its strong pressure [7]. Zhaia Z.
studied the microhole processing effects of nickel-based alloy by an ns laser in the air
and water environment. It was found that the quality of laser drilling was improved in
water [8]. Unaldi S. investigated a mechanical stripping process in water. The results
showed that selective laser stripping can remove the aircraft layer without causing damage
to the substrate material [9]. Lu J.Z. studied the influences of laser-shock wave on the
microstructure of Ni25 coating on H13 steel. They found that the shock wave reduces
the coefficient of friction and wear rate of Ni25 coating significantly [10]. Krasyuk LK.
presented the generation of shock waves and spallation on different materials irradiated
by a short pulse laser [11]. Abrosimov S.A. investigated the effect of shock wave pressure
on specific features of monocrystalline silicon irradiated by a picosecond pulse laser. The
results showed that the spallation strength of the target depends on the duration and
amplitude of the shock wave [12]. Generally, the velocity of the shock wave is an important
factor affecting its pressure; therefore, it will affect the efficiency of laser cleaning, laser
propulsion, and laser strengthening [13-15].

The velocity of short-pulse laser-induced shock waves has been extensively researched
by scholars. Yoh J.J. studied a ns laser-induced shock wave with a wavelength of 1.06 pm,

Photonics 2023, 10, 260. https:/ /doi.org/10.3390/photonics10030260

https:/ /www.mdpi.com/journal /photonics


https://doi.org/10.3390/photonics10030260
https://doi.org/10.3390/photonics10030260
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://doi.org/10.3390/photonics10030260
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics10030260?type=check_update&version=3

Photonics 2023, 10, 260

20f11

a pulse width of 5 ns, and a laser energy of 200 mJ on a metal target. It was found that
the shock wave velocity could reach 4.5 km/s at 950 ns [16]. Gregor¢ic P. studied ns laser-
induced plasma and a shock wave with a wavelength of 1.06 um, a pulse duration of 4 ns,
and a laser energy of 12 m]J in the air. The results revealed that the shock wave morphology
changed into a sphere at 55 ns, and its velocity could reach 1.8 km/s [17]. Cao S. researched
a ns laser-induced shock wave with a wavelength of 1.06 um, a pulse duration of 7 ns,
and a laser energy of 35 mJ on aluminum alloy. It was found that the shock wave velocity
could reach 1.2 km/s at 200 ns and approach the velocity of sound at 6.9 us [18]. Kraft S.
researched the femtosecond laser-produced plasma and a shock wave with a wavelength
of 1030 nm, a pulse duration of 600 fs, and a laser energy of 45 pJ on metal. The results
showed that the shock wave velocity decreased exponentially from 1 km/s to less than
250 m/s with time [19]. Although the velocity of short-pulse laser-induced shock waves
could reach several kilometers per second, due to the limitation of the damage threshold of
laser crystal material, it is impossible to obtain sufficient velocity by infinitely increasing
laser energy. Therefore, it is very significant to investigate an acceleration method for the
combined pulse laser (CPL)-induced shock wave.

With the continuous development of the study on shock waves, many research works
have gradually begun to shift to the research direction of the characteristics of the CPL-
induced shock wave [20-25]. Such as in the work of Wang Q., the time-resolve spectroscopy
of cooper plasmas induced by the femtosecond-nanosecond CPL was investigated and
the plasma temperature was calculated. They found that the temperature of plasma and
electron density induced by the femtosecond-nanosecond CPL are both higher [26]. Jia X.
utilized a continuous wave laser and ns laser as a CPL for drilling Q235B steel. The results
showed that the shock wave pressure could improve the drilling efficiency [27]. Pan Y.
investigated the processing efficiency and modified sizes of BK7 glass irradiated by ms-ns
CPL. They found that laser-supported combustion waves have a contribution to the energy
deposition into the sample [28]. Generally, the research direction of CPL-induced shock
waves is to mainly concentrate on the spectral characteristics and the influence on the
damage depth and morphology of the target [29-31].

In this study, the dynamics of the shock waves induced by an ns laser irradiating
silicon assisted by an ms laser for different pulse delays and the energy ratio of CPL are
investigated. The morphology evolution, velocity of shock waves, and physical process
involved in the two types of acceleration phenomenon of shock waves are investigated
and analyzed. The results of this paper not only present the acceleration methods of
shock waves, but also provide clues for interpreting the behavior of ms-ns CPL-induced
shock waves.

2. Experiment

Figure 1 shows the experiment setup of ms-ns CPL irradiating silicon. The laser
emission system is composed of a millisecond pulse laser (Melar-100, Beijing Guoke Cen-
tury Laser Technology Co., Ltd., Beijing, China) and a nanosecond pulse laser (Vlite-380,
Beamtech Optronics Co., Ltd., Beijing, China) with pulse durations of 1 ms and 12 ns and
wavelengths of 1064 nm. In order to make the millisecond pulse laser and nanosecond
pulse laser irradiate at the same point of silicon, the spatial angle of the two lasers was set
to 5°. The function of the two lenses placed on the two-laser optical path is to adjust the
spot radius of the laser on the surface of silicon. The ms laser radius was 0.65 mm, and
the ns laser radius was 0.5 mm. The morphology radius of laser irradiation on silicon is
used to represent the laser radius. The 532 nm CW laser is irradiated to the high-speed
camera lens after passing through the beam expander, the focusing lens, and the filter. Its
function is to provide the background light for the high-speed camera to take the shock
wave evolution image. The high-speed camera exposure time is 1/6,300,000 s. The shock
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wave propagation distance is measured by the picture, which is taken by the high-speed
camera at different times, and the shock wave velocity v can be calculated by:

dnJrl +dp

S R @

where d,,11 and d,, represent the shock wave propagation distance at different times, ¢ is
the time difference between d,, and d,, 1.
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Figure 1. The experiment setup of ms-ns CPL irradiating silicon.

A digital delay generator DG645 can not only control the ms laser and high-speed
camera to be triggered at the same time, but also set the pulse delay of the ms-ns CPL.
The oscillograph and photodetector are used to monitor the pulse delay. The ns laser
energy density (Dy;) is fixed at 12 J/cm?. The energy densities of the ms laser (D) are
226.13]/cm?,301]/cm?,376.88]/cm?, and 414.58 J /cm?. The pulse delay (At) is defined as
the time that the ns laser lags behind the ms laser. The starting time of ms laser irradiation
is defined as 0 s. The range of pulse delay is 0 to 3 ms, and the interval is 0.2 ms. The silicon,
with radius of 12.7 mm and thickness of 4 mm, is used as the target. The experiment is
carried out at 20 °C in air.

3. Results
3.1. The Morphology Evolution of the ms-ns CPL-Induced Shock Wave

The propagating morphology evolution of plasma and shock waves is shown in
Figure 2. During the experiment, the laser-induced plasma and shock waves can be
observed at the surface of silicon. Figure 2a is the result of a single ns laser irradiating
silicon with Dps =12 J/cm?. When the ns laser irradiates the target, a large amount of
plasma is induced. After the plasma stops expanding, the shock wave is induced and
propagates in a contrary direction of the laser irradiation. Figure 2b,e are the results of the
single ms laser irradiating silicon with D = 226.13 J/ cm? and Dps = 301 J/cm?. The
ms laser-induced plasma is thin and moves slowly because of the low peak power density
with Dps = 226.13 J/cm?. The ms laser-induced plasma is formed and slowly expands
towards the laser direction with Dyps = 301 J/cm?. Figure 2¢,d f,g are the results of ms-ns
CPL irradiating silicon with different energy ratios and pulse delays. The plasma expands
rapidly when the ns laser irradiates, and a shock wave is ignited. It can be indicated that
there is no obvious difference among the evolution morphology shown in Figure 2a,c,d
with Dpps = 226.13 J/cm?. However, when the ms laser energy density is 301 J/ cm?, the
morphology evolution of plasma changes, especially in Figure 2g with At = 2.4 ms and
Dms = 301]/cm?. It is thus clear that the expansion distance of ms laser-induced plasma
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at 2397 s is greater than that of ns laser-induced plasma at 2402 ps. This is because the
ms laser-induced plasma can no longer absorb the ns laser energy and cannot continue to
expand when the ns laser irradiates.

A
4mm I-h“ m
v

Ous 218 5 2usf Ous

14 mm

797us

Figure 2. The propagating morphology of plasma and shock wave induced by an ns laser, ms laser,
and ms-ns CPL, respectively. (a) Result of the single ns laser, Dns = 12J/cm?. (b) Result of the single
ms laser, Dis = 226.13 ] /cm?. (c) Result of ms-ns CPL, Dyy,s = 226.13 ]/ cm?, At =0.8 ms. (d) Result
of ms-ns CPL, Dps = 226.13 J/cm?, At = 2.4 ms. (e) Result of a single ms laser, Dys = 301 J/cm?.
(f) Result of ms-ns CPL, Dy, =301 ]/ cm?, At = 0.8 ms. (g) Result of ms-ns CPL, Dyys =301/ cm?,
At=24ms.

3.2. The Velocity of the ms-ns CPL-Induced Shock Wave

In this study, the maximum shock wave velocity during propagation is used to analyze
the velocity variation of ms-ns CPL-induced shock waves with different parameters. The
relationship among shock wave velocity, energy ratio, and pulse delay is shown in Figure 3.
There is a dotted line with a scale of vps = 429.6 m/s, which represents the velocity of ns
laser-induced shock waves. The part over 429.6 m/s belongs to the shock wave acceleration
phenomenon. When Dyg = 12/ cm? and Dy = 226.13 J/cm?, the shock wave velocity
increases with At < 0.8 ms, and declines with At > 0.8 ms. It is found that the ms-ns CPL-
induced shock wave velocity (Vcpr) is more than the ns laser-induced shock wave velocity
(Vps) with 1 ms > At > 0.4 ms. When Dy, = 301 J/cm?, the Vpy, increases within a little
scale with 0.4 ms > At > 0, then decreases with 1.4 ms > At > 0.4 ms. Finally, the VcpL
increases obviously with 3 ms > At > 1.4 ms. It is found that the Vcpy, is obviously more
than Vy,s with 3 ms > At > 2.2 ms. When the ms laser energy densities are 376.88 J/cm?
and 414.58 J/cm?, the changing trend of shock wave velocity is approximately the same.
The shock wave velocity decreases with 1.4 ms > At > 0.4 ms and increases within a little
scale with 3 ms > At > 1.4 ms. Furthermore, the Vcpy, is lower than V5 under different
pulse delay conditions.
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Figure 3. The relation between shock wave velocity and pulse delays.

Table 1 presents the laser parameters of the maximum ms-ns CPL-induced shock wave
acceleration phenomenon. Case 1 is the condition with Dy = 226.13]/ cm?,
Dnhs = 12 ]/cmz, and At = 0.8ms. Case 2 is the condition with Dy = 301 ]/cmz,
Dps = 12]/cm?, and At = 2.4 ms. The acceleration multiple of Vcpy, relative to Vi is
approximate with two cases.

Table 1. The laser parameters of the maximum shock wave acceleration phenomenon.

. . The Pulse Delay of The Acceleration

ms Laser Energy Density (Dyys) ns Laser Energy Density (Dys) Max Vepy Multiple of Vpy
Case 1 226.13 J/cm? 12]/cm? 0.8 ms 1.1
Case 2 12]/cm? 2.4 ms 1.1

As shown in Figure 4, the shock wave velocity is inversely proportional to the ms
laser energy density with At = 0.8 ms. Otherwise, the shock wave velocity decreases
nonmonotonically with At = 2.4 ms. The shock wave velocity reaches the peak value with
Dms = 301]/cm?, and then it is inversely proportional to the energy density of the ms
laser. The trend is similar to that with the pulse delay of 0.2 ms. However, the acceleration
multiple of Vcpy, relative to Vs with the pulse delay of 0.2 ms is relatively low. The results
show that the shock wave acceleration phenomenon occurs when the ms laser energy is
relatively low (226.13 ]/ cm?, 301 J/cm?).
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Figure 4. The relation between shock wave velocity and ms laser energy densities.
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3.3. The Simulation Analysis of the ms-ns CPL-Induced Shock Wave
3.3.1. Calculation Model and Theory

To model the flow field of the shock wave, a numerical model of 2D axisymmetric
two-phase flow is established as shown in Figure 5. This model is based on the condition
that the silicon has been gasified. The temperature of silicon vapor increases and begins to
expand when the ms-ns CPL irradiates silicon vapor through the air. When the irradiation
of the laser stops, the silicon vapor (plasma) stops expanding and the shock wave continues
to propagate in the air. This model analyzes the velocity field of ms-ns CPL-induced shock
waves with different parameters in the air. In the model, it assumes that the plasma is
mainly composed of opaque silicon vapor. The propagation of ms-ns CPL-induced plasma
and shock waves is described by the mass, momentum, and energy conservation equations.

d
P LV(pV) =0, @)
ot
2
PV =<5 (p+ 307 ) +29:015) + (o0~ ) )
oT
pcpg +pCpV-VT = V(AVT) + Q. + Qr, 4)
-2 V.
Gaussian laser
do
A
Air d
l g Y » 7
h Silicon vapor
T - r’, >

Figure 5. 2D calculation model.

Here, V represents the velocity of fluid, p stands for the pressure, V signifies the
gradient operator, p is the density of the silicon vapor, p, is the density of the air, g
represents gravity acceleration, 7 is the viscosity coefficient of silicon vapor, C,, signifies the
heat capacity of silicon vapor, T is the temperature, A is the thermal conductivity of silicon
vapor, and S is the deformation rate tensor. The power density of the heat source in plasma
Qg is described as [32]:

r2 'z
Qu=pnl = VWL(t>e><p<—2> eXp(—/ udZ), @)
Ry 0
5.72 X p%x, 2.7 x 1074
_ 22X P ln< xl/B ) )
(T/10%) Tpe
x2 24 x107% I
1 _exez = ” T5/2 exp<—kT), Xe = %, (7)
Pp P,
WL(t) = Wms(t) + Wns(t) = T(RTsfms(t) + ﬁfms(t)/ (8)
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The | represents the laser power density, i stands for the inverse bremsstrahlung
absorption factor of plasma, Ry, signifies the radius of the laser, x, stands for the equilibrium
electron density, and p, represents the electron pressure. The values of x, and p, can be
calculated by thermal ionization in Equation (7). I is the ionization potential of the silicon
atom, k is Boltzmann constant, W (t) signifies the ms-ns CPL power density, Prs signifies
the ms laser power density, Py signifies the ns laser power density, R represents the ms
laser radius, Ry represents the ns laser radius, and f;s(f) and fys(f) represent the temporal
distribution of two lasers:

_J1 T2t >0
fus) ={g 212" ©)
0 At >t
Fas() =1 At 41>t > AL (10)

0 t > Tns + At

Here, Ty and Tps signify the pulse width of two lasers, At signifies the time interval
of two lasers. The power density with thermal radiation transmission of heat source Qg

is [33]:
NWI

Qr = Z CKp.m(um - ueq,m)/ 11)

m=1

Here, Kp,m, Uy, and Ueg,n, stand for the group values of Planck opacity, the plasma ra-
diant density, and the ideal blackbody radiant density. The expressions of the main physical
parameters with temperature involved in the calculation are enumerated in Table 2 [34].

Table 2. The main physical parameters.

Parameters Expression
the density of silicon vapor p/kg-m~3 2540 — 2.19 x 1072 T — 1.21 x 1073.12
the viscosity coefficient of silicon vapor 77/Pa-s 552 x 1076 +9.8 x 107°-T +4.97 x 10712.T2-1.07 x 1071°.T% + 7.77 x 10~20.T*
the specific heat capacity of silicon vapor C, /J-(kg-K) ™! 798.42 — 0.12-T + 6.85 x 107>-T2 — 2.52 x 1072-T% — 2.65 x 10712.T*
the thermal conductivity of silicon vapor A/W-(m-K)~! 6.12 x 1073 +1.09 x 107%-T +5.52 x 107°-T?-1.19 x 10712.7% + 8.63 x 10~17.T*

3.3.2. Calculation Results and Analysis

The laser parameters of ms-ns CPL-induced acceleration phenomena are shown in
Table 1. The velocity field under the condition of the maximum shock wave acceleration is
analyzed. The velocity distribution in different spatial positions is shown in Figure 6, and
here we refer to the velocity distribution in different positions of the axial z at r = 0. The
distribution of the velocity field is different. Figure 6a,b shows the distributions of shock
wave velocity with Dys = 226.13/cm?, At = 0.8 ms at 807 us and Dps = 301]/cm?,
At = 2.4 ms at 2407 s, respectively. As shown in Figure 6a, the maximum velocity region
is mainly concentrated on the silicon surface in case 1. The recoil pressure of the ms-ns CPL-
induced shock wave propagates to the silicon surface. The convection between the recoil
pressure and silicon vapor overflowing from the silicon increase the velocity of the plasma
near the silicon surface. Hence, the maximum velocity region is mainly concentrated on
the silicon surface. However, two relatively large velocities distribute on the target surface
and the shock wave front in case 2, which is shown in Figure 6b. This is because the ms
laser-induced plasma as a propagation medium can accelerate the shock wave velocity.
To more clearly compare the changes of velocity values in different axial (z) positions of
r =0, we add a probe in the process of solving the model by Comsol to accurately obtain
the velocity values at different axial (z) positions of r = 0, and the curves drawn by these
velocity values are shown in Figure 7. It shows that the shock wave velocity in case 1 and
case 2 are approximately equal. But the difference of plasma velocity between case 1 and
case 2 near the target surface is 200 m/s. This is caused by the state of ms laser-induced
plasma before the ns laser irradiation.



Photonics 2023, 10, 260 8of 11
Velocity (mv/s) Velocity (m/s)
(a) ) (b) - = . ‘
n/s L m's
800
20} 700 20 500
L st
18 600
. 400
16 16
500
14t ~ 14
7 g
El N & 12 300
1 12 400 N
10 10
300 >
. 200
s8I 8
6 200 6
. 100
<k 4
100
> 2
0 ok 0

0 2 4 6
r (mm) r (mm)

Figure 6. The spatial distribution of shock wave velocity (a) in case 1 at 807 us and (b) in case 2 at
2407 ps.
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Figure 7. The axial distribution of velocity in case 1 at 807 us and case 2 at 2407 ps.

4. Discussion

To reveal the mechanism of the shock wave acceleration phenomenon mentioned
above, it can be obtained from experimental and simulation results. In case 1, as illustrated
in Figure 8a, a thin layer of ms laser-induced plasma forms in front of the target before the
ns laser irradiating with Dis = 226.13J/cm? and At = 0.8 ms. The morphology evolution
is presented in Figure 2c. Microscopically, the electrons in ms laser-induced plasma increase
electron density in ns laser-induced plasma. Thus, the collision ionization probability
between free electrons and silicon vapor atoms increases. Macroscopically, the expansion
velocity of ns laser-induced plasma increases during laser irradiation. That is to say, the
laser-supported absorption wave velocity increases. Finally, the shock wave acceleration
phenomenon occurs after the laser stops irradiation. The distribution of shock wave velocity
is illustrated in Figure 6a. The maximum velocity region is mainly concentrated on the
target surface. This is caused by the convective acceleration effect between the shock wave
recoil pressure and the silicon vapor overflowing from the target surface [35,36].



Photonics 2023, 10, 260

9o0f 11

(a) ms lases} (b) ms laser
s

¢
- SS W R ser

V »VA/ Plasma,,

Shock wave
Plasma,; Plasma,;

Plasma,
Target Target

4—Shock wave

Figure 8. The schematic diagram of shock wave acceleration mechanism (a) in case 1 and (b) in case 2.

In case 2, the density of plasma decreases after the ms laser stops irradiating with
At = 2.4 ms, and the ms laser-induced plasma can no longer absorb the ns laser energy and
cannot continue to expand during the irradiation of the ns laser, as shown in Figure 8b. This
leads to the ms laser-induced plasma expansion distance at 2397 us being larger than the
ns laser-induced plasma expansion distance at 2402 ps. It is shown in Figure 2g. Therefore,
the propagation medium of ns laser-induced shock waves changes from air to the ms
laser-induced plasma. The propagation essence of shock waves is continuous ionization of
the propagation medium [37]. The ms laser-induced plasma is more easily ionized than air.
Therefore, the shock wave velocity propagated in ms laser-induced plasma is higher than
in air. The shock wave acceleration phenomenon occurs. The distribution of shock wave
velocity is shown in Figure 6b. The maximum velocity region is not only concentrated on
the target surface, but also nearby the front of the shock wave. It is illustrated that the ms
laser-induced plasma as the propagation medium can accelerate shock waves.

The existing research on shock waves is to increase their velocity by adding single
short laser energy [16-19]. However, due to the limitation of laser crystals, it is impossible
to increase the shock wave velocity by infinitely increasing laser energy. This limits the
application of shock waves in industrial processing, aviation, and other fields. In this
paper, the acceleration methods of ms-ns CPL-induced shock waves are proposed, which
breaks the technical barrier of traditional shock wave acceleration methods. The shock
wave velocity is improved by adjusting the energy ratio and pulse delay of ms-ns CPL.
The ms-ns CPL-induced shock wave velocity can be increased by 10% compared with the
single ns laser-induced shock wave velocity by using two acceleration methods of ms-ns
CPL-induced shock waves mentioned above.

5. Conclusions

The shock waves induced by the ns laser irradiating silicon assisted by the ms laser
with different pulse delays and ms laser energies are investigated. Two types of shock wave
acceleration phenomenon are found. The ns laser energy density of 12 J/cm?, ms laser
energy density of 226.13 J/cm?, and pulse delay of 0.8 ms are used for the first acceleration
phenomenon. The ns laser energy density of 12 ] /cm?, ms laser energy density of 301 J/cm?,
and pulse delay of 2.4 ms are used for the second acceleration phenomenon. It is revealed
that the initial stage of ms laser-induced plasma will provide the initial ions to increase the
probability of collision ionization between free electrons and vapor atoms in the course of
ns laser irradiation. Then, the ns laser-induced plasma expansion velocity increases. The
shock wave acceleration phenomena appear. Moreover, when the ms laser-induced plasma
becomes the propagation medium of the shock wave, the ns laser-induced shock wave
can also be accelerated. The numerical results can verify the analysis of the acceleration
mechanism. The shock wave acceleration methods obtained in this research promote
development in the application of laser propulsion.
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