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Blast waves produced by interactions of femtosecond laser pulses with water

Y. T. Li, J. Zhang,* H. Teng, K. Li, X. Y. Peng, Z. Jin, X. Lu, Z. Y. Zheng, and Q. Z. Yu
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The behaviors of the blast waves produced by femtosecond laser-water interactions, and the blast waves
induced by laser self-focusing in air, have been investigated using optical shadowgraphy at a maximum
intensity of 131016 W/cm2. The temporal evolution of the blast wave launched by the water plasma can be
described by a planar blast wave model including source mass. An aneurismlike structure, due to the quick
propagation inside a hollow channel formed by laser self-focusing, is observed. The expansion of the channel
in air is found to agree with a cylindrical self-similar blast wave solution.
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I. INTRODUCTION

When a high-intensity laser beam is focused on mat
the transient and localized energy deposition leads to a h
temperature plasma and a successive blast wave moving
ward into the surrounding medium. A self-similar blast wa
model proposed by Sedov@1# and Zel’dovich@2#, which is
valid for an intensively instant point explosion and zero i
tial source mass, is widely used to interpret the behavior
the blast wave generated by laser-solid@3–6# and laser-
cluster interactions@7,8#. Freiwald modified the model to
include the explosive mass@9,10#. Long laser pulses were
applied widely in previous studies on laser-produced b
wave. The recent developments of laser technology to p
duce ultrashort pulse make it possible to compare the fem
second laser-induced blast wave with the Sedov theory.

In addition, some groups have investigated the behav
of the blast waves generated by laser-induced breakd
inside liquid @11–14#. However, there is very little knowl-
edge about the behaviors of blast waves generated o
liquid-air interface irradiated by laser pulses. In this pap
we investigate the evolution of the blast waves produced
femtosecond laser-water interaction on the water surface,
the evolution of a low-density channel in air due to las
self-focusing using optical shadowgraphy at a high laser
tensity. The results show that the waves follow higher pow
laws than a self-similar spherical blast wave model.
aneurismlike structure on the top of the blast wave is a
observed and its generation mechanism is analyzed.

II. EXPERIMENT

The experimental setup is illustrated schematically in F
1. A chirped pulse amplification Ti:sapphire laser that del
ers up to 5 mJ, 150 fs pulses at a wavelength of 800 nm
used. The linearly polarized laser pulses were focused w
an f 540 mm lens onto a distilled water surface in air, yiel
ing a maximum peak intensity of about 131016 W/cm2.

A small portion of the laser beam split from the ma
beam, after being frequency doubled to 400 nm, was use
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a probe. The expansion of the plasma and the resultant b
wave was imaged on a 16 bit, 5123512 pixels CCD camera
with a 143 magnification. An assembly of neutral filters an
interference filters with a narrow bandwidth singled out t
400-nm probe beam from the background emission. In so
shots, a 100-mm-diameter thread was placed at the back
cus of the imaging lens to improve the contrast by block
most of the undeflected probe light. Varying the delay of t
probe beam with respect to the interaction beam on suc
sive shots permitted mapping of the evolution of the bl
waves. The time resolution was determined by the dura
of the probe beam of about 150 fs.

The transmission energy was measured using a calo
eter in the laser propagation direction with a collective an
of 60°. Other diagnostics included hot electron measu
ments with an array of LiF thermoluminescence dosimet

ic

FIG. 1. The experimental layout. A small portion of the las
beam split from the main beam was frequency doubled and use
probe the blast wave.M1-M5 are reflective mirrors and BS repre
sents the beam splitter.L1 andL2 are two lenses, which were use
to focus the interaction beam on the water surface and image
plasma on CCD, respectively. The angular distribution of hot el
trons emitted from the plasma was detected by an array of
detectors surrounding the plasma. The NaI system was used to
sure the spectra of hard x rays.
©2003 The American Physical Society03-1



ie

al
n

nt

v
lso
n
th

m
eu
a

rik

s
s

r
e
th
s
ra

es
sion

on-

-
the
n
ve
nd to

an
e of
re

la
he

at

ec-
an-

and
pec-
ro-

LI et al. PHYSICAL REVIEW E 67, 056403 ~2003!
@15#, and hard x-ray measurements with ag-ray spectrom-
eter, which consisted of an NaI detector, a photomultipl
an amplifier, and a multichannel energy analyzer@16#. In-
tense hard x-ray photon and electron emissions were
observed in the water plasma when multiple pulses with lo
separation time were used. These results will be prese
elsewhere@17#.

III. RESULTS AND DISCUSSION

A. Characteristics of the blast waves produced by femtosecond
laser-water plasmas

Figure 2 shows a typical shadowgram of the blast wa
taken at a delay time of 10 ns. An artificial sketch is a
drawn on the right to lead the sightline. The femtoseco
laser pulse with an energy of 3 mJ enters the image from
top. Note the main features in Fig. 2: generation of a he
spherical blast wave launched from the focal spot, an an
ismlike structure on the top of the wave, and a cylindric
blast wave trajectory generated before the laser pulse st
on the water surface.

At first, we will discuss the evolution of the blast wave
emitted from the water plasma. Figure 3 shows the image
the blast waves above the water surface at~a! 3 ns,~b! 4.7 ns,
~c! 11.3 ns,~d! 16.9 ns, and~e! 30 ns produced by a lase
beam with an energy of 3 mJ. The laser beam is incid
from the top. The fringes near water surface are due to
diffractions of water surface. A half-circle dashed line who
center locates at the focal spot is overlaid on the shadowg

FIG. 2. A typical shadowgram of the blast wave taken at a de
time of 10 ns. The right one is an artificial sketch to guide t
sightline.

FIG. 3. Images of the blast waves above the water surface
ns ~a!, 4.7 ns~b!, 11.3 ns~c!, 16.9 ns~d!, and 30 ns~e!. The laser
beam is incident from the top.
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in Fig. 3~e!. It is obvious that the blast wave propagat
faster than an ideal spherical wave. The transverse expan
of the blast wave front for a 3-mJ laser energy, and the l
gitudinal expansion for 3-mJ~circle! and 1-mJ~square! laser
energies are plotted as a function of time in Figs. 4~a! and
4~b!, respectively. In the figures,RT is denoted as the trans
verse expansion radius of the blast wave front parallel to
water surface, andRL is the longitudinal expansion radius i
the normal direction of water surface. The data from fi
measurements were averaged. The error bars correspo
the shot-shot fluctuations. For the transverse evolution,
allometric fit of the experimental data shows a dependenc
RT;t0.4960.02. For the longitudinal evolution, the data a

y

3

FIG. 4. Evolution of the blast waves produced by the femtos
ond laser ablation of water as a function of time: transverse exp
sion for a 3-mJ laser energy~a!, and longitudinal expansion for two
laser energies, 3 mJ~circle! and 1 mJ~square! ~b!. The dashed line
and the dotted line are theory curves for planar blast wave
spherical blast wave considering the initial source mass, res
tively. ~c! The hydrodynamical simulation results of the spatial p
files of the mass densityr, pressurep, and electron temperatureTe

are shown at the end of the laser pulse.
3-2
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fitted by RL;t0.5860.02 for 3 mJ andRL;t0.5960.03 for 1 mJ
~not shown!.

It is well known that the evolution of the radius of a bla
wave with time proposed by Sedov can be written as@1#

Rn125a~g!
E0

r1
t2, ~1!

whereE0 is the original energy deposited per unit length
the cylinder,r1 is the undisturbed mass density,a is a coef-
ficient dependent on the adiabatic constant of the gas,g, n is
1, 2, and 3 for plane, cylindrical, and spherical wave pro
gations. Sedov’s theory indicates that the blast wave p
duced in our experiments is in agreement with a cylindri
blast wave for the transverse expansion, and is very clos
a planar blast wave for the longitudinal expansion. Both
expansion directions deviate from a spherical blast wave
dicted from Eq.~1!. Similar results were also observed ea
lier @18,19#.

Sedov’s theory is valid only when the initial explosiv
mass is much less than the mass of the background gas s
over by the blast wave. We estimate the explosive mas
water to be 2.82310210 g by the hydrodynamic simulation
of the femtosecond laser-water interaction~see next!. This
mass is equivalent to an air mass encompassed by a
spherical blast wave with a radius of;50 mm. Therefore,
Sedov’s theory cannot well describe our results of the b
wave, whose radius is less than 300mm within the time
observed.

Freiwald proposed an approximate theory includi
source mass for both spherical blast@9# and planar blast@10#.
The spherical blast expansion in the near-target reg
where the source mass is not negligible can be expre
analytically as

t5E0
21/2C1

1/2S C1

C2
D 1/2F3

5

1

31/4
F~f,75°!

1
2

5
b~11b3!1/220.842G , ~2!

where

C15
2ms

~g11!2
,

C25
8p

3
r1S 2

~g11!2
1

1

g221
D ,

b5RS C2

C1
D 1/3

,

f5cos21S A3212b

A3111b
D ,
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ms is the initial mass,F is the incomplete elliptic integral o
the first kind. The expansion of the planar blast wave w
source mass is governed by

dR

dt
5S E0

C41C5R3D , ~3!

where

C45
ms

2 S 1

g11D 2

,

C552pr1S 1

g221
1

4

~g11!2D .

We modify C5 by rewriting the expression of the back
ground gas mass to suit our experimental blast wave.
theoretical expansion of the planar blast is obtained by s
ing Eq. ~3! with initial value problem. The comparison o
Freiwald’s theory with experimental results for 1-mJ las
pulse is also shown in Fig. 4~b!. There exists a considerabl
amount of discrepancy between Freiwald’s spherical b
model ~dotted line! and experimental data even that th
source mass is included. However, we find that Freiwa
planar blast wave theory agrees well with the experimen
points whenE0 is set to be 0.15 mJ~see the dashed line!.
This indicates that the blast wave observed propagates c
to a plane blast wave instead of a spherical one, and
;15% of the incident laser energy converts into the bl
energy. It can be expected that the blast wave will decay
spherical wave with the increasing propagation distance
the ambient gas accretion and the energy dissipation.

The higher power laws observed in our experiments m
be due to the high intensity used and the nature of the f
tosecond laser-matter interactions. To understand the in
explosive conditions of the blast wave, we use
one-dimensional two-temperature hydrodynamics co
~MED103! @20# to simulate the behavior of the water plasm
generated by 150-fs laser pulses at an intensity of
31015 W/cm2. Figure 4~c! shows snapshots of the spati
profiles of the mass densityr, pressurep, and electron tem-
peratureTe at the end of the laser pulse. The water surfa
was located at 1000mm; the laser pulse was incident from
the right. When the laser pulse ends, a 68-Mbar peak p
sure is produced. The maximum electron temperature is
eV. This high-temperature and high-pressure plasma
push the surrounding gas to generate intense shock wav
the air. We also simulate the case for nanosecond laser p
that was used to produce blast wave in previous experim
widely. We find that the pressure and the temperature of
femtosecond laser-produced plasma are much higher
that of the nanosecond laser case at the same energy~the
electron temperature is;100 ev and the pressure is;1 Mb
for 1-ns laser!. That is to say the femtosecond laser plas
will lead to a more intense explosion and will result in
3-3
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higher velocity blast wave expansion than that formed
long laser pulse at the same energy. The high-pressure
the high Mach number measured (;20) will make the blast
wave to be strongly forward peaked. On the other hand,
an ultrashort laser-produced plasma, the plasma expan
during the pulse can be expressed ascst, wherecs is the ion
velocity (;107 cm/s) andt is the pulse width. One can se
that the scale of plasma during the interaction is several
of nanometers, which is much less than the laser focal s
This intrinsically planar interaction geometry may also
related with the behavior of the planar blast wave at ea
times.

Other reasons for the high power law is partial ionizati
and dynamic source effect@21#. The partial ionization in-
duced by the blast wave front can accelerate the propaga
in all directions. The nonadiabatic dynamic effect may
crease the expansion velocity especially in the normal di
tion of the target surface. This may result in the higher
locity in the longitudinal direction than that in the transver
direction.

Second, we discuss the formation of the aneurism st
ture. The hollow channel in air plays a key role in the fo
mation of the aneurism. From the blast wave theory,
know that the velocity of a blast wavedR/dt increases with
the decrease of the ambient density. Therefore, the b
wave originating from the water plasma inside the lo
density channel propagates more quickly than the out
part. This leads to the aneurism structure observed in
experiments. Stamperet al. also observed an aneurism pr
duction using 4 ns,;100 J Nd-glass laser beams to irradia
foil targets at;1013 W/cm2 in a low-pressure ambient ga
where a channel was formed by laser heating of the amb
gas through the inverse bremsstrahlung@22#. In our experi-
ments, we believe that the initial ionization processes
different from theirs for our high-intensity and short-durati
laser pulse because the laser field is comparable to the
umn potential.

B. Cylindrical blast waves produced by laser self-focusing
in air

Now, we examine more closely the behavior of the bl
wave produced by femtosecond laser pulses in air. Whe
femtosecond laser pulse is focused in air, a hot, elong
filament is formed due to the Kerr effect because the la
power is much higher than the self-focusing threshold~the
critical power for self-focusing isPcr5l2/2pn252 GW,
wherel is laser wavelength andn2 is nonlinear refractive
index. At atmospheric pressure, for airn253.2
310219 cm2/W), a blast wave is induced as a result of t
high pressure exerted by the high-temperature filament
plasma. Figure 5 shows the shadowgrams of the blast w
produced by laser breakdown at 3 ns, 11.3 ns, 16.9 ns,
24.9 ns. The geometry of the laser beam waist (1/e2 con-
tours! in the same scale as the shadowgrams is also sh
for comparison. Laser is incident from the top. The abr
jumps of the brightness in the shadowgrams indicate
shells of the waves.

Figure 6 shows the radial evolution of the blast wa
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trajectory at the focal spot as a function of time for a 3-m
laser energy. The data from five measurements were a
aged. The error bars correspond to the shot-shot fluctuati
The experimental data are best fitted by an allometric fu
tion R(t);t0.4960.01. This indicates that the blast wave e
pansion in air follows a cylindrical blast wave solution. Fro
Eq. ~1!, the conversion efficiency of total laser energy to t
blast wave is estimated to be less than 1%. This value
lower than the total absorption by air plasma, which is m
sured to be 6% by an energy calorimeter. This indicates
most of the energy absorbed by plasmas is transforme
other energy forms such as ionization energy, instead of
kinetic energy of blast wave. Compared with the previo
laser-ablation experiments using long pulses, the conver
efficiency of laser pulse into blast waves is much lower
femtosecond laser-air interactions. In the nanosecond s
laser-air interactions, the plasma still absorbs energy fr
the succeeding part of the laser pulse through inverse bre
strahlung after the air is ionized by the leading part of t
pulse. Therefore, more laser energy can be deposited
transferred to the blast wave energy. However, for the cas
femtosecond pulse, less energy can be absorbed from th
of the femtosecond pulse.

IV. CONCLUSION

In summary, blast waves produced by femtosecond la
water interaction have been investigated using an opt
shadowgraphy technique. The temporal evolution of the b

FIG. 5. Shadowgrams showing the evolution of the blast wa
in air produced by a 3-mJ laser energy as a function of time: 3
~a!, 11.3 ns~b!, 16.9 ns~c!, and 24.9 ns~d!. The geometry of the
laser beam waist (1/e2 contours! in the same scale as the shado
grams is also shown for comparison~e!.

FIG. 6. Radial evolution of the blast waves in air as a functi
of time for a 3-mJ laser energy. The line is an allometric fit of t
experimental data.
3-4
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wave formed by the water plasma follows a planar bl
wave model including the source mass. An aneurism
structure, due to the quick propagation inside the air chan
that is formed by laser filamentation, is observed. The b
wave in air is found to agree with a cylindrical self-simil
blast wave solution.
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