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Abstract We compared the shock processes induced when

focusing a single laser pulse (1064 nm, FWHM = 13 ns)

onto the surface of epoxy resin blocks immersed in glyc-

erol, water, liquid paraffin, and silicone oils. A custom-

designed time-resolved photoelasticity imaging technique

was applied to observe the strength of stress wave induced

inside the solid target and the propagation of shock waves

in the liquid with time resolution of nanoseconds. We

demonstrated that the shock impedance of the liquid caused

a noticeable effect on the strength of laser-induced stress

wave: Ablation in the liquid with a higher shock impedance

resulted in a stronger stress. By using glycerol instead of

water as the confining medium, the pulse energy required

to induce a certain level of stress was reduced by about

20 %. The dynamical behaviors of the main shock wave

and the reflected wave in inverted V-shape in each liquid

are also discussed in details.

1 Introduction

When a laser pulse is focused on a solid–liquid interface, it

vaporizes the material to create a high-pressure plasma,

which induces a strong shock during its expansion. The

liquid phase acts as the confining medium to restrict the

expansion of the plasma and thus enhances the shock

pressure. In most applications involving under-liquid laser-

induced shock process (LSP), water is used as the confining

medium [1–6]. However, a wide range of organic liquids

has also been used in surface patterning, surface coating,

and nanoparticle synthesis [6–9]. Several workers have

observed the dynamics of LSP in water, but the studies

aiming at the dynamics of LSP in other liquids have been

rarely carried out. Burakov et al. [9] showed spectroscopic

diagnostics of the laser-induced plasma on a metallic target

in acetone, ethanol, and distilled water. But the dynamics

of shock wave fronts have yet to be discussed in their

report. O’Malley et al. [10] observed the laser-induced

shock propagation in acetone and toluene when focusing a

laser pulse on the liquid surface. The dynamics of laser-

induced breakdown and shock waves in four alcohols were

also reported in [11]. Yet, very little is known about the

dynamical characteristics of shock process induced at the

solid–liquid interface when organic liquids are used as the

confining medium. A comparison of the shock process

induced in various liquids will help expose the mechanism

of under-liquid LSP further and is important when con-

sidering using another liquid instead of water as the con-

fining medium for laser-induced ablation processes.

In our previous research, we observed the LSPs in

glycerol, liquid paraffin and silicone oil at high intensities.

The result showed that the impurities in organic liquids

initiate breakdowns at multiple sites along the light path

and significantly reduce the strength of the stress wave

[12]. The study into the dynamical characteristics of LSPs

in different liquids at fluences below breakdown threshold,

however, has yet to be carried out. In this research, we

chose low laser fluences to avoid the breakdowns induced

in the liquid phase, on the solid–liquid interface as well as

on the liquid–air interface. Under this experimental con-

dition, we compared the shock processes induced in

& Yoshiro Ito

itoy@vos.nagaokaut.ac.jp

1 Institute of Research and Development, Duy Tan University,

K7/25 Quang Trung, Danang, Vietnam

2 Department of Mechanical Engineering, Nagaoka University

of Technology, 1603-1 Kamitomioka, Nagaoka,

Niigata 940-2188, Japan

123

Appl. Phys. A (2016) 122:830

DOI 10.1007/s00339-016-0358-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-016-0358-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-016-0358-3&amp;domain=pdf


glycerol, liquid paraffin, and silicone oils to that induced in

water. The custom-designed time-resolved photoelasticity

imaging technique was applied observe the strength of

stress wave induced inside the solid and the propagation of

shock waves into the liquid with time resolution of

nanoseconds [12–14]. We report in this paper the dis-

crepancies observed for the velocity of the shock wave, the

angle of the reflected wave, and the strength of stress wave

induced in LSPs in different liquids.

2 Experimental section

The experimental setup is similar to our previous reports

[12–14], and only an outline is described here. The shock

process was induced by focusing a single Q-switched

Nd:YAG laser pulse (1064 nm, FWHM = 13 ns) by a

40-mm focal length lens onto a target surface. Targets were

epoxy resin blocks of 25 9 5.8 9 (18–20) mm3 dimen-

sions. The upper 25 9 5.8 mm2 surface of the epoxy resin

block was ground by sandpaper to obtain the roughness of

1.0 lm and was coated with black paint to enhance the

shock process [13]. The target was placed in a glass cell

filled with liquid. The target surface was located 4–5 mm

under the liquid–air interface. Water, glycerol, liquid

paraffin, and silicone oils were used as the liquid confining

medium in our experiments. A Milli-Q ultrapure water

system was used to provide ultrapure reagent-grade Type I

water. Glycerol, liquid paraffin, and silicone oils were

reagent grade and used as received. The ablation pulse

energy was regulated in the range of 10–100 mJ, corre-

sponding to the fluences of 5–50 J cm-2. When focusing

the laser light on the target surface, the distance between

the lens and the target surface was adjusted to compensate

for the effects of the different refractive indices of these

liquids. A sheet of micro cover glass (*0.1 mm thick) was

inserted between the lens and the target to protect the lens

from ejecting substances.

The imaging system is a pump-and-probe system with

polarizers and quarter-wave plates included to construct a

circular polariscope in the bright field mode for capturing

time-resolved photoelasticity images. The fundamental

radiation (1064 nm) was used as the pump pulse (ablation

pulse) and the second-harmonic radiation (532 nm) was

used as the probe pulse. We defined the delay time as the

interval between the rise of the pump pulse and the peak of

the probe pulse. With this system, we can only capture one

image for each ablation pulse. The measurements, there-

fore, needed to be repeated with various delay times

between pump-and-probe pulses to observe the entire

shock process. For delay times shorter than 100 ns, we

used one laser source (Powerlite 8000) to generate both the

pump-and-probe pulses. The delay time was provided by

passing the probe pulse through a variable optical delay

line. For delay times from 100 to thousands of nanosec-

onds, we used the Powerlite 8000 to generate pump pulses

and a second laser (NY 82) to generate probe pulses. The

delay time between two pulses was provided by a delay

generator.

3 Results and discussion

Figure 1a shows representative images of the shock pro-

cess induced when focusing a 60 mJ laser pulse on targets

immersed in water, glycerol, liquid paraffin, and silicone

oil, observed in a short interval after the irradiation. At

these early delay times, we can only observe a black area

expanding on the target surface, which is the shadow of a

shock wave traveling together with the gasified material

[13]. The images show that there was no breakdown in the

liquid phase, and the expansion of gasified material

appeared to be the same for ablations in water and other

liquids. Figure 1b shows the shock processes in the four

liquids at 1500 ns. At this delay time, we can observe the

main features involving in an under-liquid LSP: the main

shock wave traveling into the liquid, the reflected waves in

the inverted V-shape, the cavitation bubble, and the stress

wave propagating into the solid target. The differences

were observed for the slope of the V-shaped wave, the

velocity of the shock wave, and the strength of the stress

wave.

3.1 Slope of V-shaped wave

We measured the slopes of the V-shaped waves induced in

water, liquid paraffin, and silicone oil at 1500 ns delay

time. At this delay time, the waves already traveled a

distance into the liquid phase, and the effect of high tem-

perature of the plasma can be avoided. The slopes of the

V-shaped waves were observed over the range of pulse

energy from 10 to 100 mJ. The result showed that the

slopes of the V-shaped waves had good stability in each

liquid and were not dependent on laser pulse energy. These

slopes were measured to be 34� (in water), 32.5� (in liquid

paraffin), and 23� (in silicone oil) with the standard devi-

ation of 0.5�. The V-shaped wave induced in glycerol

dissipated after a few hundreds of nanoseconds and cannot

be observed at 1500 ns. We, therefore, measured its slope

at earlier delay times, around 400–500 ns. The measured

value was 50� with the standard deviation of 1.5�.
The reflected waves in the inverted V-shape have been

observed in underwater LSP [13–15] but have not been

reported for other liquids. Our result demonstrated that

these V-shaped waves can also be induced in laser ablation

of material in organic liquids. Since the V-shaped wave
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was caused by the reflection of shock wave into the liquid

when traveling along the solid–liquid interface [13], the

discrepancies in the slopes of the V-shaped waves observed

in our experiment can be explained by the difference in

acoustic properties of these liquids. We used the slope a of

the V-shaped wave to estimate the acoustic velocity in the

liquids: cliquid ¼ csolid sin a. Here we used the value of

acoustic velocity in epoxy resin csolid = 2660 ± 30 m s-1,

as has been measured in our previous report [13]. The

acoustic velocities calculated from the slopes of the

V-shaped waves were 1490 ± 30 m s-1 (in water),

1430 ± 40 m s-1 (in liquid paraffin), and

1040 ± 30 m s-1 (in silicone oil). These values show good

agreement with the published ones, which were

1482 m s-1 for water [16], 1420 m s-1 for liquid paraffin

[17], and 1000 m s-1 for silicone oil [18]. The acoustic

velocity calculated from the slope of the V-shaped wave

for glycerol was 2040 ± 50 m s-1. Compared to the pub-

lished data for acoustic velocity in glycerol, which is

1920 m s-1 [17], the value measured in our experiment is

higher. This difference can be explained by that the slope

of the V-shaped wave induced in glycerol was measured at

the too early delay times, and thus the high temperature of

the laser-induced plasma caused a noticeable effect on the

acoustic velocity of the liquid. This result confirmed that

the slope of the V-shaped wave induced in under-liquid

LSPs is determined by the ratio of the acoustic velocities in

the solid and liquid media. Since this slope does not depend

on laser pulse energy and can be measured directly and

visually by imaging technique, we propose that the

V-shaped wave can be used to investigate the acoustic

properties of liquids.

3.2 Velocity of shock wave

We can see from the images (Fig. 1b) that the shock front

traveled different distances in the four liquids after the

same time interval. The images revealed that the fastest

shock wave was induced in glycerol and the slowest shock

wave was induced in silicone oil. To investigate the shock

velocity, we followed the expansion of the shock fronts

Fig. 1 Photoelasticity images of laser-induced shock process in water, glycerol, liquid paraffin, and silicone oil observed at a early delay times

and b at 1500 ns after irradiation. The pulse energy was 60 mJ. The arrows point out the V-shaped waves induced in the liquids
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induced in the liquids from 10 ns to microseconds after the

irradiation.

During the early delay times (Fig. 1a), the black area on top

of the target surface was the expanding shock wave followed

by the high-pressure cavitation bubble [13]. We thus evalu-

ated the shock front expansion by measuring the height of the

black area and plotting it as a function of time. In Fig. 2, we

present the time evolution of the height of the shock front

induced in each liquid within 60 ns after irradiation. During

this time interval, the expansion of shock fronts was not linear

with the delay time. We, therefore, evaluated the change in

shock velocity by dividing this time interval into two periods

and estimating the shock velocity in each period by applying

linear regression models to the data. The velocities of shock

waves in the first period (20–40 ns) were estimated to be

4700 ± 600 m s-1 in glycerol, 3600 ± 300 m s-1 in water,

3500 ± 400 m s-1 in liquid paraffin, and 2800 ± 300 m s-1

in silicone oil. These velocities correspond to the Mach

numbers M� 2:4 in glycerol, water, and liquid paraffin, and

M� 2:7 in silicone oil. These high values of Mach number

indicate that a strong shockwas induced at the early delay time

after the irradiation. In the second period (40–60 ns), the

shock velocities reduced to 2400 ± 600 m s-1 in glycerol

(M� 1:3Þ, 2500 ± 600 m s-1 in water (M� 1:7Þ,
2500 ± 500 m s-1 in liquid paraffin (M� 1:8Þ, and

2100 ± 400 m s-1 in silicone oil (M� 2Þ. These results

show that the shock fronts expanded with sharply decreasing

velocities in the liquids during the early time after irradiation.

After a few hundred of nanoseconds, the shock wave

front detached from the cavitation bubble and displayed a

good linear time-dependence. The shock velocities were

estimated to be 2040 ± 30 m s-1 in glycerol, 1570 ±

50 m s-1 in liquid paraffin, and 1150 ± 30 m s-1 in sili-

cone oil for the time interval from 400 to 1000 ns. These

velocities correspond to the Mach number M� 1:1 in the

liquids, indicating weak shocks. This result is consistent

with the behavior of shock wave observed in underwater

LSP: The weak shock traveled at the velocity of

1550 ± 30 m s-1, which was approximate 1.1 times

higher than the acoustic velocity in water [13].

The phenomenon that the shock wave initially displays a

nonlinear dependence behavior which progresses to a lin-

ear propagation has been reported for laser-induced shock

wave in water [13, 19]. However, a detailed observation of

the dynamical behavior of laser-induced shock process in

organic liquids has not been reported in the literature. Our

observation demonstrated that when the breakdown in the

liquid phase was avoided, the shock wave induced in the

organic liquids showed the same dynamical behavior with

that induced in water: A strong shock was induced right

after the laser shot, but rapidly transformed to a weak

shock wave traveling at near the acoustic velocity. This

transformation happens in only a few hundreds of

nanoseconds after irradiation and should be taken into

consideration when investigating the laser ablation of

materials in organic liquids.

3.3 Strength of stress wave

In photoelastic images, the laser-induced stress wave

(LSW) manifests itself as semicircles rapidly expanding

into the solid target. The image of the stress wave in the

solid phase includes a P-wave front followed by photoe-

lastic fringes. The number of fringes shows the strength of

LSW semiquantitatively: A larger number of fringes indi-

cate a stronger stress [14]. Our observation showed a

variance in the number of fringes, which is the indicative of

the difference in the strength of LSW between the liquids.

Figure 3 shows the number of fringes as a function of pulse

energy, observed for each liquid at 1500 ns. At the same

pulse energy, ablation in glycerol induced the largest

number of fringes, which also means the strongest stress,

while ablation in silicone oil induced the smallest number

of fringes, which also means the weakest stress. Ablations

in water and liquid paraffin showed an insignificant dif-

ference in the number of fringes, especially at small pulse

energies. Over the investigated range of pulse energy, we

found that the pulse energy required to induce a certain

number of fringes can be reduced by an average of 20 % by

using glycerol instead of water as the confining medium.

What makes the deviation in the strength of LSW

induced in different liquids? We have measured the per-

centage of laser energy absorbed by each liquid when the

laser beam is passed through a 5-mm liquid layer. The

results indicated that the difference in lost energy is mar-

ginal between water, glycerol, liquid paraffin, and silicone

oil under our experimental condition. The radiation

absorption of liquid is, therefore, not seen as a reason for

Fig. 2 Height of shock front as a function of time, observed for the

shock processes induced in water, glycerol, liquid paraffin, and

silicone oil. The pulse energy was 60 mJ. Dashed lines are best-fitting

lines with linear regression models
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the difference in the strength of LSW induced in different

liquids observed in our experiment. We also conducted the

experiment to compare the ablation between silicone oils

with different viscosities from 1 to 3000 cs and observed

no dependence of the induced number of fringes on vis-

cosity. We, therefore, rule out the possibility that the dif-

ference in the strength of the induced stress waves was due

to the difference in viscosity of the four liquids.

For under-liquid laser-induced shock process, the

plasma confinement effect and the impedance mismatch

both contribute to the increase of shock pressure. The

liquid phase acts as a restricting medium that restrains the

plasma expansion, thereby inducing a much stronger shock.

Zhang et al. [20] suggested that it is feasible to enhance the

confining effect of the liquid overlay by increasing the

density of the liquid. An analytical developed by Berthe

et al. [21] predicted that the induced shock pressure P in

LSP is proportional to the reduced shock impedance Z be-

tween the target material and the confining medium:

P * Z1/2. Thus, it is feasible to enhance the shock pressure

by selecting a confining medium with higher shock impe-

dance. We, therefore, take the densities and shock impe-

dances of the four liquids into consideration to explain the

difference in the strength of LSW observed in our experi-

ment. The shock impedance of each liquid was estimated

as the product of the liquid density and the shock velocity

measured in the time interval of 400 to 1000 ns. The

reduced shock impedance Z between the target and a

confining liquid was calculated by the equation: 2/Z = 1/

Ztarget ? 1/Zliquid. The shock impedance of target was cal-

culated as the product of its density and P-wave velocity

measured in our experiment condition [13] and has the

value of Ztarget = 0.325 ± 0.016 9 106 g cm-2 s-1. The

results are presented in Table 1.

A consistent relationship between the liquid density and

the strength of the induced stress waves was not observed

in our experiment. Ablation in glycerol, which has the

highest density, induced the strongest stress. Ablation in

water resulted in a much stronger LSW in comparison with

ablation in silicone oil, although the two liquids have

approximately the same density. Liquid paraffin has the

lowest density of the four liquids, but when being used as

the confining medium, it induced a stress comparable to

that induced in underwater ablation. In contrast, the rela-

tionship between shock impedance and the strength of

LSW shows good consistency: Ablation in the liquid with a

higher shock impedance resulted in a stronger stress. The

effect of shock impedance on the strength of LSW can be

explained by that the liquid which has a higher shock

impedance will provide a better impedance matching with

the target, and thus helps convert the shock energy into the

mechanical impulse more efficiently.

The relationship between shock pressure P, reduced

shock impedance Z, and laser intensity I can be expressed

as P� Zð Þ
1
2 Ið Þ

1
2 [21]. The reduced shock impedance

between the target and glycerol is 1.4 ± 0.1, 1.5 ± 0.1,

and 1.7 ± 0.1 times higher than those between the target

and water, liquid paraffin, and silicone oil, respectively.

Thus, from the theoretical prediction, the laser intensity

required to induce a certain value of shock pressure can be

Fig. 3 A comparison of the number of photoelastic fringes induced

in water, glycerol, liquid paraffin, and silicone oil. The number of

photoelastic fringes is observed at 1500 ns delay time and is plotted

as a function of pulse energy for each liquid. The error bars show

uncertainties in pulse energies, which is less than ±5 %

Table 1 Characteristics of

liquid overlays
Glycerol Water Liquid paraffin Silicone oil

Density q (g cm-3) 1.260 0.998 0.875 ± 0.015 0.970

Shock impedancea

(106 g cm-2 s-1)

0.258 ± 0.004 0.153 ± 0.004 0.137 ± 0.004 0.112 ± 0.003

Reduced shock impedanceb

(106 g cm-2 s-1)

0.288 ± 0.015 0.208 ± 0.012 0.193 ± 0.011 0.167 ± 0.009

a Calculated from the density of the liquid q and shock velocity D measured in the time interval of 400–

1000 ns: Zliquid ¼ qD
b Reduced shock impedance between the target and each liquid: 2=Z ¼ 1=Ztarget þ 1=Zliquid
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reduced by corresponding factors if we use glycerol as the

liquid overlay instead of other liquids. We found from our

experiment that using glycerol as the liquid overlay, the

pulse energy required to induce the same number of frin-

ges, that also mean the same level of shock pressure, was

decreased by factors approximately 1.2 ± 0.1, 1.3 ± 0.1,

and 1.5 ± 0.1 in comparison with ablations in water, liquid

paraffin, and silicone oil, respectively. These values are

lower than the values predicted by the theoretical model.

At the laser intensity in GW range, the initial plasma is

produced at the beginning of the laser pulse. During the

rest of laser duration, the radiation is absorbed by the

plasma through Inverse Bremsstrahlung mechanism.

Unlike rigid confining medium which provides purely

mechanical effects, the liquid phase contributes to the

plasma formation process as well. The gasified materials

induced in different liquids should have different properties

that might also affect the induced pressure. Since our

current observations cannot give any insight into the

plasma and gasified material properties, we cannot fully

explain the observed differences in the strength of stress

wave induced in LSPs under different liquids. We propose

that further studies on the effect of liquid properties on

under-liquid LSP are needed. Nevertheless, our result still

shows the feasibility of using a high-shock-impedance

liquid to enhance the shock pressure induced in under-

liquid LSP. For applications that require strong shock

pressure like laser peening, we propose that high-shock-

impedance liquid like glycerol can provide a better con-

fining medium for LSPs.

4 Conclusions

The dynamical behaviors of laser-induced shock waves and

stress waves in glycerol, liquid paraffin, and silicone oils

were observed and compared to those induced in water. We

showed that the shock impedance of the liquid caused a

noticeable effect on the strength of laser-induced stress

wave: Ablation in the liquid with a higher shock impedance

resulted in a stronger stress. Among these liquids, ablation

in glycerol induced the strongest stress and ablation in

silicone oils induced the weakest stress. Compared to

water, glycerol reduced the pulse energy required to induce

a certain level of stress by about 20 %. Viscosity and the

liquid density did not show a consistent relationship to the

difference in the strength of stress wave observed in our

experiment.

We also demonstrated that when the breakdown in the

liquid phase was avoided, the laser-driven shock wave in

all liquids showed the same dynamical behavior: A strong

shock was induced right after the laser shot, but rapidly

transformed to a weak shock wave traveling at approximate

the acoustic velocity after a few hundreds of nanoseconds.

The slope of the reflected wave in the inverted V-shape was

shown to not depend on the laser pulse energy, but being

determined by the ratio of the acoustic velocities in the

solid and liquid media. We propose that the V-shaped wave

can be employed to carry out the investigation into the

acoustic properties of liquids.
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