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Study of laser interaction in water flow confinement at high repetition rate

L. Berthe,a) D. Courapied, S. El karnighi, P. Peyre, C. Gorny, and Y. Rouchausse
Lab. Proc�ed�es et Ing�eni�erie en M�ecanique et Mat�eriaux, UMR 8006, ENSAM/CNRS/CNAM, 151 Boulevard de
l’Hôpital, 75013 Paris, France

This paper presents a study on the confined interaction with water flow for two successive laser

pulses. The dynamic of the renewal of water films after shock produced by the laser is observed

using a high speed camera. Pressure produced by the two pulses is measured from rear free surface

velocity measurements using a velocimeter interferometry system for any reflector. The results

show a threshold delay between the two laser pulses for which laser/target coupling of the second

pulse decreases. This depends on the spot diameter, the laser intensity, and flow rate. This

threshold can be calculated from the maximum jet diameter and flow rate. At an incident power

density of 3 GW/cm2, a spot diameter of 1 mm, and a flow rate of 10 m/s, the maximum repetition 
rate ensuring target/coupling of successive laser pulses can be 1 kHz. The results open perspective

for laser shock peening at high repetition rates.
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I. INTRODUCTION

In the seventies, Anderholm1 and Clauer2 have discov-

ered the potential of shock produced by a laser in the con-

fined regime to improve the mechanical properties of

metallic surfaces. This industrial treatment is called “laser

shock peening.”3–6 Later, it has been demonstrated that the

shock laser technique is promising for the adhesion test of

coatings7,8 and composite weak bond detection.9 Figure 1

shows the principle of the confined regime. The target is cov-

ered with a transparent layer to laser wavelength. The plasma

is confined, and the maximum pressure is higher than that in

the direct configuration.10

Since the work of these pioneers, water is preferred for

confinement. It makes the contact between the surface target

and material confinement for shaped parts and rough surfaces.

Water flow renews the confinement layer between laser pulses

and removes residual particles produced by laser ablation. This

configuration opens treatment for high covering rates.

However, maximum pressure is limited due to breakdown

plasma (occurring in water) screening the metallic target from

the laser beam.11 Besides, the shock wave produced in water

induces liquid jet toward the focusing lens for its protection.

The best compromise for wavelength is the second harmonic

of a NeoDymium-doped Yttrium Aluminium Garnet

(Nd:YAG) laser at 532 nm. It offers a more efficient confined

interaction, a higher breakdown threshold,12 and the protection

of the laser system against backreflection from the plasma.

Up to now, the repetition rate (RR) of multi-Joule laser

beams is limited in the range of a few tens of hertz due to

pumped lamp flash technologies. But the new generation of

pumped diode lasers opens processes at kilohertz repetition

rates.13,14 Nevertheless, these new technologies again question

the capability of water flow to renew in time the state of the

confinement pulse-by-pulse. Up to now, pressure measure-

ments related to laser interactions in the water confinement

regime were performed on individual pulses and static

water1,10–12 due to the lack of the high repetition rate multi-

Joule laser for the range of power densities of the process

(1–10 GW/cm2).

So, this paper presents a study of the influence of the

delay between two pulses on the interaction in the water flow

confinement regime reproducing configurations at a high

FIG. 1. Principle of the laser interaction in the water confinement regime

with water flow.a)Electronic mail: laurent.berthe@ensam.eu
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repetition rate. Recent paper15 studies the effect of the delay

between two pulses in the confine regime in the range of

nanoseconds. It concerns the new configuration for an adap-

tative laser adhesion test. In the present paper, the ms delay

range corresponds to laser shock peening applications.

The experimental approach is based on a velocimeter

interferometry system for any reflector (VISAR) measure-

ments16 and direct observation using a high speed camera

done with two successive laser pulses. Experiments focus on

the delay between pulses, power densities, spot diameters,

and water flows. Second part describes the experimental set-

up and methods. The third part presents the results and dis-

cussion demonstrating that an optimization of process

parameters allows laser shock peening with future multi-

kilohertz laser sources.

II. EXPERIMENTAL SET-UP AND METHODS

Figure 2 shows a schematic view of the experimental

set-up performed with the Hephaestus facility at Lab PIMM.

The laser from Thales company delivers two collinear

beams at a wavelength of 0.532 lm with an adjustable energy

up to 7 J and a delay up to 500 ms 6 1 ns. The pulse time shape

is Gaussian with a full width at half maximum of 7 ns. Beams

are focused with a Plano-convex lens with a focusing length of

150 mm. Spot diameters have been measured at the surface tar-

get using camera system imaging before experimental series

(spot diameters of 1, 3, and 5 mm). Energy (from few hundreds

millijoules to 7 J), impulsion time profile, and delay between

two lasers are measured for each laser shot using an energy

meter from Gentec company and photodiodes connected with

an oscilloscope from Lecroy company.

The water flow velocity is measured using an off axis high

speed (up to 2� 104 images/s) camera from Photron company

observing particles on its surface. This camera has observed

the water flow ejection. An air cross-jet located at 20 mm from

the surface expels water from the laser beam path.

Plasma pressure is measured from rear free surface

velocity (RFSV) measurements on pure aluminum sheets by

VISAR. It has already been presented by Berthe et al.11 and

Peyre et al.17 Due to the large scale time, delay (ms range)

and pressure plasma (ns range) duration, between two pulses,

measurements are separately performed for each pulse.

Figures 7(a) and 7(b) present typical time resolved pro-

files of rear free surface velocity (RFSV) measurements for

first and second pulses at an incident power density of 3 GW/

cm2 and a spot diameter of 1 mm. The delay between the two

pulses is 20 ms or an equivalent repetition rate of 50 Hz. For

all profiles, the first peak corresponds to the first emergence

at the rear surface of the shock wave produced at the front

surface by the laser. The second peak corresponds to the

emergence of the shock wave after its round propagation

inside the target. We can determine plasma pressure gener-

ated by the laser by using

Pmax ¼ qo Co þ s
ufree

2

� �
ufree

2
þ 1

3
rþ dP; (1)

where qo is the bulk density of the target, Co is the bulk

sound velocity, and ufree is the rear free surface velocity. It is

taken at the maximum of the first peak on the RFSV profile.

r is the static yield stress, and dP is the attenuation of the

shock wave through the target. It is determined from pressure

measurements with different thicknesses at the same inten-

sity: 200, 300, 500, and 1000 lm.17 So, plasma pressure

measurements are independent of the target thickness for

comparison with previous results. Table I presents mechani-

cal parameters used for pure Al in this study.11

III. RESULTS AND DISCUSSION

A. Maximum pressure with a unique pulse

Figure 3 presents peak pressures as a function of incident

power density for a unique laser pulse. They are determined

from RFSV measurements for 200, 300, 500, and 1000 lm

Al sheets and Eq. (1). Curves can be separated into two main

parts. Up to 8 GW/cm2, pressure increases with incident

power density typically from 2 GPa at 2 GW/cm2 to 5.5 GPa

at 8 GW/cm2. In this part, experiments are in agreement with

Fabbro’s Model10 giving peak plasma pressure by

Pmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a
2aþ 3

ZImax

r
; (2)

where 2=Z ¼ ð1=ZwaterÞ þ ð1=ZAlÞ, with Zwater and ZAl being

the mechanical impedance of water and the Al target, respec-

tively. Imax is the incident laser peak power density, and a is

the fraction of internal energy devoted to plasma heating (Zwater

¼ 0.165� 10�6 g cm�2 s�1 and ZAl¼ 1.48� 10�6 g cm�2 s�1

and a¼ 0.4).

FIG. 2. Experimental set-up for the pressure measurement from RFSV meas-

urements with VISAR in the water confinement regime with water flow.

TABLE I. Physical and mechanical property value for Al targets used in

equation 1.

qo (Kg m�3) 2700

Co (m/s) 5390

S 1.34

r (GPa) 0.2



In this part, the model and experiments are in agreement

with previous measurements.12 Above 8 GW/cm2, peak pres-

sure is limited and scattered between 6 and 8 GPa. This

effect is due to plasma breakdown in water which absorbs

the incident beam.12 But the saturation threshold is higher

(8 GW/cm2) than the previous one (5–6 GW/cm2) at the

same wavelength.12 However, the pulse duration is different:

25–30 ns in Ref. 11 against 7 ns in the present work. The

effect of the pulse duration has already been studied in the

confined regime. It has been demonstrated that the pressure

saturation threshold is lower with long pulses18 which favor

ionization by electron avalanche.19

Measurements with thicknesses of 200, 300, 500, and

1000 lm are consistent, validating the method and the model

of shock wave attenuation in Al.

Measurements with the two pulses require thicker sheets.

Indeed, VISAR measurements require the target that is not

deformed after the first pulse so that the laser probe remains

self-collimated. This is possible only with 500 and 1000 lm

foils. Besides, for next discussions with two pulses, incident

power densities are chosen below the saturation threshold,

ensuring no breakdown plasma in the water flow (1, 2, and

3 GW/cm2).

B. Observation using a high speed camera

Figure 4 shows some images taken using a high speed

camera running at 5000 images/s (time integration is 10 ls)

of the laser interaction confined by water flow with two

pulses delayed with equivalent RR values of 50 and 200 Hz.

The incident power density is 3 GW/cm2, and the spot diam-

eter is 3 mm. In the figure, the Al target is on the left, laser

beams come from the right, and water flows (surface veloc-

ity: 1 m/s) from the top. t0 (Figs. 4(a) and 4(e)) corresponds

to the time arrival of the first pulse.

For both the repetition rates, at t0, strong ejection of

water is observed. The time integration does not allow us to

measure jet velocity.

t0¼ 5 ms (Figs. 4(b) and 4(e)) corresponds to the time

arrival of the second pulse at 200 Hz. However, there are water

jets and droplets along the laser path which screened the target

as the image at 50 Hz shows. (The time arrival of the second

pulse is 20 ms at 50 Hz.)

At t0¼ 19 ms (Figs. 4(c) and 4(g)), the water flow is

already stabilized and there are no visible droplet clouds in

the laser beam path. t0¼ 20 ms (Fig. 4(d)) corresponds to the

arrival of the second pulse at 50 Hz. The interaction in the

confined regime occurs in the nominal configuration with the

water layer. The water flow has recovered the target surface

with a new layer.

Figure 5 shows some images taken using a high speed

camera running at 20 000 image/s (time integration 10 ls)

of the laser interaction confined by water flow with one

pulse at incident power densities of 1 and 3 GW/cm2 and a

spot diameter of 1 mm. t0 (Figs. 5(a) and 5(d)) corresponds

to the first image after the first laser pulse. The water jet

shape is different according to the laser intensity. At 3 GW/

cm2, as shown in Fig. 4, the expansion of the confined

plasma extends up to a maximum diameter (/jet) of 8 mm. It

demonstrates the lateral expansion of the plasma which

breaks the water layer.

At 1 GW/cm2, the shape can be separated into two parts:

an emerging water jet from the middle of a saucer shape. The

jet corresponds to the ejection of the water column above the

irradiated area. The saucer shape corresponds to the water

film raised by the lateral expansion of the plasma. Pressure is

lower than that for 3 GW/cm2. So, the entire surface of the

water film is not broken. In these conditions, the renewal of

the water film by the flow takes less time: 3.3 ms at 1 GW/

FIG. 3. Peak pressure as a function of incident power density in the water confinement regime (pulse duration: 7 ns) determined from the RFSV measurement

for Al target thicknesses of 200, 300, 500, and 1000 lm. Comparison with the Model (Ref. 10) using a¼ 0.4.



cm2 and 5.3 ms at 3 GW/cm2. Indeed, the water layer falls to

close the interface between the target and water.

Fflow is the frequency corresponding to the time to

recover the surface of the water jet produced by the first

pulse with a flow rate of Vwater. It corresponds to the maxi-

mum repetition rate of the laser to ensure confinement. It can

be evaluated from /jet measured from the High speed camera

images and surface flow rate

FIG. 4. Images extracted from the high-speed video (5000 images/s) of water ejection for two laser pulses in the water confinement regime at equivalent repeti-

tion rates of 50 Hz ((a) t¼ t0, (b) t¼ t0þ 5 ms, (c) t¼ t0þ 19 ms, and (d) t¼ t0þ 20 ms) and 200 Hz ((e) t¼ t0, (f) t¼ t0þ 5 ms, and (g) t¼ t0þ 19 ms). The

incident power density is 3 GW/cm2, and the spot diameter is 3 mm. Surface flow rate: 1 m/s.



Fflow ¼
Vwater

/jet

: (3)

Table II shows the calculation for different configurations.

Fflow increases for the smallest spot diameters and the lowest

laser intensity. For example, at 3 GW/cm2, it is 71 and 47 Hz

for spot diameters of 3 and 5 mm, respectively. For a spot

diameter of 1 mm, it is 125 Hz at 3 GW/cm2 and 284 at

1 GW/cm2. For a given water flow, it is faster to renew the

smaller area produced by low incident power density and

small spot diameters.

C. Pressure measurements with two pulses

1. Influence of the spot diameter

The screening of the target by the water jet and droplets

produced by the first pulse has an influence on pressure

induced by the second one. For example, Fig. 6 shows the

pressure ratio (PR of peak pressure of the second pulse by

the first one) as a function of equivalent repetition rate for

three spot diameters (1, 3, and 5 mm) at 3 GW/cm2 and cor-

responding fits. The flow rate is 1 m/s.

Experimental data can be separated into two parts. In the

first part, the PR is constant for the lowest repetition rates,

and in the second one, PR decreases for the highest repetition

rates. Clearly, in this part, the target is not covered by the

water layer. Consequently, the laser/target coupling is not

efficient in producing high pressure plasma. Fpressure can also

identified as the equivalent repetition rate threshold from

which PR decreases.

Fpressure decreases when the spot diameter increases. It is

190 for a spot diameter of 1 mm and 80 Hz for spot diameters

of 3 and 5 mm, respectively. For a given flow rate, the time

to recover the surface and to discharge water cloud from the

laser beam path after the first pulse is longer for larger spot

diameters.

Table II shows that Fpressure is in agreement with Fflow. It

shows that rough evaluation using Eq. (3) can design the pro-

cess parameters for laser shock peening applications at high

FIG. 5. Images extracted from the High-speed video (20 000 images/s) of water ejection for incident power densities of 1 GW/cm2 ((a) t¼ t0, (b)

t¼ t0þ 2.2 ms, and (c) t¼ t0þ 5.5 ms) and 3 GW/cm2 ((d) t¼ t0, (e) t¼ t0þ 2.2 ms, and (f) t¼ t0þ 5.5 ms) and a spot diameter of 1 mm. The surface flow rate

is 1 m/s.

TABLE II. Summary of the repetition rate threshold for which the pressure

induced by the second pulse decreases Fpressure, determined from pressure

measurements, and Fflow, the frequency corresponding to the time to recover

the surface of the water jet produced by the first pulse with the flow rate

from Eq. (3) and the high speed camera visualization experiment.

Spot diameter Jet size Surface flow rate Power density Fflow Fpressure

(mm) (mm) (m/s) (GW/cm2) (Hz) (Hz)

5 21 1 3 47 80

3 14 1 3 71 80

1 8 1 3 125 190

1 8 1 2 125 190

1 3.5 1 1 284 300

1 8 10 3 1250 100

FIG. 6. Pressure ratio between the peak pressure of the second pulse and the

first one as a function of delay between two pulses (given at an equivalent

repetition rate) and spot diameters of 1, 3, and 5 mm. The power density is

3 GW/cm2. The flow rate surface is 1 m/s.



repetition rates. Differences could be due to friction at the

water target interface and surface tension.

2. Influence of the cross-jet

The level of constant PR in the lowest range of RR is

only 0.7þ 0.1 in Fig. 6. It could be related to the interaction

between the laser and the droplet cloud produced by the first

laser pulse in the path of the beam. The laser beam could be

diffused and absorbed by the water droplet cloud. Besides,

detrimental plasma breakdowns can occur and absorb inci-

dent laser beam limiting plasma pressure. To evaluate cross-

jet efficiency, Fig. 7 compares RFSV with the cross-jet (a)

and without the cross-jet (b) for the first and second pulses at

an equivalent repetition rate of 50 Hz and the same condi-

tions of image sequences as in Fig. 4. Clearly, the first veloc-

ity peak of the second pulse (80 m/s) is lower than the half of

the one induced by the first pulse (200 m/s) when there is no

cross-jet figure (Fig. 4(a)). When the cross-jet is efficient,

first and second pulses generate the same pressure as in Fig.

7(b). Clearly, in experiments which provided the results

shown in Fig. 6, water is not completely expelled by the air

cross-jet from the first to second pulses.

3. Influence of Incident laser power density

Figure 8 shows the PR as a function of the equivalent

repetition rate for three power densities (1, 2, and 3 GW/cm2)

and corresponding fits. The spot diameter is 1 mm. Graphs

are also separated into two main parts as shown in Fig. 6.

However, Fpressure values are different: 190 at 2 and 3 GW/

cm2 and 300 Hz at 1 GW/cm2. This influence is in agreement

with the direct observation using the high speed camera,

showing that the water jet due to plasma expansion is little

larger at the lowest incident laser power densities.

4. Influence of the flow rate

Figure 9 presents the PR as a function of the equivalent

repetition rate for two water flow rates of 1 and 10 m/s and

corresponding fits. The spot diameter is 1 mm. The incident

power density is 3 GW/cm2. Clearly, Fpressure is higher with

the highest flow rate, which renews faster the water layer. It

is 190 at 1 m/s against 1000 Hz at 10 m/s. The result is in

agreement with the evaluation of Fflow from Eq. (3). For the

FIG. 9. Pressure rate between the peak pressure of the second pulse and the

first one as a function of delay between two pulses (given at an equivalent

repetition rate) for two surface flow rates of 1 and 10 m/s. The spot diameter

is 1 mm, and the incident power density is 3 GW/cm2.

FIG. 8. Pressure ratio between the peak pressure of the second pulse and the

first one as a function of delay between two pulses (given at an equivalent

repetition rate) and incident power densities of 1, 2, and 3 GW/cm2. The

spot diameter is 1 mm. The water flow is 1 m/s.

FIG. 7. Typical RFSV measurements by VISAR at 3 GW/cm2. The spot

diameter is 1 mm, and the equivalent repetition rate is 50 Hz. (a) Without the

cross-jet and (b) With the cross-jet.



lowest repetition rate, pressure produced by second laser

pulses can be higher than the one generated by the first one

(PR> 1). Clearly, at the flow rate of 10 m/s, the water film

cannot be stable. Also, ruptures at the water/target interface

can occur during one and/or both the laser pulses which do

not ensure confinement. Also, the second pulse may in some

cases produce higher pressure than the first pulse.

IV. SUMMARY

This paper presents the direct observation of the dynam-

ics of water flows during the interaction in water confine-

ment with two laser pulses delayed in the ms range. The

maximum pressure produced (measured using VISAR diag-

nostic) by the two pulses is compared as a function of spot

diameter, incident laser intensity, and flow rates. The maxi-

mum repetition rate allowing the renewal of the water layer

can be evaluated using the simple relation between the flow

rate and the maximum jet diameter measured from high

speed camera images (Eq. (2)). It is in agreement with pres-

sure measurements, showing a strong decrease for the high-

est repetition rate. In any case, the results show that

repetition rates up 1 kHz can be reached opening the future

laser shock peening process. Further works will concern the

predictive approach of the maximum jet area and the maxi-

mum flow rate in relation to the surface shape to be proc-

essed and the optimization of ablative coating applied to

protect the surface from detrimental thermal effects in these

new ranges of parameters.

ACKNOWLEDGMENTS

The author acknowledges the French National Agency

for Research (ARCOLE ANR-12-BS09-0009) and the
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