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Laser-Induced Plasma Formation in Water at
Nanosecond to Femtosecond Time Scales:
Calculation of Thresholds, Absorption
Coefficients, and Energy Density

Joachim Noack and Alfred Vogel

Abstract—The generation of plasmas in water by high-power  Laser-induced breakdown in condensed media has been
laser pulses was investigated for pulse durations between 100 nsstudied mainly in solids because of its importance for damage
and 100 fs on the basis of a rate equation for the free electron 1, ,ica| components in high power laser systems. In recent
density. The rate equation was numerically solved to calculate h tical breakd in liquids h ined
the evolution of the electron density during the laser pulse and Y€ars, NOwever, optical breakdown In fiquids has gained con-
to determine the absorption coefficient and energy density of siderable interest because breakdown in aqueous fluids found
the plasma. For nanosecond laser pulses, the generation of freevarious therapeutic applications in laser medicine. Examples
electrons in distilled water is initiated by multiphoton ionization 5. ophthalmic microsurgery [9], [10], laser lithotripsy [10]
but then dominated by cascade ionization. For shorter laser . - . . '
pulses, multiphoton ionization gains ever more importance, and [11], and angioplasty [12]. The interest was further stlmulate_d
collision and recombination losses during breakdown diminish. Dy the advent of compact femtosecond laser systems which
The corresponding changes in the evolution of the free carrier enormously widened the range of pulse durations available
density explain the reduction of the energy threshold for break- for plasma-mediated laser surgery. Laser-induced breakdown

ldo""” and of the plasma energy density observed with decreasing i, »q,60us and ocular media is also of great importance in the
aser pulse duration. By solving the rate equation, we could

also explain the complex pulse duration dependence of plasmafield of laser safety, as it is a possible mechanism for ocular
transmission found in previous experiments. Good quantitative damage by short and ultrashort laser pulses [13].

agreement was found between calculated and measured values Key parameters for a characterization of laser-induced
for the breakdown threshold, plasma absorption coefficient, and breakdown events are: 1) the breakdown threshold; 2) the
plasma energy density. . ) .

absorption by the plasma created; and 3) the energy density

Index Terms—Laser-induced breakdown, laser medicine, nu- reached within the plasma. The radiant exposure threshold
merical modeling, plasma formation. for breakdown determines the minimum achievable size of

the laser effect used for material processing or laser surgery.

The absorption of the plasma determines how much energy is

[. INTRODUCTION coupled into the medium and how much energy is transmitted

HEN high-power laser pulses are focused into trangast the target area. It is thus important for the efficacy
parent media, the medium suddenly becomes opacied safety of a laser surgical process if performed near
to the laser radiation as soon as a certain irradiance threshggisitive biologic structures as, for example, the retina. The
is surpassed. The sudden rise in the absorption coefficienpigsma energy density, on the other hand, is closely linked
due to the formation of a dense, optically absorbing plasnt. the strength of the mechanical effects (shock waves and
Plasma formation, also known as laser-induced breakdoveavitation) associated with breakdown. It determines how
has been observed in gases [1], [2], solids [3], [4], and liquigérongly disruptive the breakdown event is and how much
[5], [6]. It leads to rapid heating of the material in the focaimechanical damage is caused in the vicinity of the laser focus
volume, followed by its explosive expansion and the emissi¢h4], [15].
of a shock wave. The expansion of the heated volume furtheRecent experimental investigations of plasma formation in
results in the formation of a cavity if it occurs in solids [7] omwater revealed the following trends for the pulse duration
of a cavitation bubble if it takes place in liquids [8]. dependence of the above listed key parameters: 1) when the
pulse duration is reduced from 100 ns to 100 fs, the irradiance
threshold for breakdown increases froel0'® W-cm~2 to
~10* W-.cm~2, but the radiant exposure threshold decreases
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pulses [17], [18]; and 3) the plasma energy density is mocalculations, also investigate the absorption and energy density
than one order of magnitude smaller with femtosecond pulsasthe plasma.
than with nanosecond pulses [17], [19]. The dynamics of the electron plasma should strictly be
It is the aim of this paper to obtain a better theoreticalescribed by a Fokker—Planck equation for the electron energy
understanding of these trends. Whereas earlier attemptsdistribution function [1], [23]. This approach allows for a com-
model laser-induced breakdown in condensed media [20]-[38&te description of the energy-dependent scattering rates and
were mostly restricted to the investigation of the breakdowdiffusion of the distribution function as the plasma evolves.
threshold, we examined not only the threshold values bdbwever, the detailed scattering rates are not available for
also the evolution of the free electron densityduring the water as they are, for example, for silicon [23], and we
laser pulse. This enabled us to analyze the interplay betweabarefore use the simpler model of (1) in which the time-
multiphoton ionization, impact ionization, and recombinatiomarying ionization cross sections are replaced by constant
during the laser pulse, and to calculate the absorption coedtes. Stuartet al. [23] showed that, for pulse durations
ficient and the energy density of the plasmas created. Thelow a few picoseconds, the results obtained with the rate
investigations were performed for pulse durations between 16quation for optical breakdown in silicon are in excellent
fs and 100 ns for wavelengths between 532 and 1064 nm. Tdgreement with the solution of the Fokker—Planck equation.
results are compared to the findings of previous experimenkar longer pulse durations, scattering rates become functions
investigations. of time due to the heating of the breakdown volume during
the pulse by the energy transferred from the free electrons.
Il. THEORY However, since high temperatures at pulse energies close to
the breakdown threshold are only reached late in the laser
pulse, we assume that the value of the breakdown threshold is
negligibly influenced by the changes of scattering rates. The
The interaction of strong electromagnetic radiation fieldgfluence of these changes on the plasma energy density is

with the electrons in a condensed medium with a bandggpybably stronger, as will be discussed in Section V-D.
larger than the photon energy can lead to the generation of

quasi-free electrons in the conduction band through nonlinggr
processes such as multiphoton ionization or the tunnel effect ] o
[26]. These free charges can subsequently gain sufficient© ionize an atom or molecule with an ionization energy
kinetic energy from the electric field by inverse bremsstrahlurfyZ: # = (AE/(fiw) +1) photons are required [26]. Thus, the
absorption to produce more free carriers through impact iofultiphoton ionization rate will be proportional i, where
ization [20]. (Throughout the paper, we use the terms “red”iS the !aser light |rrad|§nce. Kel_dy.f,h d_erlved an approximate
carriers and “ionization” as abbreviations for “quasi-free®XPression for the multiphoton ionization rate in condensed
carriers and “excitation into the conduction band.”) The rapi@edia. For the limiting condition that the optical frequency
ionization of the medium leads to plasma formation and {§ Much larger than the tunneling frequency, it has the form
a drastic increase of the absorption coefficient, which in tuFll: [26]

gives rise to a rapid energy transfer from the radiation field to dp 9% /mw\¥? 2 k
the medium. This process is callegtical breakdowror laser- <%> ~ or < > ) { }
induced breakdownvhen the free electron density exceeds a mp

A. Rate Equation for Optical Breakdown

Multiphoton lonization

I
16m’AEw?cegn

critical value of 16% -.-10°° cm~3 [4], [20], [21]. At this 2AE
value, the plasma is dense enough to absorb a significant X eXp(%)q)( 2k — ﬂ) (2)
fraction of the laser light.
In order to determine the irradiance required to produeeth
breakdown, the evolution of the free electron density under @
the influence of the laser pulse has to be calculated. Several @(x) = exp(—z?) / exp(y”) dy. 3
authors have used rate equations to calculate breakdown 0
thresholds for various laser parameters [20]-[24]. The genefibe meanings of all symbols used in this paper are summarized

form of such a rate equation is in Table I.
Following Sacchi [6] and Kennedy [5], [21], we assume that
dp _ (dp 2 i i
(£ + Tease) — 9P — TrecP”- (1) water can be treated as an amorphous semiconductor with a
dt dt / cop bandgapAE = 6.5 eV [27], and that optical breakdown in

The first two terms describe electron generation through mul\gl—‘:f:1 tser;;:an be described as the formation of an electron—hole

photon absorptioridp/dt),,, and cascade ionizatiomds.p).
The remaining terms account for the diffusion of electrons o

out of the focal volume £gp) and for recombination lossesC: Cascade lonization

(—mecp?). Most previous investigations have either neglected Once quasi-free electrons are generated in the conduction
multiphoton ionization [20], [22] or recombination [21], [25]band, they gain energy from the electric field through inverse
and were focused on the breakdown thresholds. We incluslemsstrahlung absorption. Conservation of momentum re-
all four terms in the analysis and, in addition to the thresholglires that the absorption of photons from the laser pulse takes
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TABLE 1
SymBoLS AND CONSTANTS USED IN THIS PAPER

X Laser wavelength

n Refractive index

c Vacuum speed of light

wo Radius of beam waist

w = 2mc/A Laser frequency

wp Plasma frequency

z = mi/(AMn)  Rayleighlength

P Free electron density

I = see eq. (6) Irradiance of the laser light

Iin Measured breakdown threshold

Trate Calculated breakdown threshold

Nease = see eq. (4) Cascade ionization rate [21]

Mee = 2x107%cm3/s Recombination rate [28)

g = seeeq. (5) Diffusion rate [21]

AE = 6.5eV Band gap of water treated as an
amorphous semiconductor [27]

M = 3x10"%kg Mass of a water molecule [16]

m = 9.1x10"3kg Electron mass

m' N mf2 Reduced exciton mass [16]

k = 4 (at 580nm) Number of photons needed for
multiphoton ionization [16]

T = 1fs Time between electron-heavy
particle collisions [16]

T Laser pulse duration

place during collisions of the free electrons with surrounding
molecules. If each electron whose kinetic energy exceeds
the ionization energy A F shortly produces another quasi-free
electron, the cascade ionization rate 7)c.sc per electron is given
by [21]

)

1 elr mw?T
Teasc =

w2t + 1 |cneemAE~ M

The first term is related to the energy gain of the electrons
from the electric field, whereas the second term describes the
energy transfer from the electrons to the heavy molecules
during elastic collisions [1].

Particularly for femtosecond pulses, it must be kept in mind
that the acceleration of the electrons takes a finite time Tiop,
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which is given by the mean free time 7 between collisions
and the number of collisions required to gain enough energy
to produce another free electron. If it is assumed that during
every collision a photon is absorbed (which can only occur
at a very high photon flux), the ionization time is Tion = Tk.
Therefore, the contribution of cascade ionization at time ¢ in
(1) was evaluated using the electron density that was present
at time ¢ — Tion.

To our knowledge, the mean free time between momentum
transfer collisions has not yet been measured for water. Fol-
lowing Kennedy [21] and Bloembergen [4], we estimate the
mean free time to be on the order of a femtosecond. For our
calculations, we used a value of 7 = 1 fs.

D. Diffusion and Recombination

The decrease of the electron density in the focal volume by
electron diffusion was estimated by approximating the focal
volume by a cylinder with radius wy and length zg. This leads
to the following expression for the diffusion rate per electron

[21]
_TAE [(24\* (1Y
9= Im wo Zr ’
The recombination rate was taken to be 2x10~2 cm?/s, an

empirical value obtained by Docchio through measurements
of the decay of plasma luminescence [28].

(5)

III. METHOD

We analyzed the evolution of the free carrier density under
the influence of a laser pulse with an irradiance I varying in

time as
£\ 2
I(t) =T exp [—4 In 2(—) ]
TL

by solving (1) numerically for a large number of pulse
durations and wavelengths. The numerical integration of (1)
was carried out using a Runge-Kutta method with adaptive
stepsize control [29].

The onset of cascade ionization requires the presence of free
electrons in the focal volume. In a pure medium, the initial
electrons must be produced by multiphoton ionization, but in
the presence of a sufficiently large concentration of impurities
they can be provided by other mechanisms such as thermionic
emission. It is important to note that distilled, filtered water
behaves like a pure medium. We found in a recent study
[30] that the measured breakdown threshold for near infrared
nanosecond pulses was much higher than the calculated ir-
radiance required for avalanche ionization in the presence
of seed electrons, and no spotsize dependence was observed
for focusing angles between 2°-32°. To model pure water,
cascade ionization (4) was considered only after the probability
of finding one electron in the focal volume exceeded 50%,
i.e., for p(t)mwdz, > 0.5. The spot diameter assumed was 5
um if not mentioned otherwise. The 50% probability criterion
was chosen to match the calculated thresholds to measured
EDpg thresholds. Breakdown in the presence of impurities was

(6)
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Fig. 1. Evolution of the free electron density at breakdown threshold for different pulse durations (left to right) and different wavelengthsoftop}o
The calculations were performed for breakdown in pure watgr= 102° cm—2, and a spot size of zm. For each pulse duration, the threshold irradiance
I, at which the curves were calculated is indicated in the plot. Besides the total free electron concentration (solid curve), the concentratiohiplietén mu
absorption alone (dotted curve) is plotted as a function of time. The time axis has been normalized to the laser pulsergduration

modeled assuming that one free electron is already presenBinAbsorption Coefficient of the Plasma

the focal volume at the beginning of the laser pulse. It was shown by Fengt al. [24] that for pulse durations

longer than 40 fs the generation of free electrons is dominated
A. Breakdown Thresholds and Evolution by cascade ionization (see also Fig. 1). It is, therefore, reason-
of the Free Electron Density able to assume that inverse bremsstrahlung absorption is the
dominant absorption process for these pulse durations. The
time-averaged absorption coefficieat s, Of the plasma
gan thus be estimated by

To calculate the threshold irradianég,;. required to pro-
duce breakdown for a given wavelengthand pulse duration
7., (1) was iteratively solved for different irradiance value

until the maximum electron density during the laser pulse
- . > 9 I(t)p(t) dt
equaled the critical electron density for optical breakdown. __ €T /meoen o )
The critical free electron density in laser-produced plasmas *Plasma =~ 1+ (wT)Q 108 dt
was previously estimated from spectroscopic measurements of ()

the plasma temperature and plasma absorption data to be %n ) .
the order of 16°—1C?° cm2 [4], [20], [21], [31]. We used a where the first factor corresponds to the absorption cross

critical electron density of. = 1020 cm—2 in all calculations secti.or? for inverse bremsstrahlung absorpt_ion (first termin (4),
if not mentioned otherwise. At significantly lower electror{nump“ed by AF), and the second factor gives the overlap of

densities, the total energy density transferred into the mediﬁﬁ? free electron density with the laser pulse.

remains well below the heat of evaporation and the formation .

of a vapor bubble which is always observed after optickl- ENergy bensity

breakdown in liquids cannot be explained. An upper limit for For femtosecond pulses, where recombination and colli-
per 1S given by the requirement that the plasma frequensjonal losses during the laser pulse play only a minor role,
wp = e?p/meey must remain below the light frequencythe plasma energy densitycan be estimated by the energy
w in order to efficiently couple energy into the plasma. Atequired to produce the critical electron density, i.e.,cby
electron densities higher tham = w?m.eq/c?, the plasma p..AE’, where AE’ represents the ionization energy plus the
becomes highly reflective and the incoming laser light leadserage kinetic energy of a free electron. Our assumption that
to a growth of the plasma volume rather than to a furtheach electron whose kinetic energy exceeds the ionization
increase of the electron density [30]. The electron density émergy shortly produces another free electron implies that
thus limited to a maximum value of approximately 840?' the kinetic energies in the ensemble of quasi-free electrons
for 580 nm and 1.810?* cm~3 for 1064 nm. are between 0 and\E. The mean kinetic energy is thus
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AE/2, and the energy density at the end of the laser pulse o5 580 nm
is € = (3/2)perAFE. 10 ' '
For longer laser pulses, however, this will significantly
underestimate the energy density in the plasma, because during
the laser pulse the electrons transfer significant amounts of
energy to the heavy plasma particles through collisional losses
and recombination. A more general estimate for the energy
density is therefore obtained by integrating the terms for

collisional and recombination losses from (1) and (4) as

I, =3.4 e+10 Wicm®

1020

10'5L

10'0F

Electron density / crit

3 ® (m Wir 9
€~ 5 AFE / <M m p(t) + 771‘ecp(t) ) dt. (8) -2 -1 0 1 2

o t/,

For femtosecond pulses, this expression is identical to the 1064 nm
above estimate, since all free electrons generated during the ' '
laser pulse will finally recombine.

I, =1.2 e+10 Wicm®

IV. RESULTS

A. Evolution of the Free Electron Density

Electron density / crit

Fig. 1 shows the evolution of the free electron density in
pure water for selected pulse durations at wavelengths of
580 and 1064 nm. For nanosecond pulses, the free electron 10 » : ;
density grows initially only slowly by multiphoton ionization. v,
However, as soon. as, the_ first electron I$ generated In th? fo%_l 2. Evolution of the free electron density at breakdown threshold for 6-ns
volume, cascade ionization starts and immediately dominajsses when a background electron density is present due to impurities. The
the production of free electrons. This results in a mu|tip|icatidwckground electron density is qho_sen such that one seed electron is present
of free electrons by several orders of magnitude in less th@gﬁgepg’r‘f’;'mvgc',”;g;j“;“‘;02‘39(';?'_29 a(:fdﬂ;eslsg‘tersigglﬁ‘ &Tr:‘.e ;:éfgg'ons
a nanosecond. When high electron concentrations close to #hetotal free electron concentration (solid curve), the concentration due to
critical electron density are reached, the exponential growthtb¢ background electron density and multiphoton absorption is plotted as a
the carrier density is slowed down by the onset of electron—iﬂﬁr‘;tt'i%?] 2it.|me (dotted curve). The time axis is normalized to the laser pulse
recombination &p?). A dynamic equilibrium between the free
electron generation and electron losses is established during
this phase, and therefore the electron concentration folloi¥ breakdown dynamics. At the end of the laser pulse,
the time evolution of the irradiance during the laser pulsé00-1000 times more free electrons have been produced
On the trailing edge of the laser pulse, electron recombinatiif avalanche ionization than by multiphoton ionization (the
can no longer be compensated for by the production of frégtual ratio is wavelength-dependent). Only for pulse durations
electrons because of the decreasing irradiance. Thus, the fe®w ~40 fs, multiphoton ionization becomes, for visible
electron density decreases rapidly at the end of the laser pulavelengths, the dominant process throughout the whole laser
The amount of free electrons produced by cascade ionizatigse, in agreement with the findings in [23] and [24]. For
is 911 orders of magnitude larger than the contribution froififrared wavelengths, most free electrons are produced by
multiphoton ionization. cascade ionization even for a 10-fs pulse duration.

When the pulse duration is shortened below the rise timeRecombination during the laser pulse is an important
of the electron cascade, a higher ionization rate is requirgtbcess for nanosecond pulses, but its influence becomes
to reach the critical electron density. The threshold irradianoegligible for pulse durations of 30 ps and shorter because
must thus increase with decreasing laser pulse duration. Ttie recombination is then slow compared to the laser pulse
favors the generation of free electrons through multiphotagturation.
ionization because of its stronger irradiance dependente Fig. 2 shows the evolution of the free electron density for
[as opposed te<! for the cascade ionization rate, see (3) anal 6-ns pulse duration when a background electron density is
(4)]. Multiphoton ionization becomes, therefore, increasinglgresent due to impurities. The electron density was chosen
important with decreasing laser pulse duration. The role sfich that one seed electron is available in the focal volume
multiphoton ionization is particularly pronounced at 580 nralready at the beginning of the laser pulse. As no multiphoton
where the difference in cascade and multiphoton ionizatigmocesses are required to initiate the avalanche, the threshold
rates is smaller than at 1064 nm. irradiance for 1064 nm is considerably lower than in pure

At 100-fs pulse duration, the breakdown process is domirater, and the breakdown cascade proceeds more slowly.
nated by multiphoton ionization until approximately the max¥fhe threshold irradiance is now, regardless of wavelength,
imum of the laser pulse. At that time, the number of fredetermined by the value needed to overcome recombination
electrons is so large that avalanche ionization starts to govéweses. For pulses in the lower picosecond and femtosecond
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1014: . generation of seed electrons ceases to be the critical hurdle for
f ] the breakdown process. At pulse durations between 20 and 5

5 il ps, the difference between the breakdown dynamics and the

=10 E threshold values for pure and impure media diminishes.

Z 0 2) Free Electron Density Near Thresholdtig. 4  shows

S 1p12] the maximum free electron densipy..x as a function of the

zc, irradiance near threshold. The calculations were performed for

§ 1l pure water. The slope of the,..(I) function represents the

£ 10 sharpness of the threshold phenomena and of the transition

. i i between plasma and nonplasma regions. For 6-ns pulses, a
1010 ‘ R S s sharp increase of the free electron density is observed at

Tps 1ns threshold (1064 nm) or slightly below threshold (580 nm)

T

because the cascade ionization proceeds up to the critical

Fig. 3. Threshold irradiance for laser-induced breakdown as a function [ ron nsi r val [ n h
pulse duration for 580 nm (solid curve), for 1064 nm in pure water (dotte% ectron dens ty, or to a value close fg;, as soon as the

curve), and for 1064 nm with a background electron density due to impuritiB€aK irradiance in the pulse is high enough t(_) prO_Vide a start
(dashed curve)p., = 102° cm~3, spot size 5um. electron for the cascade. At superthreshold irradiapggs

is limited by the increasing influence of recombinatiotpf).
;I'he irradiance dependence of the maximum free electron
V\}iensity becomes continuously weaker with decreasing pulse
duration. The smooth increasép,,.,/d! for femtosecond
pulses reflects mainly the irradiance dependence of the
multiphoton ionization rate. With femtosecond pulses, the
B. Breakdown Thresholds maximum electron density is not limited by recombination
1) Threshold Irradiance:Fig. 3 shows the irradiance processes, because the laser pulse duration is much shorter
threshold as a function of pulse duration for pure watéhan the recombination time.
and for water with seed electrons provided by impurities.
When impurities are present, the threshold for nanosecond ) .
pulses corresponds to the irradiance needed to equilibrate ¢heAbsorption Coefficient
recombination losses at the critical electron dengity= 10%° The different evolution of the free electron concentration for
cm~3. The pulse duration dependence in this region igifferent pulse durations (Fig. 1) results in variations of the
therefore, very weak. When the pulse duration is reducgthsma absorption, because inverse bremsstrahlung absorption
below the recombination time, the threshold is determined bigpends on the number of free electrons in the interaction
the irradiance required to complete the breakdown cascadgume. The time averaged plasma absorption coefficient
during the laser pulse. The pulse duration dependence in thj§,..., Which was calculated according to (7), is plotted as
region is proportional tor; ®®. For pulse durations below a function of pulse duration in Fig. 5. For nanosecond pulses,
100 fs, where multiphoton ionization starts to play an ever,...., is approximately constant, with a value of about 815
larger role, the irradiance dependence becomes weaker again-! at a wavelength of 580 nm. The constant absorption
It approache&L_l/k in the regime of dominant multiphoton coefficient results from the fact that the evolution of the free
ionization (below 40 fs for 580 nm). electron density is very similar for all pulse durations in the
The threshold values are always lower at 1064 nm thaanosecond regime. During the first part of the laser pulse, the
at visible wavelengths, because the cascade ionization rie electron density is almost negligible, but very soon high
increases with wavelength [see (4)]. values close to the critical electron density prevail (Fig. 1).
When the breakdown occurs in pure water [Fig. 3(a)], the When the pulse duration is reduced below 1 §isma
thresholds at visible wavelengths are identical to those founddacreases and reaches a minimum value of 110'canound
impure media. This is because seed electrons can be generatgxs. The decrease is due to the fact that a high electron
by multiphoton ionization at an irradiance lower than thatoncentration is now reached only later during the laser
required to overcome the recombination lossespat At pulse, after the irradiance maximum is surpassed (Fig. 1). The
1064 nm, however, a much higher irradiance is needed falbsorption coefficient grows again in the femtosecond domain,
multiphoton ionization, and the breakdown threshold is, hendggcause the increasingly strong generation of free electrons
determined by the irradiance necessary to provide the stiaytmultiphoton absorption results in an earlier rise of the free
electrons for the breakdown cascade. At 1-ns pulse duratielectron density.
and 5um spotsize, the threshold calculated for pure water At 1064 nm, the aplasma(7z)-Curve is not plotted for
is &6 times higher than the value obtained for impure watepulse durations above 10 ps, because near threshold the final
The threshold remains constant as long as the pulses are lorgdectron density depends so strongly on the irradiance (Fig. 4)
than the rise time of the cascade. When the pulse duratiorthat numerical round-off errors led to large variations in
reduced below this value, the irradiance must increase for time calculated value of the maximum electron density and
avalanche to be completed during the laser pulse. This raisiess also inoplasma. The trends shown by the calculations
the probability of multiphoton processes, and the multiphotamere, however, very similar to the pulse duration dependence

range, the time evolution in the presence of impurities
similar to that in pure water (Fig. 1) and therefore not sho
here.
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Fig. 4. Maximum free electron density as a function of irradiance for different pulse durations and wavelengths. The horizontal axis has bemm normali
to the threshold irradiancé;.t. calculated for a critical electron density of 200cm—3.

observed for 580 nm. The absolute value of the absorption  1ocor . .
coefficient in the nanosecond regime was about 1200'cm 0

D. Energy Density

Fig. 6 shows the energy densityn the breakdown volume ¢
as a function of pulse duration. The parameter dependence <
of ¢ may differ from that of the radiant exposure threshold
because it refers to the absorbed fraction of the light energy
whereas the radiant exposure relates to the total amount of
incident light energy. The energy density was calculated using
(8) and assuming., = 10?° cm=2. It decreases from values 1ps Tns
exceeding 100 kJ/ctnfor 100 ns-pulses te=100 J/cn? for T
femtosecond pulses, i.e., far below the evaporation enthalfy 5. averaged plasma absorption coeficient as a function of pulse dura-
of water (2.5 kJ/crh at room temperature). For nanosecontbn for 580 nm (solid) and 1064 nm (dashed).
pulses, the energy density is roughly proportional to the laser
pulse duration (Fig. 3). For pulse durations below 10 ps, hardbnization, cascade ionization, and recombination during the
any change in energy density is observed. breakdown process. They suggest that, for nanosecond pulses
The energy densities calculated in the picosecond aatlinfrared wavelengths, the breakdown threshold in pure water
femtosecond domain are almost identical for 1064 and 580determined by the irradiance required to produce the first
nm (dashed and solid lines) because, at these pulse duratifiesy electron by multiphoton absorption. At that irradiance,
the evolution of the free electron density is similar for botlwhich is reached at the maximum of the laser pulse, the
wavelengths (Fig. 1). For pulse durations longer than 10 ps, tt@scade ionization rate is so high that the breakdown cascade
energy density at 1064 nm could not be estimated accuratplpceeds almost instantaneously to the critical electron density
due to the explosive growth of the electron density neérig. 1). Plasma formation is, therefore, completed already
threshold (Fig. 4). very shortly after the peak of the laser pulse. These findings
are in agreement with the results of previous experimental
V. Discussion investigations of plasma formation in distilled water [16], [30],
[32]. The behavior differs at visible wavelengths, where the
difference between the multiphoton and cascade ionization
The results of the calculations of the evolution of theates is much smaller. Due to the higher probability for mul-
free electron density characterize the interplay of multiphotdiphoton ionization, the electron density rises well before the

A. Evolution of the Free Electron Density
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i ' i i i ' 7 to overcome the time constraints given by the fact that each
107 E doubling sequence in the avalanche takes a minimum time
1 of 7.on = 7k. For A = 1064 nm, for examplek is 6, and
107 3 the minimum doubling time is 6 fs. If not every collision is
i ] coupled with an inverse bremsstrahlung event, the doubling
104; E time may even be considerably longer. Assuming, = 6
- Evaporation enthalpy ] fs, a cascade starting from one seed electron can produce
1031 4 no more than2!%/6 =~ 105 free electrons within a 100-fs

g ] pulse—regardless of the irradiance of the incident laser light.
1021 ] The amplification factor of 10implies that a free electron
1'ps — ' ’ density of 106° cm™3 must be produced by multiphoton

7 ionization to reach the critical electron densjty, = 10%°

Fig. 6. Energy density after optical in pure water, plotted as a function 2. If the multiphoton I(_)nlza,tlon rate Is c_)verest|mated
pulse duration for 580- (solid) and 1064-nm pulses (dasheq).ae 102° by the Keldysh theory, this will thus only influence the

cm?. For comparison, the evaporation enthalpy of water is also indicatdgreakdown threshold values, but it cannot affect the principle
The dashed and solid lines overlap in the subnanosecond region, indicating

the energy densities of picosecond and femtosecond plasmas are indeperﬁggﬁtem preser_1ted "_1_ Fig. _1' The cqrrespondlng changes of
of wavelength. the threshold intensities will be relatively small, because the

number of electrons created by photoionization depends very

) L . ) strongly on the irradiancéxZ*).
maximum irradiance is reached, and the threshold is therefore gy eI

determined by the interplay between cascade ionization and
recombination. Since the ionization cascade is slowed down Breakdown Thresholds
by recombination processes, the critical electron density her

's also reached only at the peak of the laser pulse. calculations yield no difference between the breakdown

thel,\n ﬁ:r;f hfael;nﬁsfhcgr;gsgromﬁg]e’ g:gs(t:rgjfe delk()a Ctrrzzﬁi c:]L:)rt'(r)tlrﬁfreshoIds in pure water and in the presence of impurities. This
S . P y P esult has been verified by the experimental results reported
ionization. However, since the number of electrons created }// Kennedy et al. [16]. A strong influence of impurities
cascade ionization incre_ases exponenti_ally "T‘ t(me)/dt)_“ is, however, predicted for infrared wavelengths and long
.p) \{vhe'reas . numbgr '!"Cf‘f’ases on!ylmeanly by multiphot Ise durations, where the creation of the first electron is
!on|zat|on, cascade |on|za_t|on dominates nevertheless e\Ra prerequisite for the whole breakdown process. Impurities
in the femtosecond domain. We found that only for puls%

durati bel 20-f itioh ionization b cilitate the generation of the initial electrons and can thus
urations below 40-fs multiphoton lonization becomes tr]girgely change the temporal evolution of the electron density

dominant process, in accord with the results of other auth(iﬁg_ 2) and reduce the breakdown threshold [Fig. 3(b)]. The
[23], [24]'_ o calculations yield a reduction of the breakdown threshold by
Recent investigations by Det al. [34] and Lenzneet al. , tactor of 6 for a spot size of &m. This compares well
[25] raised the question whether the Keldysh theory (3) yielQG, experimental results where the ratio of the threshold
correct multiphoton ionization rates for condensed mattgfsi es in distilled and tap water varies between 2 and 7,
because |.t does not consider the mfluepce of coI_I|S|ons 88pending on spot size (see the review of experimental data
electrons in the valence band. Lenzeeal. fitted (1) without  given in [16]). For pulse durations shorter tha20 ps, the
diffusion and recombination terms to femtosecond breakdowfteshold irradiance must be so high to complete the ionization
threshold data for barium aluminum borosilicate glass (BBgascade during the laser pulse that the initial electrons can
bandgap 4 eV) and fused silica (bandgap 9 eV). The b readily created by multiphoton ionization and the impurity
fit was obtained with a multiphoton ionization rate whiclyependence disappears completely.
was two and six orders of magnitude smaller than the ratesp) Threshold Irradiance in Pure WaterTable I lists some
predicted by the Keldysh theory for BBS and fused silicgalues of breakdown thresholds determined experimentally
respectively. Comparable investigations for water have n@y distilled and filtered water [17], [19], [30] along with
yet been performed. It is worthwhile noting, however, thahe threshold values calculated for pure water using our rate
a smaller multiphoton ionization rate than assumed in odfuation model. The threshold irradiance was calculated for
calculations will not change theualitative picture of the two values of the critical electron density;, = 102° cm=2,
interplay between the multiphoton and cascade ionizatigind p.. = 10! cm 2. The comparison of measured and
portrayed in Fig. 1. As already mentioned above, there jigedicted threshold data is an indirect way to determine the
convincing evidence that multiphoton ionization is necessagyitical electron density for optical breakdown in water which
for the initiation of nanosecond breakdown in pure watehas not yet been measured to date.
because the thresholds measured in distilled water with 6-ng=or nanosecond pulses, the measured and predicted thresh-
pulses at 1064 nm were one order of magnitude higher than tiids agree well under the assumption @f = 102° cm 3.
irradiance values required for avalanche ionization alone [3®or 30-ps pulses, howeves,, = 10>! cm~2 yields a much
In the femtosecond domain, on the other hand, large numbbester agreement, both for infrared and visible wavelengths,
of free electrons must be produced by multiphoton ionizatiaand the agreement for this value @f remains better also in

e/ Jem?

e - -
1) Influence of Impurities:For visible wavelengths, our
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TABLE I of the threshold irradiance, in clear disagreement with the

COMPARISON OF MEASURED BREAKDOWN THRESHOLDS I}, AND THRESHOLDS experimental results in Table Il. For nanosecond pulses at
(Zrate) PREDICTED BY THE RATE EQUATION MODEL. Irate 20 WAS

CALGULATED ASSUMING A CRITICAL ELECTRON DENSITY OF 1020 infrared wavelengths, the thresholds remain the same, because
cm—3, AND Irate 21 REFERS TO ACRITICAL DENSITY OF 10%! cm—3, they are determined by the irradiance required to produce the
ALL THRESHOLD INTENSITIES ARE GIVEN IN UNITS OF 1011 W/cn?* initial free electrons through multiphoton ionization.

3) Free Electron Density Near Threshol@’he  calcula-

7 A/mm wo/pm T Trate2o  Tratenn Ref. () tions of the p..x(I) dependence near threshold predict

76ns 750 200 09 0.4 1.9 [19] that the threshold becomes smoother with decreasing pulse
duration (Fig. 4). With nanosecond pulses, the maximum

6ns 1064 7.7 05 0.5 4.0 (30] free electron density increases sharply as soon as the peak
irradiance in the pulse is high enough to provide a start
6ns 532 53 03 0.4 3.6 [30] electron for the impact ionization avalanche. Even though
30ps 1064 47 45 1.0 44 [30] the threshold is sharp, it is, however, probabilistic bgcause
the occurrence of breakdown depends on the multiphoton
30ps 532 34 38 0.9 3.6 [30] generation of a small number of initial electrons or on the
presence of impurities. With pulse durations of 30 ps and,
3ps 580 50 85 71 90 [19] particularly, with femtosecond pulses, the maximum electron
3005 580 50 476  39.0 48 [17] density reached during breakdown increases steadily with

growing irradiance. Since photoionization occurs already

100fs 580 44 111 84.0 08 [19] at subthreshold irradiance, many start electrons are always
available for avalanche ionization. The breakdown dynamics
thus loses much of its probabilistic character and becomes
the femtosecond range. The lower valuegffor nanosecond more deterministic [30], [36].
pulses can be explained by the fact that the breakdown cascadgt superthreshold irradiance, the prebreakdown effects for
in this region is limited by recombination processes which pldgmtosecond pulses should result in a region adjacent to
little or no role during picosecond or femtosecond pulses. THee breakdown zone where the medium is heated but the
high value ofp, = 10?* cm~2 for the femtosecond pulseselectron density and, therefore, the energy deposition is too
is, on the other hand, necessary to create the plasma end@yy for vaporization to occur. These predictions agree well
density required for the bubble formation associated witith experimental observations, where heating of the liquid
optical breakdown (see Section V-D). It should be emphasizegstream of the laser-produced bubble was observed by means
that the electron density ¢f.. = 102! cm~3 does not exceed Of a Schlieren technique [17], [33] (Fig. 7).
the limit above which the plasma becomes highly reflective The model suggests the possibility of subthreshold effects,
(3x10?* cm=2 for 580 nm and %¥10** cm—2 for 1064 nm). i.e., of energy absorption without the occurrence of breakdown

There are two other parameters in our rate equation moddth its associated violent effects, also for 6-ns pulses at 580
that have not been determined experimentally: the initiam (Fig. 4). Such prebreakdown effects, in the form of a slight
number of electrons in the focal volume required to stafgduction in transmission without formation of a luminescent
cascade ionization and the mean free time between collisiopsma, have indeed been observed with 6-ns pulses at 532

Assumptions of the number of start electrons influence tien [32].
calculated threshold values for infrared wavelengths and pulselhe model predictions for superthreshold irradiance should
durations above=20 ps (Fig. 3). Kennedy [21] and Voget be interpreted with care, because above threshold plasma
al. [30] have pointed out that a single start electron mighg produced also upstream of the focal region [30], [32],
be insufficient to assure the evolution of the electron casca@@] (Fig. 7). Our model does not consider the shielding
to the critical density everywhere in the breakdown regioeffects of these plasma parts and therefore overestimates the
This argument applies particularly for picosecond pulses whegtectron densities reached at the beam waistffor I;),.
the electron diffusion during the laser pulse is negligible. ThEhis overestimation is particularly strong for femtosecond
dependence of the threshold irradiance in the initial numbeulses, where an almost linear increase in electron density
N of electrons is, however, fairly weakx(/N) because of is predicted for increasing irradiance (Fig. 4). The plasma
the strong irradiance dependence of the multiphoton ionizatishielding probably prevents that electron densities above 10
rate (2). cm—2 are reached for which plasma reflection would need to

The mean free time between electron-heavy particle cdle considered. We found in previous experiments with 6- and
lisions assumed in our calculations is= 1 fs, following 30-ps pulses that the plasma reflection back into the focusing
estimates by Bloembergen [4] and Kennedy [21]. Proeko angle is less than 2% fak/I;, < 6 [32].
al. [35] reported values between 0.5 and 5 fs in silicon. If . .
a value of 5 fs is used for the calculations, the thresholfs APsorption Coefficient
for 100-fs pulses increase by only approximately 70% for The trends predicted for the plasma absorption coefficients
visible and infrared wavelengths. For nanosecond pulses(lig. 5) agree very well with recent experimental observations
visible wavelengths, however, the five-fold increase in thef the pulse duration dependence of plasma transmission
mean free time between collisions leads to a four-fold increade’']-[19], [32]. Fig. 8 shows that the plasma transmission
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Fig. 8. Measured transmission through the breakdown volume as a function
of pulse duration. All experiments were performed at six times threshold. The
wavelength was 750 nm for 76-ns pulses, 1064 nm for 6-ns pulses, 532 nm
for 60-ps pulses, and 580 nm for all other pulse durations [19].

free electrons. The energy gained by the electrons is then
Fig. 7. Optical breakdown region at superthreshold irradiance. (a) Puls@nsferred to the heavy plasma particles through collisions
durationT;, = 6ns, wavelength\ = 1064 nm, focusing angl€ = 22°, nd r mbination. r [tina in h in f th mi n

E = 8.2 mJ, andE/E.;, = 60; picture taken 10 ns after the start of thefrjl d ecombinatio N esulting . a heating of the ato .C.a d
laser pulse. (b7 = 30 ps, A = 1064 nm, © = 14°, E = 740 pJ, 10NIC plasma_ constituents. Obviously, the numbe_r of COII|§|0ns
E/E,, =150, At = 8 ns, and (c)r, = 100 fs, A = 580 nm, © = 16°, and recombination events as well as the resulting heating of

E = 35 pd, E/Ey, = 200, and At = 2 us. The photographs in (a) and ; -
(b) are adapted from [8], and the photograph in (©) is from [17]. The Iasthe heavy plasma particles are proportional to the laser pulse

e . . )
light producing breakdown was incident from the right. The bar representsdyrauon- The plasma energy density must therefore increase
length of 100um. After the nanosecond and picosecond pulses, the breakdowlith increasing laser pulse duration, as shown in Fig. 6.
region is well delineated. One can see the luminescent plasma as well as th1:Or a more detailed analvsis of th curve in Fig. 6
cavitation bubble and the shock wave produced by the plasma expansion, but y .. erL) 9.5, .
no other changes are observed in the surrounding liquid. In contrass, 2 W€ need to look 5_“ th_e characteristic times for EIGCFr(_)n cooling
after the femtosecond pulse, (c) refractive index changes are visible in e transfer of kinetic electron energy during collisions) and

laser beam path upstream, the cavitation bubble indicating that the liquid W%?ombination The time constant for electron cooling is in
been heated by the laser pulse. The refractive index changes were made vigj )

e ) 2
by slightly defocusing the image. A contribution of acoustic transients to tlibe order of only a few picoseconds [38]. The recombination
observed refractive index changes was excluded by taking the photogrgishe can be considerably longer than this at low or moderate

after the transients had propagated out of the imaged region. electron densities, because the frequency of recombination
events is proportional t@? (1). For p., = 10%° cm™3, it
increases with decreasing laser pulse duration until it reachakes about 40 ps until the free electron density decreases by
a maximum at about 3 ps but decreases again for femtoseconé order of magnitude from its peak value (Fig. 1, 30 ps).
pulses. The reason for this behavior is explained by theFor femtosecond pulses, the laser pulse duration is shorter
evolution of the free electron density in Fig. 1. For nanosecotitn the electron cooling and recombination times. Hardly any
pulses at infrared wavelengths, the first half of the lasenergy is transferred during the laser pulse, and the energy
pulse is almost completely transmitted due to the absersensity deposited into the breakdown region is, therefore,
of the free electrons in the focal volume. The other half isimply given by the number of the free electrons produced
however, almost completely absorbed due to the high elatiiring the pulse multiplied by the mean energy gain of
tron concentration generated by the rapid cascade ionizatieach electrone = (3/2)p..AE (see Section IlI-C). At pulse
This agrees well with the experimental observation that tliirations longer than a few picoseconds, kinetic energy is
transmission through the focal volume drops immediately thuring the pulse continuously transferred from the electron
50% when a plasma is formed at threshold energy [32]. Widnsemble to heavy particles while it is gained from the incident
decreasing laser pulse duration, the cascade becomes sldagar light. This leads to an increase of the energy density with
with respect to the laser pulse duration and an increasigpwing pulse duration. When the pulses are longer than a
fraction of the laser pulse energy is therefore transmittdéelw tens of picoseconds, a similar dynamic equilibrium is also
during the second half of the laser pulse (Fig. 1, 30 ps). Witstablished between the energy transfer through recombination
a further reduction of pulse duration, ever more electrons dosses and the generation of free electrons by the laser light.
generated by multiphoton ionization during the initial phase dthe increase of energy density witty becomes therefore
the laser pulse. As a consequence, the fraction of laser putsen faster (Fig. 6). For pulse durations longer than the
energy being absorbed increases again. recombination time, a change of the slope of ;) curve
can only occur because of alterations of the time evolution
p(t/rr,) of the electron density. In the nanosecond range,
The deposition of laser pulse energy into the medium ighere p(t/7r) is largely constant (Fig. 1), the calculated
mediated by the generation and subsequent acceleratiorenérgy density is proportional to the laser pulse duration.

D. Energy Density at Threshold
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The strong pulse duration dependence of the plasma ene@janges of the irradiance distribution by self-focusing may,
density explains the experimental observation that the intendiiyerefore, locally increase the energy density above the average
of the plasma luminescence decreases with decreasing puisiele for the whole breakdown region and thus facilitate
duration until the luminescence is no longer visible for puldeubble formation.
durations of 3 ps or less [16], [19] (a, < 3 ps, cavita-  We conclude that the rate equation model leads to a fairly
tion bubble formation becomes the experimental criterion fgood agreement with experimentally determined plasma en-
optical breakdown in water). The pulse duration dependeneryy densities for pulse durations from 100 fs up to a few
of ¢ explains also why the mechanical effects (shock wavenoseconds ip., = 10! cm™2 is assumed for; < 30 ps,
and cavitation) are far less pronounced with ultrashort lasendp.. = 10*° cm—2 for nanosecond pulses. This assumption
pulses than with nanosecond pulses [17], [19]. Femtosecaalceady led to good agreement with the experimental results
pulses allow one to create effects consisting of no more thaiffioa the breakdown thresholds (see Section V-B2).
vaporization of the material in the breakdown volume whereasThe model does not yield reliable results for the plasma
the minimal effects of nanosecond pulses are much maeergy densities at pulse durations longer than a few nanosec-
disruptive [8], [14], [19]. onds, because it does not consider plasma expansion during

Experimental estimates of the plasma energy density aftee laser pulse. Furthermore, the assumption of constant rates
laser-induced breakdown were obtained by measuring tfoe the various breakdown processes made in (1) becomes
volume of the breakdown region and the plasma absorption [8]creasingly incorrect at long pulse durations, because the
[19]. We found energy densities e$40 kJ/g for 6-ns pulses, breakdown region is here strongly heated throughout the
~10 kJ/g for 30-ns pulses [8], and less than 1 kJ/g for 100-¢gcond half of the laser pulse when the water is transformed
pulses [19]. The calculated value for 6-ns pulse duration (150 a supercritical state. A change of the rates hardly affects
kJ/g) is approximately four times higher than the measurdie threshold calculations, because little heating occurs before
e value for the same pulse duration. This still appears to liee critical electron density is reached. It does, however, affect
reasonable considering the experimental uncertainties and tte modeling of the plasma energy density in cases where a
simplifying assumptions made in the model, particularly thieigh electron density prevails for a long time.
neglect of the plasma expansion during the laser pulse, whiciBreakdown thresholds in water have not yet been measured
leads to an overestimation of the energy density for long lader pulse durations below 100 fs. We can infer from Fig. 6
pulse durations. The values calculated for 100-fs and 30+hat the threshold energy density at these pulse durations does
ps pulses (150 J/chnand 550 J/cr, respectively) are by not decrease below the value at 100 fs, because otherwise
about one order of magnitude smaller than the experimentlaé breakdown criterion of bubble formation would not be
values. Both calculated values are, furthermore, much smalfeffilled. The energyrequired for breakdown, however, may
than the evaporation enthalpy of water (2.5 kJ#gniThey still decline because of the increase of the time averaged
can, thus, not be correct, because optical breakdown in watbsorption coefficient shown in Fig. 5. The breakdown energy
is always accompanied by bubble formation [16], [19]. Anay be further reduced by a spot-size reduction due to self-
much better agreement with the experimental observationsfasusing which, forr;, < 100 fs, becomes important even
achieved when the calculations for pulse durations of 30 pswmder tight focusing conditions [24].
less are performed using a critical electron dengity= 10%!
cm~2. Thee values then change to 1.5 k/J&fior 100-fs pulses
and 5.5 k/Jcrh for 30-ps pulses, which agrees within a factor
of 2 with the experimental data. VI. CONCLUSIONS

The above results show that the assumptiomof= 10'% The numerical solution of the rate equation for the free
cm~® made by Kennedyet al. [5], [16] for femtosecond electron density under the influence of an intense laser pulse
breakdown and by Niemz [22] for all pulse durations is mucfrovided a consistent picture of the optical breakdown dy-
too low. namics in aqueous media. It allows for the time evolution

The calculated and experimental values of the energy dejfi-the electron concentration to be followed and the con-
sity obtained forr;, = 100 fs amount to only=~50% of the tributions of multiphoton and cascade ionization as well as
evaporation enthalpy of water. This may have two reasonsthe influence of electron—hole recombination to be analyzed.

1) Bubble formation is supported by thermoelastic effect@n this basis, it was possible to derive the pulse duration

The tensile stress component of the bipolar stress wadependence of various key features of breakdown: breakdown
produced by the thermoelastic expansion of the heatddeshold, threshold sharpness, plasma absorption coefficient,
breakdown volume [39] reduces the vaporization energynd plasma energy density. We could explain the experi-

as compared to isobaric conditions. mentally observed pulse duration dependence of the plasma

2) The power required for optical breakdown at 100 fs artdansmission and why the mechanical effects associated with

a spot diameter of 4.4m (see Table Il) is 1.69 MW. femtosecond breakdown are significantly smaller than those
This is close to the critical poweP,, for catastrophic observed after plasma formation with nanosecond pulses.
self-focusing which isP/, = 2.4 + 1.2 MW for 30-ps The best quantitative agreement with experimental data was
pulses [40] (we are not aware of measurement®of achieved under the assumption that the critical electron density
or of the nonlinear refractive index of water performedor breakdown is~10?! cm~3 in the femtosecond and lower
with fs-pulses). picosecond regime, and10?° cm™2 for nanosecond pulses.
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Corrected values in Table Il of
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All values have been recalculated, and the underlined values have been corrected

Irate‘ZU Irate?l

0.2 1.9
0.5 1.1
0.4 3.6
1.0 1.3
0.9 3.6
40 53|

2.6 109




