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Abstract 
With the long-term goal in mind of investigating if one could possibly design a “universal 

solid-sample comminution technique” for debris and rubble, we have studied pulsed-laser 
ablation of solid samples that were contained within a surrounding fluid. Using pulses with 
fluences between 2 J and 0.3 J, wavelengths of 351 and 527 nm, and samples of rock, concrete, 
and red brick, each submerged in water, we have observed conditions in which µm-scale 
particles can be preferentially generated in a controlled manner, during the laser ablation process. 
Others have studied laser peening of metals1-6, where their attention has been to the substrate. 
Our study uses non-metallic substrates and analyzes the particles that are ablated from the 
process. The immediate impact of our investigation is that laser-comminution portion of a new 
systems concept for chemical analysis has been verified as feasible.  
 

Introduction 
When a laser pulse with sufficiently high energy density strikes the interface between water and a 
hard material, it forms a plasma layer. The resultant shock waves7,8 propagate in both directions 
from the plasma9,10, possibly ablating material [e.g., see Fig 1 from the work of Grigoropoulos 
and coworkers11]. The water confines the expanding plasma, increasing the pressure and 
temperature and the plasma lifetime9,12. Much-higher-pressure pulses are observed with 
submerged samples than with samples in air9,13,14. As the plasma/vapor of ablated material cools, 
solid particles nucleate and grow. Increased pressure and temperature has been observed to 
accelerate dissolution of oxides15,16. Dissolution of ceramics in KOH, enhanced by laser beam17. 
Laser pulses produce nanoparticles, even with submerged samples18,19. In one study of the 
nanoparticles that were generated with fs-laser pulses, a lower ablation rate was observed for 
samples in water than for samples in gas20. Studies of nanoparticles from fs-laser pulses have also 
been performed with samples of hydroxyapatite21 and II-VI semiconductors22. Under some 
circumstances, the presence of water can increase the amount of ablated material23,24. When the 
sample is a metal, the shock wave that propagates into it can improve some of its properties; this 
is the basis of “laser peening.”6,9,14 Above a wavelength-dependent threshold, a parasitic plasma 
may form, in which the laser radiation can be almost completely absorbed in the plasma25, 
limiting the laser power that can reach the surface26.  

Our first step in modeling of particle formation is an estimate of the thickness of the ablated 
material.  
 

1. Basic model. 
The pulsed laser radiation, that is absorbed at the water-material interface, boils and ionizes 

the material into a thin, expanding plasma zone, which can be characterized as “warm, dense 
plasma.” The rapid expansion produces shock waves that propagate both into the water and into 
the solid material. For our application, this zone is very thin and can be treated for the rest of the 
material as a boundary condition for the material code. 

One way to simulate the laser matter interaction is to use the modeling code, LASNEX27. 
However, LASNEX is optimized and benchmarked for high-intensity light interaction [electron 
and ion temperatures measured in keV] with an expanding, low-density plasma27-29, and its 
applicability to a high-Z, high-density (near-solid-state density) plasma [estimate that T ≈ 1 eV] 
is uncertain. In this situation it is attractive to use instead a simple, semi-empirical model30, an 
extension of our previous work25, that has been benchmarked in laser peening experiments. 
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The geometry of the problem is presented on the Fig.1. The laser energy is deposited at the 
interface of the solid material with the transparent one [subscripts 1 and 2, respectively, in Fig 1 
and in the following equations]. The deposited energy produced the expanding plasma layer with 
thickness L and two shocks propagating out of interface. Plasma confinement by the transparent 
material increases the pressure on the metal boundary. 

The plasma boundary motion is a result of the material motion behind the shocks. We 
follow the notation of Fabbro, et al4. For plasma thickness L we have 

� 

dL
dt

= u1 + u2 = 2P
Z

      (1.1) 

  
where we used the relation 

� 

P = ρiuiDi and assumed that for the weak shocks that the shock speed 
D coincides with local sound speed. Here Z is the effective interface impedance 

 

� 

2
Z

=
1
Z1

+
1
Z2

where
Zi = ρcsi

 

 
and csi = sound speed in material "i". 

The absorbed laser energy is used to increase plasma energy in the layer and as work to 
expand it against the confining fluid. The energy deposited by laser Idt is used to increase the 
plasma internal energy Ei by d(EiL) and as work of pressure force PdL . Then we have 

� 

I(t) = P(t) dL
dt

+ d(EiL)
dt

 

Now, we assume that there is a constant division of the internal energy, where α 
represents the thermal energy ET and the fraction (1-α) represent the energy of ionization. This 
assumption is equivalent to the assumption of effective adiabatic index [no radiative energy loss], 
as is used in discharge physics4. 

� 

γ −1= 2
3
α  

 
From early experiments4,5,12,26,31 α ~ 0.1 to 0.2 and data derived from SESAME equation 

of state32 for Al gave values of  α in the range 0.1-0.3. Later studies using better shock 
diagnostics33 recommend α = 0.25. 

For a plasma, treated as ideal gas, the pressure is related to the internal energy 

� 

P = 2
3
ET = 2

3
αEi  

 
and finally we have 

� 

I(t) = P(t) dL
dt

+ 3
2α

d[P(t)L(t)]
dt

    (1.2) 

Fig.1 Laser matter interaction in confined 
geometry. u1 and u2 are the velocities of the 
expanding plasma of thickness L, and D1 and D2 
are the shock velocities. 

Fig.2 Pressure produced by the direct 
ablation-red line , ablation in confined 
geometry –water-Al interface-green line , 
glass-Al interface-blue line 
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The system of equations (1.1),(1.2) provides the closed description of the laser plasma 

interaction in peening experiments10,14. 
 

2. Scalings 
 
The equations (1.1),(1.2)  have an analytical solution for a flat top laser pulse with 

intensity I. The pressure is constant during the pulse and given by expression12 
 

� 

P(kbars) = 0.1I0.5(Gwt /cm2) α
2α + 3
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 
1/ 2

Z1/ 2(g /cm2s)   (2.1) 

The total plasma length, L, increases linearly in time and at the end of the pulse is 

� 

L(µm) = 2*10
4P(kbars)τ(ns)

Z(g /cm2 sec)
     (2.2) 

 
The thickness of ablated material l is given by the 

� 

l = L Z2
Z2 + Z1

        (2.3) 

 
After pulse termination, the plasma produced by the laser cools down adiabatically, 

keeping the pressure high for some time. As a result , the pressure pulse is typically longer than 
the laser pulse duration 2-3 times13,14. 

In Fig.2, we presented the calculation of pressure for direct ablation and for the Al-glass and 
Al-water interface irradiated by a 10-nsec pulse of a 1-µm laser. We used α = 0.2. Decreasing α 
to 0.1 changes the pressure less then 30%. For the ablation pressure produced by the laser light 
without confinement, we used the expression12 

 

� 

P(kbars) = 3.9I0.7(Gwt /cm2)λ−0.3(µm)τ−0.15(n sec)    (2.4) 
 

This expression is not sensitive to the target material, at least for not very heavy metals. We 
see that confinement geometry greatly increases the generated pressure.  

 
For laser pulse with one-scale temporal profile34,35 of duration τ, from dimensional analysis 

of system (1.2),(1.1), we can get 
 

� 

P = Z1/ 2I1/ 2 f (α, t
τ
)

L = I1/ 2

Z1/ 2
τg(α, t

τ
)

 

 
As we mentioned above the value of α is small and we can disregard the PdV work term 

in (1.2). From comparison with (2.1) we see that for α = 0.1, the accuracy of this approximation 
is better then 10%. In this case the α scaling becomes explicit 
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� 

P = Z1/ 2I1/ 2α1/ 2 f ( t
τ
)

L = I1/ 2α1/ 2

Z1/ 2
τg( t

τ
)

                                

 
An analytical solution can, nonetheless, be derived, including the PdV work. 
The pressure on the interface can be determined from the equations.  

 

� 

I(t) = 3
2α

d[P(t)L(t)]
dt

;dL
dt

= 2P
Z

    (2.5)   

 
The analytical solution of (2.5) for pressure is given by the expression 

 

� 

P(t) =
αZ
6

I(x)dx
−∞

t

∫

(t − x)I(x)dx
−∞

t

∫
⎛ 

⎝ ⎜ 
⎞ 

⎠ ⎟ 

1/ 2     (2.6)  

 
For one-scale temporal profile of laser pulse  

 

� 

I(t) = If ( t
τ
)  

 
the pressure is 

� 

P = Z1/ 2I1/ 2α1/ 2g(s);s = t
τ

     (2.7) 

 
where the structural function g 

 

 

� 

g =
f (x)dx

−∞

s

∫

6 (s− x) f (x)dx
−∞

s

∫
⎛ 

⎝ ⎜ 
⎞ 

⎠ ⎟ 

1/ 2  

For flat top pulse g=1 /√3 and the pressure is 

� 

P(kbars) = 0.1I0.5(Gwt /cm2) α
3

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 
1/ 2

Z1/ 2(g /cm2s)   (2.8) 

 
For plasma length we have 

 

� 

L = 8αI
3Z

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 
1/ 2

τp(s);s = t
τ

     (2.9) 

 
with the structural function p 
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� 

p(s) = (s− x) f (x)dx
−∞

s

∫
⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 
1/ 2

 

The above expressions (2.7-2.9) give the pressure plasma size dependence of all laser and 
material parameters for fixed pulse shape. For fixed pulse shape g(s) and p(s) can be tabulated 
and then, can be used for the pressure pulse evaluation for the different materials and laser 
parameters.  After the pulse termination, plasma expands adiabatically, P~1/Lγ~1√t. The pressure 
behavior for the Gaussian laser pulse is presented on the Fig.3. The red line presents the laser 
pulse, green-the pressure on interface.  

 
 

 

 
Fig.3 Laser pulse-red line and pressure pulse-green line as function of t/τ 

 
The important parameter for the peening process is the total impulse momentum transferred 

to the material M . The thickness of plastically deformed layer is proportional to M3,14. 

� 

M = Pdt
−∞

∞

∫ ≈ Z1/ 2I1/ 2α1/ 2τB ≈ Z1/ 2F1/ 2α1/ 2τ1/ 2B;B = g(x)dx
−∞

∞

∫    

 
As we mentioned above the pressure drop is slow and B diverges. Really, we must limit 

the integration in (1.7) by the moment the plasma recombination starts or the liner moves out. 
Typically, the time is about 0.1 µsec and is insensitive to the exact value of cut off. For a 
example B(10)=3.4, B(15)=4.2. For the numerical estimates below we will use B=4. 

The formal expression for plasma length diverges at long time. Due to the same reason 
we must use s~3 to get the maximal plasma size and the depth of the ablated material 

 
   

 3. Applicability and numerical estimates. 
 

The above model is applicable when the laser intensity is high enough to produce the 
ionization. According to measured data14 the intensity must be above 0.5 GW/cm2, but the value 
is not exact. One needs to apply (1.2). The maximal intensity must not be very high, in order to 
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prevent the water breakdown. Fabbro et. al.4,5,31, Indicates that for 1-µm light the intensity must 
be not higher than 10 GW/cm2. 

The thickness of ablated material l is related to the plasma size L by the relation 
 

� 

l = Z2
Z1 + Z2

L∝ Z2
Z1 + Z2

τ Iα
Z

      (3.1) 

 
If we use pulses of fixed intensity and duration, we must maximize the amount of the ablated 

material V= S times l, where S is the spot  size. From above we have 
 

� 

V = Z2
Z1 + Z2

ESτα
Z

        (3.2) 

We see that for maximal volume of evaporated material we must use the biggest spot size 
compatible with plasma formation. This means that we use an intensity of about 1-2 GW/cm2. 

The formula (3.2) also gives a possibility to estimate a comparative rate of different material 
processing using their impedance values. 

In Table 1 we present the impedance data for few materials. It must be mentioned that the 
sound speed and density changes with the temperature and the pressure. We disregard it for 
calculation of the pressure pulse, but the error typically falls within the accuracy of the model. 
Instead of LASNEX type plasma codes, an alternate modeling description4,12,26,31,36,37 of the 
experiment works well, based on the above model. 

 
Material ρ s (km/sec) Z*10-6 (g/cm2sec) 
Steel 7.85 5.85 4.59 
Concrete 2.6 3.1 0.8 
Water 1 1.65 0.165 
Ti 4.52 5.1 2.3 
Fused silica 2.2 4.6 1.3 
Al 2.7 5.4 1.5 
 

Consider the water-Al interface. For Z we have ~0.3 and for α=0.25 and intensity 4 GW/cm2 
we have a peak pressure ~29 kbar. Plasma length at the end of 10 nsec pulse is about 19 µm. 
For the thickness of Al turns to plasma from (3.1) we have about 1.9 µm. 

 This result is consistent with the size of particles ~ 1 µm we found in water samples taken 
after laser peening processing in Metal Improvement Corp. 

 For concrete , for the same intensity we will ablate 1.8 times more material, about 3.4 µm. 
Also, the pressure will be a little bit lower P~27.8 kbar. 

  
Discussion 
 
 There are few additional effects we do not taking into account which can 
additionally breaks the material and increase the processing rate. 

1. After the pulse termination plasma, then vapor expands isolating the material 
surface from the water. The front of the expansion is Rayleigh-Taylor unstable 
and jets of water reches the hot material surface producing the thermal shock 
and cracking the material. This effect is not important for metals but for 
concrete may be it can take place. 

2. The air bubbles produced after plasma-vapor zone collapsed , cavitates, 
produce the local shock and jet streams wich can erode the material.Again this 
effect is not important for metals. 
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3. The shock produced by the laser pulse can crash the material  and increase the 
errosion. 

4. Finally, above we assume the surface absorption. In concrete the laser light 
can penetrates deeper then couple of microns increaseing the errosion rate. 
Both effects  are not important for the metals. 

 
The above discussion was independent of wavelength. The reason is that we assumed that 
on the front of the pulse we creates the plasma which absorbed all laser radiation. It is true 
for high enough laser intensity –about 0.5-1 GW/cm2 for 1µm light. For green light the 
threshold intensity can be lower and we can operates at lower intensities. Also, the green 
light has 100 times longer absorption length in water than 1-µm light, and it can be 
attractive to use it from the operational point of view 

 
4.  Number of pulses to break the sample into nanoparticles 

To estimate the number of pulses we use the formula for amount of evaporated materials 
obtained within the peening model10. 
The thickness of ablated material L is related to the plasma size L by eqn 3.1. If we use the pulses 
of fixed intensity and pulse duration, we must maximize the amount of the ablated material V= S 
times L, where S is the spot size. From eqn 3.2, we see that for maximal volume of evaporated 
material we must use the biggest spot size compatible with plasma formation. Probably, this 
means that we must use the intensity about 1-2 GW/cm2. 
  

� 

L(µm) =
2X104P(kbars)τ(ns)

Z1(g /cm
2 sec)

   (1.3) 

 
Applying eqns 2.1 and 2.2 for a rectangular pulse with: duration τ, water Z=0.165 X 106 
(g/cm2sec), concrete Z=0.8 in the same units, α=0.25, and intensity 2 GW/cm2 we get the 
pressure P=19.8 kbar. Assuming a pressure-pulse duration about 3 laser-pulse durations13,14, 
where the pulse duration is 15 ns for SLAB laser, we get for the thickness of pulverized concrete 
L ~11 µm. For pulse energy 15 J and pulse duration of 15 ns the laser spot with intensity of 2 
GW/cm2 will have an area of 0.5 cm. So, the volume removed per one shot is about ~5*10-4 cm3

. 
The density of concrete is ~2.6 g/cm3 , and the volume of 1 g is about 0.4 cm3. To pulverize all 
the volume one needs ~800 shots and for a repetition rate of 4 Hz it will take about 200 sec, [3.3 
minutes]. 
Let us mention that really material can be destroyed faster. The pressure pulse is reflected from 
the rear surface as a tensile stress with reflectivity  
 

 

� 

R = (Z1 − Z2
Z1 + Z2

)2 =  0.43 

 The tensile pressure wave with pressure about 10 kbars can spall out the pieces with size a~sτ. 
For pulse duration ~ 15 ns and sound speed in concrete ~3 km/sec the particles with size a ~50 
µm will be produced.  
 

5. Motion of particles in water. 
 The small particle in the water sediments under the influence of gravity, but Stokes drag force38,39 
balances this. For a particle with radius “a” in water with constant velocity “v,” the Stokes drag 
force compensates gravity force 
 

   

� 

(ρ − ρw )g
4
3
πa3 = 6vπηa 
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 The velocity is proportional to the square of particle size 
 

   

� 

v =
2(ρ− ρw )ga

2

9η
 

  
 Consider the concrete particle with density ~2.6 g/cm3 in water with viscosity η=0.01 g/s-cm; we 
find v = 3.5 X 10-4a2 cm/sec, where radius a is in µm. One can see that for particles with the size < 
1 µm, the gravity-driven velocity is not important. For particles produced due to the spallation with 
the size a ~ 50 µm, the steady-state falling velocity v~ 0.9 cm/sec and between the pulses they can 
fall down from the laser spot. [At low laser-pulse repetition rates, agitation/stirring of the 
suspension will be necessary, if one desires to comminute the spalled particles to sub-µm scale] 
Disregarding gravity, the velocity evolution is described by the equation 

 

 ( ) avu
dt
dva πηπρ 6

3
4 3 −=        

 
  
let a = radius of sphere in water, η is the viscosity 
 
u∞ = 2g*∆ρ∗a2/9η 
 
and39 
 
t = ln[(u∞/( u∞ – u)] 
 
or 
 
u = u∞ 1− e− t / 2ρa2 /9η( )( )⎛

⎝
⎞
⎠  

 
Which shows the characteristic time τ for the velocity onset is 

 

   

 
Re ≈ 3 X 10-3 for a 10-µm particle, so flow is laminar. For viscosity used above 

� 

τ = 0.58*10−2a2sec. where a is measured in hundreds of µm.  
One can see that for the particles with a ≈ 10 µm, τ ≈ 60 µs and one can consider the particles 
moving with stationary falling velocity. To prevent the concentration of the particles on the 
bottom of the volume with the sample we must have water flow with the velocity~ 1 cm/sec. It 
can be the convective flow or slow rotation of the volume with the sample. 
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Experimental 
In previous work at LLNL, a slab laser was developed to study laser peening of metals40. For the 
experiments, reported here, we used 351-nm [3-ω] pulses of ≈ 15-ns duration from this laser, 
with samples of rock [quartzite41, see Fig. 5] or concrete [see Fig. 10] as targets that we 
submerged within 700 ml of de-ionized water.Figure 1 is a photo of our experimental setup. 
 

 
Figure 4. Photo of experimental setup. 
 

We performed two different series of experiments using light at 351 nm. In the first series, with 
a broken sample of quartzite, we used a focusing lens so that the approximately-square beam area 
was roughly 0.1 cm2 on the sample surface. With 0.7 J in a 15-ns pulse, this meant a power of 7 
J/ cm2/1.5 X10-8s ≈ 0.47 GW/cm2. This power proved to be too high for controlled ablation, since 
the expanding plasma generated a bubble in the water which collapsed, possibly in a water jet 
like a micro shape charge, and the impact of this liquid water on the superheated surface caused 
ejection of particles up to 100 µm in diameter [see Fig. 7], in addition to the fine particles that 
were produced during the plasma expansion. We reduced the energy to 0.35 J, still using the 
focusing lens, and continued to observe the occasional ejection of ≈ 100-µm particles. 

In our next series of ablation studies, we removed the lens and used the unfocused laser beam, 
measured at 2.5 cm2, with 1 J/pulse, or roughly I = 0.027 GW/cm2. With this power and 351-nm 
wavelength, we observed the formation of  “clouds” of microparticles, which remained 
suspended for 30 minutes or longer. The lack of sedimentation confirmed the µm and nm scale of 
the particles that were formed. 

In every experiment, we surrounded all sides of any sample, except for its front, with a  300-
mesh, stainless-steel screen from The Western Group, 1 Blue Sky Ct., Sacramento, CA 95828. 
This was done, because we wanted to capture any particle that might spall from the back or sides 
of a sample, due to the effects of a shock wave striking one of these surfaces. At the power levels 
that we employed for our experiment, we found no evidence of such spall. 
 
 



LLNL-TR-XYXYXY 

Particle ablation 10 

 
Figure 5. pre-shot photo of sample #1 

  
Figure 6. pre-shot photo of sample#1, with cm scale 
 

 
Figure 7. high-speed camera image of large particles generated by laser ablation of sample #1, 
first series, seen through 2.5" viewport. 
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Figure 8. Photo of Sample#1, after 0.7-J pulses, showing sample mounted in holder with 300-
mesh SS screen from The Western Group, 1 Blue Sky Ct., Sacramento, CA 95828 

 
Figure 9. Photo of Sample#1, after series of 0.7-J and 0.35-J pulses, upper and lower patterns, 
respectively 
 

 
Figure 10. Pre-shot photo of sample #2, concrete [9.751g, 2.0 g/cc] 
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Figure 11. Pre-shot photo of sample #2, with ruler 
 

 
Figure 12. Photo of DI-water-filled chamber, with suspended particles from the ablation of 
sample #2 with 100 one-joule pulses, 2.5- cm2 area, 15-ns, at 351 nm – copious microparticles 
were produced and remained in suspension. 
 
 
 

Figure 13 is a histogram of number of suspended particles/mL versus particle size in µm, from 
our experiments with sample #1 and sample #2. The indigo-blue color lines are from the water 
that immersed the rock in our first series of experiments that used 200 0.7-J pulses and 200 0.35-
J pulses, focused onto ≈ 0.1 cm2 area. The olive green-pink lines are from the water that 
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immersed the piece of concrete, exposed to 100 1-J pulses on ≈ 2.5 cm2 area. Note the similarity 
in both distributions of particles. 
 

 
Figure 13. Histogram of particles generated by laser ablation versus particle diameter in µm. Y 

axis is number of particles/size-bin/ml of water. X axis is particle diameter in µm. Data are for 
quartzite sample and concrete sample. Each sample had been immersed in 700 ml of DI water. 
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