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Blast waves produced by interactions of femtosecond laser pulses with water
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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 1x 10'® W/cn?. 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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[. INTRODUCTION a probe. The expansion of the plasma and the resultant blast
wave was imaged on a 16 bit, 5¥512 pixels CCD camera
When a high-intensity laser beam is focused on mattenith a 14< magnification. An assembly of neutral filters and
the transient and localized energy deposition leads to a highnterference filters with a narrow bandwidth singled out the
temperature plasma and a successive blast wave moving o4t®0-nm probe beam from the background emission. In some
ward into the surrounding medium. A self-similar blast waveshots, a 10Qzm-diameter thread was placed at the back fo-
model proposed by Seddi] and Zel'dovich[2], which is  cus of the imaging lens to improve the contrast by blocking
valid for an intensively instant point explosion and zero ini- most of the undeflected probe light. Varying the delay of the
tial source mass, is widely used to interpret the behaviors gbrobe beam with respect to the interaction beam on succes-
the blast wave generated by laser-sdig-6] and laser- sive shots permitted mapping of the evolution of the blast
cluster interactiong7,8]. Freiwald modified the model to waves. The time resolution was determined by the duration
include the explosive magd®,10]. Long laser pulses were of the probe beam of about 150 fs.
applied widely in previous studies on laser-produced blast The transmission energy was measured using a calorim-
wave. The recent developments of laser technology to proeter in the laser propagation direction with a collective angle
duce ultrashort pulse make it possible to compare the femtasf 60°. Other diagnostics included hot electron measure-
second laser-induced blast wave with the Sedov theory. ments with an array of LiF thermoluminescence dosimeters
In addition, some groups have investigated the behaviors

of the blast waves generated by laser-induced breakdown
inside liquid [11-14. However, there is very little knowl- Interaction
edge about the behaviors of blast waves generated on a beam
liquid-air interface irradiated by laser pulses. In this paper,
we investigate the evolution of the blast waves produced by
femtosecond laser-water interaction on the water surface, and
the evolution of a low-density channel in air due to laser
self-focusing using optical shadowgraphy at a high laser in-
tensity. The results show that the waves follow higher power
laws than a self-similar spherical blast wave model. An
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Main beam

aneurismlike structure on the top of the blast wave is also — U
rved and its generation mechanism is analyzed. g
observed and its generation mechanism is analyzed LiF TLDS ﬁ L2

Calorimeter

II. EXPERIMENT Nal

The experimental setup is illustrated schematically in Fig. H*H’ '—V
1. A chirped pulse amplification Ti:sapphire laser that deliv- Amplifier Multichannel Computer
ers up to 5 mJ, 150 fs pulses at a wavelength of 800 nm was amalyzer
used. The linearly polarized laser pulses were focused with

f"m f=40 mm lens onto_ a d's_t'"ed water Surfagce in air, yield- beam split from the main beam was frequency doubled and used to
Ing a maX|mum_ peak intensity of about><]1(_)1 wien?. . probe the blast waveM 1-M5 are reflective mirrors and BS repre-
A small portion of the laser beam split from the main genis the beam splitterl andL2 are two lenses, which were used
beam, after being frequency doubled to 400 nm, was used §§ focus the interaction beam on the water surface and image the
plasma on CCD, respectively. The angular distribution of hot elec-
trons emitted from the plasma was detected by an array of LiF
* Author to whom correspondence should be addressed. Electronigetectors surrounding the plasma. The Nal system was used to mea-
address: jzhang@aphy.iphy.ac.cn sure the spectra of hard x rays.

FIG. 1. The experimental layout. A small portion of the laser
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FIG. 2. Atypical shadowgram of the blast wave taken at a delay E&
time of 10 ns. The right one is an artificial sketch to guide the o Planar theory _ - °
sightline. 109 L.t 1
L " Spherical theory
[15], and hard x-ray measurements withyaay spectrom- - v
: . o 1 10
eter, which consisted of an Nal detector, a photomultiplier, .
iy ) Time (ns)
an amplifier, and a multichannel energy analyfze8]. In-
tense hard x-ray photon and electron emissions were also © v v v—1.02
observed in the water plasma when multiple pulses with long 240p ;
separation time were used. These results will be presented g, PN . Y T d1.00
[ P )
elsewherd 17]. ?, p ‘?
n120p Mt 0
lll. RESULTS AND DISCUSSION o ;e 1°098%
D) P
A. Characteristics of the blast waves produced by femtosecond n._m 6op J// =
laser-water plasmas - 0 N 40.96
Figure 2 shows.a typical shadowgra_rr_] _of the blas_t wave 999.2 999.6 10000 1000 4
taken at a delay time of 10 ns. An artificial sketch is also
drawn on the right to lead the sightline. The femtosecond X(um)

laser pulse with an energy of 3 mJ enters the image from the
top. Note the main features in Fig. 2: generation of a hemi- FIG. 4. Evol_utlon of the blast waves prod_uceq by the femtosec

. ond laser ablation of water as a function of time: transverse expan-
spherical blast wave launched from the focal spot, an aneur- S .
o ..~ sion for a 3-mJ laser enerdg), and longitudinal expansion for two
ismlike structure on the top of the wave, and a cylindrical

. “'laser energies, 3 m&ircle) and 1 mJ(square (b). The dashed line
blast wave trajectory generated before the laser pulse St”k%%d the dotted line are theory curves for planar blast wave and
on the water surface.

. S . spherical blast wave considering the initial source mass, respec-
At first, we will discuss the evolution of the blast waves ey (c) The hydrodynamical simulation results of the spatial pro-

emitted from the water plasma. Figure 3 shows the images Qfies of the mass density, pressurep, and electron temperatuf
the b|aSt waves above the water SurfaCGB.}iB nS,(b) 47 ns, are shown at the end of the laser pulse_

(c) 11.3 ns,(d) 16.9 ns, ande) 30 ns produced by a laser
beam with an energy of 3 mJ. The laser beam is incident
from the top. The fringes near water surface are due to thg Fig. 3(e). It is obvious that the blast wave propagates
diffractions of water surface. A half-circle dashed line whosefaster than an ideal spherical wave. The transverse expansion
center locates at the focal spot is overlaid on the shadowgrag the blast wave front for a 3-mJ laser energy, and the lon-
gitudinal expansion for 3-mircle) and 1-mJsquare laser
energies are plotted as a function of time in Fig&) and
4(b), respectively. In the figure®t is denoted as the trans-
verse expansion radius of the blast wave front parallel to the
water surface, anR, is the longitudinal expansion radius in
the normal direction of water surface. The data from five
measurements were averaged. The error bars correspond to
FIG. 3. Images of the blast waves above the water surface at e shot-shot fluctuations. For the transverse evolution, an
ns(a), 4.7 ns(b), 11.3 ns(c), 16.9 ns(d), and 30 nge). The laser  allometric fit of the experimental data shows a dependence of
beam is incident from the top. R;~t%4%002 For the longitudinal evolution, the data are
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fitted by R ~t%°%-%2for 3 mJ andR ~t>>*%%Sfor 1 mJ  mgis the initial massF is the incomplete elliptic integral of

(not shown. the first kind. The expansion of the planar blast wave with
It is well known that the evolution of the radius of a blast source mass is governed by

wave with time proposed by Sedov can be writterf Hs

Eo dRrR Eo
R 2= a(y)—t2, 1 ==, 3
(0 M a oore ®

whereE, is the original energy deposited per unit length in
the cylinder,p, is the undisturbed mass density,s a coef-
ficient dependent on the adiabatic constant of the gan,is

1, 2, and 3 for plane, cylindrical, and spherical wave propa- mg[ 1
gations. Sedov’s theory indicates that the blast wave pro- C4_7 y+1
duced in our experiments is in agreement with a cylindrical

blast wave for the transverse expansion, and is very close to

a planar blast wave for the longitudinal expansion. Both the 4
expansion directions deviate from a spherical blast wave pre- Cs= 277"1( 2_4 +( +1)2
dicted from Eq.(1). Similar results were also observed ear- Y Y

lier [18,19.

Sedov’s theory is valid only when the initial explosive ~ We modify Cs by rewriting the expression of the back-
mass is much less than the mass of the background gas swepbund gas mass to suit our experimental blast wave. The
over by the blast wave. We estimate the explosive mass dheoretical expansion of the planar blast is obtained by solv-
water to be 2.8%2 10 1° g by the hydrodynamic simulation ing Eg. (3) with initial value problem. The comparison of
of the femtosecond laser-water interacti@ee next This  Freiwald’s theory with experimental results for 1-mJ laser
mass is equivalent to an air mass encompassed by a haffulse is also shown in Fig.(d). There exists a considerable
spherical blast wave with a radius ef50 um. Therefore, amount of discrepancy between Freiwald’s spherical blast
Sedov’s theory cannot well describe our results of the blasmodel (dotted ling and experimental data even that the
wave, whose radius is less than 306én within the time source mass is included. However, we find that Freiwald's
observed. planar blast wave theory agrees well with the experimental

Freiwald proposed an approximate theory includingpoints whenE, is set to be 0.15 m{see the dashed line
source mass for both spherical blg8tand planar blagt10]. ~ This indicates that the blast wave observed propagates closer
The spherical blast expansion in the near-target regiméo a plane blast wave instead of a spherical one, and that
where the source mass is not negligible can be expressed15% of the incident laser energy converts into the blast
analytically as energy. It can be expected that the blast wave will decay to a

spherical wave with the increasing propagation distance as
c,\¥43 1 the ambi.ent gas accretion and the energy dissipation.
_> = —F(¢,75°) The higher power laws observed in our experiments may
C. S 3u4 be due to the high intensity used and the nature of the fem-
tosecond laser-matter interactions. To understand the initial
explosive conditions of the blast wave, we use a
one-dimensional two-temperature hydrodynamics code
(MED2103) [20] to simulate the behavior of the water plasma
generated by 150-fs laser pulses at an intensity of 5
X 10'> W/cn?. Figure 4c) shows snapshots of the spatial
profiles of the mass densipy, pressureg, and electron tem-
c 2mg peratureT, at the end of the laser pulse. The water surface

1 (y+ 1)2’ was located at 100@m; the laser pulse was incident from

the right. When the laser pulse ends, a 68-Mbar peak pres-

sure is produced. The maximum electron temperature is 244

2 n 1 eV. This high-temperature and high-pressure plasma will

(y+1)2 —1)" push the surrounding gas to generate intense shock wave in
the air. We also simulate the case for nanosecond laser pulse
13 that was used to produce blast wave in previous experiments
B= R(%) widely. We find that the pressure and the temperature of the
’ femtosecond laser-produced plasma are much higher than
that of the nanosecond laser case at the same eridrgy

where

2

t=E; 1/2Ci/2<

2
+B(1+p%)17-0.842, 2

where

B-1-p electron temperature is 100 ev and the pressure-isl Mb
p=cos | ———|, for 1-ns lasex. That is to say the femtosecond laser plasma
J3+ 1+ will lead to a more intense explosion and will result in a
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higher velocity blast wave expansion than that formed by
long laser pulse at the same energy. The high-pressure and
the high Mach number measured 20) will make the blast :
wave to be strongly forward peaked. On the other hand, for  Focus ==
an ultrashort laser-produced plasma, the plasma expansion  1oou
during the pulse can be expressectas wherec, is the ion — e
velocity (~ 10" cm/s) andr is the pulse width. One can see (a) (b)
that the scale of plasma during the interaction is several tens
of nanometers, which is much less than the laser focal spot. FIG. 5. Shadowgrams showing the evolution of the blast waves
This intrinsically planar interaction geometry may also bein air produced by a 3-mJ laser energy as a function of time: 3 ns
related with the behavior of the planar blast wave at earlya), 11.3 ns(b), 16.9 ns(c), and 24.9 ngd). The geometry of the
times. laser beam waist (& contours$ in the same scale as the shadow-
Other reasons for the high power law is partial ionizationgrams is also shown for comparis(e).
and dynamic source effe¢21]. The partial ionization in-
duced by the blast wave front can accelerate the propagatiafajectory at the focal spot as a function of time for a 3-mJ
in all directions. The nonadiabatic dynamic effect may in-laser energy. The data from five measurements were aver-
crease the expansion velocity especially in the normal direcaged. The error bars correspond to the shot-shot fluctuations.
tion of the target surface. This may result in the higher ve-The experimental data are best fitted by an allometric func-
locity in the longitudinal direction than that in the transversetion R(t)~t%4%*%%% This indicates that the blast wave ex-
direction. pansion in air follows a cylindrical blast wave solution. From
Second, we discuss the formation of the aneurism strucgq. (1), the conversion efficiency of total laser energy to the
ture. The hollow channel in air plays a key role in the for- blast wave is estimated to be less than 1%. This value is
mation of the aneurism. From the blast wave theory, wdower than the total absorption by air plasma, which is mea-
know that the velocity of a blast waw#R/dt increases with  sured to be 6% by an energy calorimeter. This indicates that
the decrease of the ambient density. Therefore, the blashost of the energy absorbed by plasmas is transformed to
wave originating from the water plasma inside the low-other energy forms such as ionization energy, instead of the
density channel propagates more quickly than the outsidrinetic energy of blast wave. Compared with the previous
part. This leads to the aneurism structure observed in ouaser-ablation experiments using long pulses, the conversion
experiments. Stampeat al. also observed an aneurism pro- efficiency of laser pulse into blast waves is much lower for
duction using 4 ns;-100 J Nd-glass laser beams to irradiatefemtosecond laser-air interactions. In the nanosecond scale
foil targets at~ 10" W/cn? in a low-pressure ambient gas, laser-air interactions, the plasma still absorbs energy from
where a channel was formed by laser heating of the ambienhe succeeding part of the laser pulse through inverse brems-
gas through the inverse bremsstrahly@g]. In our experi-  strahlung after the air is ionized by the leading part of the
ments, we believe that the initial ionization processes argulse. Therefore, more laser energy can be deposited and
different from theirs for our high-intensity and short-duration transferred to the blast wave energy. However, for the case of
laser pulse because the laser field is comparable to the cdiemtosecond pulse, less energy can be absorbed from the tail
umn potential. of the femtosecond pulse.

. IV. CONCLUSION
B. Cylindrical blast waves produced by laser self-focusing

in air In summary, blast waves produced by femtosecond laser-

Now, we examine more closely the behavior of the blastValer interaction have been investigated using an optical
wave produced by femtosecond laser pulses in air. When shadowgraphy technique. The temporal evolution of the blast

femtosecond laser pulse is focused in air, a hot, elongated

filament is formed due to the Kerr effect because the laser 100 v
power is much higher than the self-focusing threshi B 3md
critical power for self-focusing isP,=\2%/27rn,=2 GW,
where\ is laser wavelength and, is nonlinear refractive
index. At atmospheric pressure, for aim,=3.2

x 10 1% cn?/W), a blast wave is induced as a result of the
high pressure exerted by the high-temperature filamentlike
plasma. Figure 5 shows the shadowgrams of the blast waves
produced by laser breakdown at 3 ns, 11.3 ns, 16.9 ns, and
24.9 ns. The geometry of the laser beam waise{ Hon- 101
tours in the same scale as the shadowgrams is also shown

for comparison. Laser is incident from the top. The abrupt

jumps of the brightness in the shadowgrams indicate the FIG. 6. Radial evolution of the blast waves in air as a function

shells of the waves. of time for a 3-mJ laser energy. The line is an allometric fit of the
Figure 6 shows the radial evolution of the blast waveexperimental data.
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