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Optical breakdown in aluminum vapor induced by ultraviolet laser radiation
V. I. Mazhukin, V. V. Nossov, and M. G. Nickiforov
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Theoretical analysis of the evolution of nonequilibrium plasma induced by ultraviolet laser radiation
is carried out. Intensity threshold values are studied by mathematical modeling as a function of
laser-pulse wavelength. Basic mechanisms of nonequilibrium ionization of aluminum vapor are
analyzed and the dominant role of photo-processes, namely, resonant and nonresonant
photoexcitation and photoionization, is shown. The modeling results are in good agreement with
experimental data on optical breakdown in aluminum vapor by the excimer laser radiation in
nanosecond and microsecond range. ©2003 American Institute of Physics.
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I. INTRODUCTION

A powerful laser radiation flux focused at the target s
face causes its evaporation, optical breakdown, and deve
ment of a plasma in the evaporated material. The appear
of the plasma near irradiated surfaces of solid bodies cha
qualitatively the character of thermal and mechanical in
ence of powerful laser radiation on the target. Therefo
determining the threshold conditions of evaporation a
plasma formation is an important task for numerous la
applications. On the other hand, the development and pr
ising applications of high-power excimer lasers~e.g., pulsed
laser deposition1,2 and laser shock processin
technologies3,4! has given the priority to investigations of th
ultraviolet ~UV! rangeof laser action.

The process of pulsed laser evaporation accompanie
plasma formation in the evaporated material is a comp
and manifold phenomenon. It can only be described wit
the framework of a so-called conjugate approach that sim
taneously takes into consideration the processes of none
librium heating and ionization in condensed and gaseous
dia. In view of the complexity of the problem, it is expedie
to separately investigate its constituent aspects.

The present work considers only the initial stage
plasma formation–optical breakdown in aluminum vap
induced by UV laser radiation with the wavelengthl1 rang-
ing from 0.4 to 0.1mm. The choice of the initial stage o
plasma formation as a subject of the investigation is g
erned by the following reasons. Optical breakdown is a n
equilibrium process of transition of the medium from t
stage of a partially ionized gas transparent for laser radiat
in which ven@vei , into an opaque for laser radiation plasm
where the inverse relation is fulfilledven!vei . Here,ven, vei

are the frequencies of electron-neutral and electron-ion in
actions. To describe this process, it is sufficient to apply
appropriate kinetic collision-radiation model supplemen
by the energy balance equations.5,6 In a medium, that is ini-

a!Electronic mail: smurov@enise.fr.
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tially at rest, the radiation transfer and the macrosco
movement of vapor start much later, when the system
proaches the state of local thermodynamic equilibriu
therefore, at the initial stage of breakdown they can be
glected. Thus, mathematical formulation of the problem g
simpler, while the threshold conditions of plasma formati
and its characteristic duration can be determined with su
cient accuracy.

The investigation of the mechanisms of optical brea
down in metal vapors, as well as the interaction and chan
of these mechanisms, makes it necessary to analyze th
netics of multilevel systems populating that can be quant
tively described by appropriate kinetic models. Note that
collision-radiation models5,6 that have earlier been applie
for modeling optical breakdown of metal vapors of Al an
Cu by the action of CO2 and yttrium aluminum garne
~YAG!-lasers cannot now be used for similar purposes in
case of the excimer laser. As it was noted before, in
infrared ~IR! range, the main mechanism of electromagne
field energy dissipation is the inverse-bremsstrahlung ef
whose cross section changes with growing frequency
v23.7 This means that in the UV range, the efficient heati
of the electrons will be diminished sharply. Consequently,
the UV range, the breakdown must be achieved by a con
erable increase of the threshold intensityG* . According to
the classical theory, the frequency dependence of the thr
old intensity has the formG* ;v l

2.7 At the same time, nu-
merous experiments8–20 point to the opposite. In the UV
range, the threshold intensity has been found not to incre
but to decrease. In pure gases, the classical dependencG*
;v l

2 is satisfied up to the frequencies corresponding to t
of the ruby laserv l'531014 s21.8 The main peculiarities of
the interaction of radiation with a vapor in the UV range a
attributed to the fact that the value of the quantum becom
comparable to the excitation energy of the electron states
the potential of their ionization. An important role of th
photoionization process in optical breakdown in metal v
pors induced by 0.35mm laser radiation has been confirme
by calculations.11,21 However, in those works, photoexcita
© 2003 American Institute of Physics
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tion processes were neglected. The results of the pre
work revealed that in the excimer laser radiation–vapor
teraction, an important role is played by the processes
nonresonant photoexcitation and photoionization of ato
and ions by the laser radiation.

At present there exists extensive experimental inform
tion on optical breakdown in gaseous media induced by
laser radiation in the UV range. However, interpretation
some experimental results on interaction of UV radiation
quite difficult because of a complex nonequilibrium chara
ter of the processes as a whole. Moreover, most avail
experimental data have been obtained using different crit
of plasma formation that are not only different from o
another but also from theoretical estimations.22 In our article,
we attempt to analyze, from a general point of view, t
kinetics of UV laser-induced optical breakdown in Al vapo
and compare the theoretical predictions for plasma forma
thresholds to experimental data.

From the theoretical point of view, the principal purpo
of the work is to develop a nonequilibrium kinetic model f
a multilevel system that is typical for atoms and ions
metals, taking into consideration not only collision-radiati
transitions but also the main photoionization-recombinat
processes. Simultaneous consideration of the energy bal
of two subsystems—the electronic and atomic-ionic one
makes it possible to apply it for the description of optic
breakdown in a wide frequency range\v lP@0.1– 10# eV
that approximately corresponds to the radiation range
modern lasers ranging from the CO2 laser to the ArF excimer
laser. The developed kinetic model was used to model s
eral interaction regimes close to experimental situations9–11

in which optical breakdown in aluminum vapor by the ex
mer laser radiation was investigated.

II. STATEMENT OF THE PROBLEM

The laser radiation of the intensityG5G03 f (t) with
the wavelengthl l and the temporal formf (t) directed to a
thin layer of an evaporated material with the temperatureT0

and the densityr0 . If the maximum radiation intensityG0 is
smaller than a certain threshold valueG* , the evaporated
substance turns out to be optically transparent and the l
radiation passes through the system under considera
practically with no absorption. AtG0.G* , the optical thick-
ness of the layer turns out to be sufficient for the initial la
radiation to be absorbed. The laser radiation absorption le
to an additional heating of the medium and to an increas
its optical density, which ultimately results in an avalanc
ionization of the evaporated material. At the moment of o
tical breakdown, the collision frequencies are approximat
equalven'vei .

5,23 The dynamics of the process depends
both the characteristics of the evaporated material~its tem-
perature, density, electron configuration, transition ene
and the ionization potential of atoms! and the laser action
mode ~the intensity, the wavelength, the duration, and
pulse temporal shape!.

The vapor is assumed to be initially in an equilibriu
state. The corresponding initial concentrations of electr
and ions in the ground and excited states can be found f
Downloaded 21 Sep 2013 to 150.216.68.200. This article is copyrighted as indicated in the abstract
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the Saha–Boltzmann equations. The initial values of the te
peratureT0 and the densityr0 of the vapor correspond to th
parameters of the onset of intensive evaporation of the m
under normal conditions:T05Tb , r05r(T0), whereTb is
the equilibrium boiling temperature. The medium withT0

and r0 defined in this way corresponds to the state o
partially ionized gas with a moderate ionizationa5Ne /N0

!1'(102521024). At a later time, at a sufficient laser ra
diation intensity and as a result of the invers
bremsstrahlung effect or photoionization heating of free el
trons in a metal vapor, conditions adequate for initiating
avalanche ionization, i.e., optical breakdown can be realiz

A. Transient collision-radiation model

In an evaporated matter~the vapor! interacting with laser
radiation, a great number of elementary reactions take pl
The total of them determines the character of the macrop
cess. Mathematical models describing the level–by–level
netics, photoprocesses and ionization-recombination p
cesses are based on the electron configuration of atoms
ions under study.5 Considerations of the threshold condition
of plasma formation showed that the characteristic temp
ture of the electron gas does not usually exceed a few e
tron volts. Therefore it is sufficient to restrict a mathematic
description of optical breakdown by the account of kine
processes for the case of a neutral atom with the ioniza
potentialJ055.986 eV. Table I represents the principal e
ementary processes that are taken into account in
collision-radiation model as well as the expressions for
reaction rates. A sketch of the processes is shown in Fig

B. System of equations

The concentration of charged particles~ionsNi and elec-
trons Ne , Ne , Ni) and the population of excited levels i
neutral atomsNn are described by the following system o
nonlinear differential equations:

dN0

dt
52 (

m51

M

~k0mN02r m0Nm!Ne

2~a0N02b0NiNe!Ne1 (
m51

M

Am0Nm2 (
m51

M

v0m
c

3S N02
g0

gm
NmD2 (

m51

M

v0m
l S N02

g0

gm
NmD

2~v0
l 1v0

c!N01~R0
c1R0

l !NiNe , ~1!

dNn

dt
5 (

m50

n21

~kmnNm2r nmNn!Ne2 (
m5n11

M

3~knmNn2r mnNm!Ne2~anNn2bnNiNe!Ne

1 (
0<m,n

vmn
l S Nm2

gm

gn
NnD2 (

n,m<M
vnm

l S Nn

2
gn

gm
NmD1 (

0<m,n
vmn

c S Nm2
gm

gn
NnD
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TABLE I. The elementary processes included into the model. In the case of the values having double subscripts, the first subscript denotes the nuthe
initial transition state and the second subscript denotes the number of the final transition state;z is the charge of ion,z51; jn is the quantity of equivalent
electrons in then-th state;Smn(Dv) is the spectral function of the Voigt profile of the line characterizing the dependence of the laser excitation react
on the amount of the discrepancy between the laser frequencyv l and the transition frequencyvmn

0 . Smn(Dv) is calculated as a convolution of the Dopple
Smn

D (Dv) contour and the LorentzSmn
L (Dv) contour~see Ref. 25!.

Reaction name
Reaction type Notation Rate coefficient Ref.

1. Spontaneous decay
Alm→Aln1\vmn Amn @s21# Amn583105$DEmn /Ry%2gm /gnf mn 24, 25
2. Collisional excitationÕdeexcitation
Alm1e↔Aln1e kmn ,r nm

@cm33s21#
kmn51.583105f mn /(DEmnTe

0.5)exp$DEmn/Te%Qmn

Qmn5A1Cxmn1@Bxmn2C(xmn)
2

1D#exp$DEmn/Te%Ei(xmn)
r nm5kmngn /gm exp(2xnm), xmn5DEmn /Te

26, 27

3. Collisional ionization
Alm1e→Al i12e am @cm33s# am53.1431026@jmEi(xm)#/(Te

3/2xm)exp(2xm) 28, 29

4. Three-particle recombination
Al i12e→Alm1e bm @cm63s#

bm5am3
gm

geg0
H2p\2

mTe
J3/2

exp~xm!
7

5. Laser-induced photoionization
Alm1\v l→Al i vm

l @s21#
vm

l 5S G

\v,
D3sm~\v,!, sm57.8310218

m

z2 S Jm

\v,
D 3 30, 31

6. Continuous radiation-induced photoionization
Alm1\vc→Al i vm

c @s21#
vm

c 53.53107z4E
2.8x

` dy

y@exp~y!21#
YE

2.8

` dy

y@exp~y!21#

x5z2Ry/2.8Te

32

7. Laser-induced photorecombination
Al i1e1\v l→Alm1\v l Rm

l @cm3 s21#
Rm

, 51023gmTe
23/2sm~\v l !S G

\v l
DexpSJm2\vl

Te
D,

Jm<\v, , Jm5J02Em

33

8. Continuous radiation-induced photorecombination
Al i1e1\vc→Alm1\vc Rm

c @cm3 s21# Rm
c 55.2310214z(Jm /Te)

3/2exp(xm)E1(xm)jm/2m2,

E1~xm!5exp~2xm!Sln 11xm

xm
2

0.4

~11xm!2D , xm5
Jm

Te

7

9. Laser-induced photoexcitation
Alm1\v l→Aln vmn

l @s21#
vmn

, 5S pc

vmn
D2 gn

gm

G

\v
AmnSmn~Dv!, Dv5vl2vmn

0 ,vmn
0 5

Emn

\
,

25, 34

Smn~Dv!5E
2`

`

Smn
L ~Dv!Smn

D ~Dv!dy

5
a

p3/2gD
E

2`

` exp~2y!2

a21@~Dv/gD!2y#2 ,

35

a5
DvL

DvD
, DvD5

v

c
A2Tg

Mg
, DvL5Dvei1Dvai ,

Dvei5
32

3

C2
2

Ve
S 2.5562 ln

2C2
2

rD.Ve
DNi , x5

13.6z2

J0,2Em

32, 36

rD5@Tg/4pe2(Ne1Ni)#0.5, C250.869zm(m11) 37

Dvai5173C6
0.4Vg

0.6N0 , C656.46310234Dr 22,

Dr 225
x(5x11)

2z2 ,
38

10. Continuous spectrum photoexcitation
Alm1\vc→Aln vmn

c @s21#
vmn

c 5S pc

vmn
D2 gn

gm

Ibv

\vc
, Ibv5

\vc

4c2p3@exp~\vc /Te!21#

39
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2 (
n,m<M

vnm
c S Nn2

gn

gm
NmD2 (

0<m,n
AnmNn

1 (
n,m<M

AmnNm1~Rn
c1Rn

l !NiNe

2~vn
c1vn

l !Nn n51,2,...,M , ~2!

dNi

dt
5

dNe

dt
5 (

n50

M

~anNn2bnNiNe!Ne

1 (
n50

M

@~vn
c1vn

l !Nn2~Rn
c1Rn

l !NiNe#, ~3!

where Eq.~1! describes the ground state of neutral atom
Eq. ~2! describes the population of the excited states of
atom; and Eq.~3! describes the density of the charged p
ticles.

The energy balance of a nonequilibrium plasma is ch
acterized by two temperatures: The electron temperatureTe

and the atomic-ionic temperatureTg . The energy balance
equations for translational degrees of freedom for electr
and heavy particles are written in the following way:

FIG. 1. Energy scheme of collision~a! and radiation~b! transitions of the
aluminum atom.
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2

d

dt
~NeTe!5H @mG2 3

2d~Te2Tg!#~ven1vei!

2 (
n50

M

Qn,J2 (
n50

M21

Qn,DEJ Ne

1 (
n50

M21

Qn,F , ~4!

3

2

d

dt
~NgTg!5

3

2
d~Te2Tg!~ven1vei!Ne , ~5!

m5
4pe2

mec~v21~ven1vei!
2!

, d5
2me

Mg
,

Ng5 (
n50

M

Nn1Ni ,

Qn,DE5 (
m5n11

M

DEnm~knmNn2r mnNm!,

Qn,J5Jn~anNn2bnNiNe!,

Qn,F5~\v l2Jn!~vn
l Nn1Rn

l NeNi !1~\vc2Jn!

3~vn
cNn1Rn

cNeNi !,

whereQn,DE , Qn,J , andQn,F are the specific powers cha
acterizing the energy exchange due to inelastic collisio
ionization-recombination, and photoionization–photo
combination, respectively;En is the excitation energy of the
n-th level of the atom,J0 , Jn are the ionization energies o
the ground andn-th states, respectively,me , Mg are the
mass of the electron and heavy particle~atom or ion!.

The system of differential Eqs.~1!–~5! is supplemented
by the corresponding initial conditions

t50: N0~0!5N0
0; Nn~0!5Nn

0, n51,...,M ;

Ni~0!5Ne~0!5Ne
0; Te~0!5Tg~0!5To . ~6!

Thus, the equations for the population of the energy l
els and the charge composition~1!–~3! together with energy
balance Eqs.~4! and~5! and the initial conditions~6! form a
correct differential problem that describes the dynamics
the processes in a nonequilibrium laser-induced spatially
form plasma.

The system of nonlinear differential Eqs.~1!–~5! is re-
ferred to as a stiff system, i.e., a system whose solution c
tains both fast and slowly varying components. Solving s
systems by numerical methods is known to be difficult.40,41

To date, the theoretical foundations for the methods of so
ing similar systems of great dimensionality,42 including those
with a varying degree of stiffness,43 have been adequatel
developed. In practice, they have been realized in the form
various software.44,45,46

To solve the system of Eqs.~1!–~5!, one modification of
the Gear–Adams method was used, this modification belo
ing to the family of multistep methods of the predicto
corrector type. Just as in Ref. 46, the software provides p
. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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sibilities to choose automatically an integration step and
switch from Gear’s stiff method to Adam’s nonstiff one.

C. Saha–Boltzmann equations

To determine equilibrium values of the concentrations
ionsN0

Sahaand electronsNe
Saha, the nonlinear system of Sah

equations was used.7 Equilibrium concentrations were calcu
lated for two temperaturesTk5Te andTk5Tg , then the val-
ues obtained were compared with similar values deri
from the solution of kinetics Eqs.~1!–~5!

Ne
Saha~Tk! (

n50

M

@Nn
Saha~Tk!#

(
n50

M

@Nn
Saha~Tk!#

5
gegi

g0
H meTk

2p\2J 3/2

expS J0

Tk
DTk

P$Te ,Tg%. ~7!

FIG. 2. Wavelength dependence of threshold intensityG* (v) with allow-
ance for~a! all the photoprocesses,~b! photoionization, and~c! resonance
photoexcitation.
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d

The populations of the excited levels were estimated fr
the population of the ground-stateN0 , using the known Bolt-
zmann relation

Nn5N0

gn

g0
expS 2

DE0n

kTk
D , ~8!

wherege , gi are the statistical weights of the electrons a
ions andgn is the statistical weight of the staten.

III. ANALYSIS OF SIMULATION RESULTS

In investigations, the initial state of a metal vapor w
simulated by giving the initial values of the temperatureT0

and the densityr0 that were close to those on the outside
the Knudsen layer47 corresponding to the process of evap
ration in a vacuum, with the temperature of the aluminu
surface being equal to the equilibrium boiling temperatu
under normal conditions (Tb52720, K50.234 eV,p
51 bar):T050.67Tb , r05rs(Tb), wherers(Tb) is the den-
sity of saturated vapor. It was assumed that at the ini
instant of the timet50, the substance was at the state
thermodynamical equilibrium that corresponds to the Bo
mann population of excited levels~8!, the Maxwell distribu-
tion of electrons in energy, and the charge composition ob
ing the Saha relations~7!. These conditions correspon
to the following values: T050.2 eV, N0

05r0 /MA56
31018 cm23, andNe

05331014 cm23.
Summarizing experimental and theoretical data of Re

8–22 on optical breakdown in metal vapors, it should
notified that the main peculiarities of the process depend
the following parameters: The radiation intensityG, the
wavelengthl, , the action durationt, , and the pulse tem-
poral shapef ,(t). In order to reduce the number of param
eters, first of all, the action durationt, and the pulse tempo
ral shapef ,(t) should be excluded from consideration. F
this purpose, let us consider the action of a rectangular p
with a duration that is unlimited in time. Unlimited duratio
implies that a pulse duration is much longer than a char
teristic time taken for a breakdown to occur, for examp
t,5(102321)s. In this case, the laser radiation intens
will be equal to its peak valueG(t)5G0f ,(t)[G0 , thus
allowing the determination of the lowest possible intens
required for a breakdown to occur.

A. Optical breakdown under unlimited action

The classical frequency dependence of the intensity
the formG* (v,);v,

2 and is satisfied in experiments up
about the left-hand boundary of the visible rangel
50.7mm, which approximately corresponds to the fr
quency of a ruby laser withv l54.3231014 s21 (l l

50.694mm, \v,51.79 eV). In the visible and ultraviole
ranges, the threshold intensity does not increase as the
quency grows, moreover it appreciably decreases.8

In the present work, the criterion of breakdown, in a
cordance with Refs. 5 and 23, is taken to be a beginning
steady domination of the frequency of Coulomb collisio
vel over the frequency of electron-neutral collisionsven, i.e.,
vei.ven. The radiation intensity, at which this inequality
satisfied, is taken to be the threshold intensityG* (v,).
. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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In Fig. 2~a!, we compare two frequency dependences
the threshold intensity calculated for the case of unlimi
duration of action. Curve 1 is close to the classical dep
denceG* (v,). It corresponds to the solution of the mat
ematical model in which all the photoprocesses are omi
and only collisional transitions and spontaneous decay
excited states are taken into account. Curve 2 is obta
from the solution of the complete mathematical models~1!–
~6!, which takes into account all the photoprocesses and
lisional reactions. The curves coincide in the IR region on
In the remaining part of the frequency range, Curve 2
below Curve 1 and has a number of sharp troughs co
sponding to the consecutive excitation of electron transitio
The obtained disposition of Curves 1 and 2 indicates a qu
tative difference in the behavior of optical breakdown in t
IR and UV regions.

Let us analyze and estimate the relative role of co
sional reactions and photoprocesses in the development
electron-ion avalanche in the whole frequency range un
consideration. Collisional population of excited states res
from inelastic collisions of electrons with atoms and ion
Direct transitions from the ground state, transitions betw
close levels and transitions from the continuum~triple re-
combination! contribute to the population of each level. Co
lisional destruction of excited states occurs due to the p
cesses of ionization and deexcitation by superela
collisions of the second order.

B. IR-region

As it was shown by mathematical modeling,5,6 total
domination of collisional reactions in the process of opti
breakdown occurs in the IR region of frequencies\v,

P@0.12– 1.17#eV, whose boundaries correspond to the C2

and Nd–YAG lasers radiation. The main mechanism of
veloping of an electron-ion avalanche in the IR region is
stepwise ionization. The threshold valueG* (v,) for the
CO2 laser operating in the regime of unlimited duration
G* (v,)56.53105 W/cm2, the time taken for a breakdow
to develop ist* 51023 s. Accordingly, for the Nd–YAG-
laser, these values areG* (v,)563107 W/cm2, t* 51.05
31023 s.

The breakdown process proceeds under the condition
a strong thermodynamical nonequilibrium that is charac
ized by the following relations:

Te@Tg , Ne
Saha~Tg!,Ne,Ne

Saha~Te!, vei;ven.

After the optical breakdown stage ended, the system
whole comes in the course of time to a stationary thermo
namical equilibrium plasma state for which the followin
relations are satisfied:

Te'Tg , Ne5Ni'Ne
Saha~Tg!'Ne

Saha~Te!, vei@ven.

C. UV-region

As the frequency increases, the energy of radiat
quanta and the role of photoprocesses grow. Photopopula
and photodestruction of excited states become notice
when the laser quantum energy becomes comparable to
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transition energyDEmn or the ionization energyJn . Photo-
population results from two processes:~1! Selective and non-
resonant photoexcitation of the broadened levels by lase
diation and~2! thermal photoexcitation by the continuou
spectrum radiation as well as under the action of photo
combination initiated by laser radiation and continuous sp
trum radiation. Photodestruction occurs due to spontane
radiation transitions and photoionization in the laser field a
continuous spectrum radiation.

Besides, the collision reactions and photoprocesses
have different directions. Some processes, such as colli
excitation by electron impact and photoexcitation are mu
ally complementary. Others, such as photoionization and
ization by electron impact, are competitive. Thus, the up
excited states are depopulated by collision ionization,
which, as the principal quantum numbern grows, the ioniza-
tion energy decreases asJn;n22. For the low levelsn<5,
the photoionization process, whose cross section decreas
s;n25 with growing n, is more efficient.

The energy balance of the system in the UV region a
whole is characterized by the following correlations. The
ser radiation energy is utilized in the photoexcitation of d
crete levels and photoionization heating of free electro
The energy of free electrons, in addition to photoionizati
heating, is replenished from the energy of superelastic co
sions of excited atoms with the electrons~the extinction re-
action!. A part of the energy of free electrons is utilized
collision-induced populating of the levels and their sub
quent emptying due to ionization. The second part of
energy is transferred via elastic collisions into the trans
tional energy of the atom-ion subsystem. As a result o
complicated energy exchange between different subsyst
the optical breakdown in the UV region proceeds, just as
the IR region, under the conditions of a strong nonequil
rium.

As it was shown by calculations, the most obvious infl
ence on the breakdown process as a whole is exerted by
reaction of photoexcitation~selective and nonresonant! and
photoionization in the laser field. The interaction of the
processes has a competitive character. In order to revea
influence of each mentioned reaction let us consider in t
the situations in which one of the processes is missing.

FIG. 3. Spectral functionS(v) of the resonance transition 3p– 4s at differ-
ent time instants: 12t510214-10212 s; 2-10211 s; 3-10210 s; 4-3
310210 s; 5-1029 s; and 6-1028 s.
. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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1. Photoionization

Laser photoionization takes place due to quantum p
cesses. As the frequencyv, grows, one might expect its rol
to be continuously enhancing. As long as the energy of
quantum\v, is not high, it is only the upper levels that a
emptied due to photoionization. Accordingly, their contrib
tion into the general process of ionization is not large.
\v, grows, progressively deeper levels are involved in
photoionization and one might expectG* (v,) to decrease
considerably. But this is not the case. The photoionizat
process, just as the photoexcitation, is characterized b
noticeable selectivity that is explained by a strong dep
dence of the photoionization cross-sectionsf on the fre-
quency and the principal quantum numbern, sf;n25.
Therefore, it is the low levels that are depopulated m
efficiently due to photoionization, because these levels h
the largest cross sections and the highest populations. Fi
2~b! represents the frequency dependence of the thres
sensitivityG* (v,), Curve 3, that is calculated by the mode
taking into account the photoionization only and disrega
ing other photoprocesses. The dependenceG* (v,) has a
nonmonotonic character and is positioned below Curv
corresponding to the classical dependence. The fact tha
photoexcitation processes~selective and nonresonant! are ex-
cluded from consideration leads to the disappearance o
the sharp troughs in the curve that are due to the excitatio
discrete levels and the formation of two noticeable minim
The minima correspond to the energy of atom ionizat
from the ground state (J055.98 eV) and the first excited
state (J152.84 eV) and are equal toG* (v,)5104 W/cm2

andG* (v,)523107 W/cm2, respectively. Since before th
beginning of breakdown the ground state has the high
population, the minimum in the region of ionization potent
J0 in the frequency dependenceG* (v,) has the shape of a
sharp trough. Thus, in the UV region, the photoionization
the laser field under the conditions of unlimited laser act
turns out to be a strong factor causing the threshold inten
to be reduced by 1.5–2 orders. The one exception is ph

FIG. 4. Temporal dependence of the laser-pulse intensity for the ex
ments of Refs. 9 and 10.t* 530 ns andt1* 512 ns refer to the numerically
predicted optical breakdown period for the intensityG0523107 W/cm2

andG051.63109 W/cm2, respectively.
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ionization from the ground state where the reduction of
threshold intensity may be as high as 5–6 orders.

2. Selective photoexcitation

Selective photoexcitation of discrete levels plays an
tremely important role. When selective photoexcitation
taken into consideration with the equal frequencies of
electron transition~coupled–coupled! vmn

0 and the laser field
v, , vmn

0 5v, , a number of deep and narrow vertic
troughs appears in the frequency dependenceG* (v,), Fig.
2~c!, Curve 4. The resonance excitation of the first four tra
sitions exerts the greatest influence. Thus, the resonance
citation of the first level causes the threshold intensity to
reduced down to 102 W/cm2, i.e., about one order greate
than the contribution of the ground-state photoionizatio
The efficiency of photoexcitation of the second and th
levels is comparable to the results of the photoionization
atoms from the ground state. This great influence of the re
nance photoionization is explained by the large value of

ri-

FIG. 5. Temporal dependences of the excited statesNn , the electron density
Ne and the temperaturesTe and Tg under the laser action withl l

50.248mm andt l560 ns.
. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



-
wi
-
4–

f

-
th

a
ic

he
lin

flu
s

.
is-
r.
in
rs
nu
in
a

o-
-
th

ll

on
o

ta
e-

tua-
er

-
soci-
ral

be

by
iti-
ent
and
by
of

pe
-

63J. Appl. Phys., Vol. 93, No. 1, 1 January 2003 Mazhukin et al.
cross-sectionsmn(v);10212 s, that exceeds the photoion
ization cross section by 5–6 orders and, in accordance
the curve forG* (v,), under the condition of unlimited ac
tion can cause the threshold intensity to be reduced by
orders.

3. Nonresonance photoexcitation

In the absence of an exact resonance between the
quencies of coupled–coupled transitionsvmn

0 and the laser
radiation frequencyv, , vmn

0 Þv, , the laser radiation, re
gardless of a high degree of monochromaticity due to
presence of the spectral functionSmn(Dv), can be absorbed
appreciably in the line wings. As an example of typic
broadening of all the transitions, Fig. 3 shows the dynam
of the spectral functionS01(Dv) for the 3p– 4s transition,
giving an impression of the behavior of the line under t
combined action of the broadening mechanisms. The
broadening effect underlies the nonresonant populating
the excited state by the laser radiation. The combined in
ence of the resonance and nonresonance photoexcitation
the frequency dependenceG* (v,) is represented in Fig
2~a!, Curve 2. Taking this influence into account in the v
ible range makes the threshold intensity 2–10 times lowe
the UV range, the influence of photoexcitation sharply
creases. The threshold intensity reduces by several orde

The contribution of the photoprocesses from the conti
ous spectrum radiation turned out to be insignificant ow
to relatively low temperatures of the medium that are ch
acteristic of optical breakdown.

The role of photoionization of the plasma formation pr
cess has already been noted,11,12 but the influence of photo
excitation has not been studied in details. Comparison of
frequency dependencesG* (v l), obtained with allowance for
ionization only, Fig. 2~b!, Curve 3, and with allowance for a
kinds of photoexcitation, Fig. 2~a!, Curve 2, shows that in
optical breakdown in metal vapors by ultraviolet radiati
photoexcitation can play a decisive role, exceeding the c
tribution of pure photoionization.

FIG. 6. Temporal dependence of the laser-pulse intensity for the ex
ments of Ref. 11.t* 5300 ns andt1* 545 ns refer to the numerically pre
dicted optical breakdown period for the intensityG0553106 W/cm2 and
G051.83108 W/cm2, respectively.
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IV. COMPARISON WITH EXPERIMENT

Comparison of modeling results with experimental da
serves as a major criterion of the validity of the applied th
oretical approach. The models~1!–~6! were used to study
several action regimes close to certain experimental si
tions, where optical breakdown in aluminum vapor by las
radiation pulse was studied.9–11 The pulses had different du
ration, temporal shapes and wavelengths. The effects as
ated with a finite duration of the action and the tempo
shape of the laser pulse play a significant role and are to
taken into account.

In the experiments under consideration,9–11 we note that
the plasma formation near the target is always preceded
an intensive evaporation, and the optical breakdown is in
ated just in the evaporated matter, but not in the environm
gas. In the calculations, the stage of the target heating
evaporation is not considered explicitly but is modeled
giving the initial data corresponding to the parameters
intense evaporation of aluminum

ri-

FIG. 7. Temporal dependences of the excited statesNn , the electron density
Ne , and the temperaturesTe and Tg under the laser actionl l50.355mm
andt l50.75ms.
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T050.2 eV, N0
05r0 /MA5631018 cm23,

Ne
05331014 cm23.

Thereby, in mathematical modeling the onset of the la
action turns out to be shifted forward by a time interval
quired for the heating and establishing of the intense eva
ration stage. When comparing the theoretical results with
experimental ones this shift must be taken into accou
therefore the situations, where the calculated values of
threshold intensity and the time required for a plasma to
formed did not exceed the experimental data, were take
be in quite satisfactory agreement.

In experimental situations with pulsed action of excim
lasers on an aluminum target,9–11 laser pulses had differen
wavelengths:l l50.248, 0.355mm, and different action du-
ration: t l560 ns, 0.75ms.

A. Experiment 1

The action of the pulsed radiation of the KrF-las
(\v l54.99 eV, l l50.248mm) of nanosecond duration o
an aluminum target was investigated experimentally in R
9 and 10. The laser pulse of 60 ns duration had a trapezi
like shape with the leading edge of 10 ns, the trailing edge
15 ns, and the width at the half maximum of 30 ns, Fig.
The pulse intensity varied within the rangeG05(0.33
21.6)3109 W/cm2. In the experiments, the complicate
structure of the gas dynamic flow was determined, wh
constituents were the expanding plasma in the evapor
material and the shock wave in the air.

Mathematical modeling with the given shape and du
tion of the pulse showed that the threshold intensity of
radiation wasG0* 523107 W/cm2, and the optical break
down time t* did not exceed 30 ns, Fig. 4. Taking int
account that there was no energy expenditure at the in
stage of the material heating and evaporating, the results
tained can be considered to be in good agreement with
experiment. The peculiarities of the electron-ion avalan
evolution can be characterized with the help of the le
population kineticsNn , change in the concentration and tem
perature of free electronsNe , Te , Fig. 5. The distribution of
the excited statesNn shows that for the laser radiation wit
\v l54.99 eV, the resonance absorption is not observ
since in the quantum structure of the aluminum atom th
are no transitions with the energyDEmn5\v l . However,
the collision broadening of the 3p– 4d transition results in
efficient laser photoexcitation of the 4d level ~the N5 con-
centration!. At the expense of collision redistribution be
tween the excited states 5p– 4d and 5s– 5p, the N4 , N6

concentrations of the 5s, 5p levels are increased. At the firs
stage, photoionization of these levels induces additio
photoionization heating of free electrons up to the tempe
ture equal to 0.4 eV. This leads to the enhancement of c
sion excitation of all the levels, the most important role be
played by increasing theN1 , N3 concentrations. After that
the fast phase of collision ionization of excited states beg
and the concentrationNe and the temperatureTe grow fast.
At the time of 331028 s, the quantitiesNe and Te reach
their maximum values:Ne'531018 cm23, Te'1.05 eV,
and this completes the plasma formation stage, Fig. 5.
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It should be stressed thatG0* 523107 W/cm2 presents
the minimum intensity that initiates optical breakdow
Modeling was also performed for the maximum intens
considered in the experiments of Refs. 9 and 10,G051.6
3109 W/cm2. In this case, the predicted value of the optic
breakdown period is much smallert1* 512 ns, Fig. 4.

B. Experiment 2

The experimental study11 considered the influence ex
erted on an aluminum target by the excimer XeF-laser ra
tion of a microsecond duration with\v l53.5 eV, l l

50.355mm, and the maximum intensity G051.8
3108 W/cm2. The measured plasma formation intensity w
in the rangeG0* '63107– 1.83108 W/cm2. The plasma for-
mation time was:texp* 5300 ns atG0* 583107 W/cm2, and
texp* 5150 ns at G0* 51.83108 W/cm2. In modeling, the
laser-pulse temporal shape was approximated by an as
metrical trapezium shape with the leading edge of 0.15ms,
the top-hat part of 0.25ms, and the trailing edge of 0.1ms,
Fig. 6.11

Calculations showed that the threshold intensity w
G0* 553106 W/cm2, and the break down time wast* 300
ns, Fig. 6. The evolution of the main processes is presen
in Fig. 7. A distinctive feature of the given interaction is th
fact that in the quantum structure of the aluminum ato
there is only one transition 3p– 4s, whose energyDE01

53.14 eV is close to that of the laser radiation quantu
\v l53.5 eV. Owing to collision broadening, the given lev
is intensively photopopulated by the laser radiation~the con-
centrationN1). Due to collision redistribution, the excitatio
is transfered to the 4p level, which leads to a considerab
increase in the concentrationN3 . Because of a relatively
large energy difference\v l2DE0150.36 eV the photoexci-
tation of the 4s level has a comparatively moderate rate a
in the course of time, the photoionization of this level b
comes noticeable. Nevertheless, ultimately, the level pop
tion is much greater than the Boltzmann distribution an
hence, differs from it significantly. Other excited states a
ionized as a result of collisions with electrons. The plas
formation is completed by the timet5300 ns with the pa-
rametersNe5531018 cm23, Te51.07 eV. The predicted
optical breakdown period for the maximum laser intensity
the experiments,11 G051.83108 W/cm2, is much shorter
t1* 545 ns, Fig. 6.

Thus, in the cases of different action duration and diff
ent wavelengths, mathematical modeling demonstra
promising results. In the nanosecond and microsec
ranges of the laser action, the values of the threshold in
sity were found to be several times lower than the exp
mental ones, and the breakdown timet* was found to be
shorter than the laser-pulse durationt* ,t l . Taking into ac-
count that the initial stage was given approximately, the
sults obtained seem to possess a sufficient resource in in
sity and duration of the laser action for the initial heating a
evaporation of the target to be taken into account correc
Mathematical modeling also showed that development of
tical breakdown in the UV region proceeds in a much mo
complicated way than it does in the IR region. Calculatio
. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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showed that for the two wavelengths, the decisive role in
interaction of the laser radiation with aluminum atoms
played by reactions of nonresonance photoexcitation
photoionization.

V. CONCLUSION

The transient collision-radiation model was develop
for optical breakdown of a metal vapor with allowance f
nonequilibrium laser heating, stepwise collision ionizatio
and photoprocesses in the laser radiation field and the
tinuum: photoionization, resonance, and nonresonance
toexcitation of atoms.

Based on the kinetic model, theoretical dependence
optical breakdown in aluminum vapor on the frequency
the radiation threshold intensityG* (v,) was specified. This
dependence differs significantly from the classical one
agrees qualitatively with the experimental data.

The main mechanisms of nonequilibrium ionization
the ultraviolet range were determined and analyzed.
modeling showed that in the UV spectrum the developm
of the electron-ion avalanche proceeds in a much more c
plicated way as compared to the IR region. In the UV regi
the energy quanta of the laser radiation become compar
to the excitation energy of the levels and the ionization
tentials of the excited states, thus predetermining the do
nant role of the photoprocesses.

The contribution of each photoprocess was analyz
Resonance photoexcitation leads to the greatest reductio
5–6 orders of the threshold intensity, but its contribution
significant only in the case when the transition energy
actly coincides with the laser quantum energyDEmn

5\v, . Nonresonance photoexcitation is based on collis
broadening of the levels and is described by the spec
function S(Dv). When it is taken into consideration, th
threshold intensity is reduced by 3–4 orders. Since in m
atoms the electron excitation levels are close to each o
the effect of nonresonance photoexcitation acts in a w
spectrum range. Photoionization of the excited states res
in reduction of the threshold intensity by 1–2 orders, exc
photoionization of the ground state (\v,5J0), when the
photoionization contribution becomes comparable with
resonance photoexcitation.

The modeling results are in good agreement with
experimental data on optical breakdown in aluminum va
by excimer laser radiation withl l equal to 0.248 and 0.35
mm in the nanosecond and microsecond ranges. The s
lated values of the threshold intensity were found to be s
eral times lower than the experimental ones, and the bre
down time was found to be shorter than the laser-pu
duration. This result, along with the fact that the stages
heating and evaporation of the target were disregarded in
calculations, creates prerequisites for a more exact agree
of the results in the case of including the initial stages of
process into consideration.

A complete description of the laser action on conden
media can be accomplished only in the framework of a c
jugated problem, in which the elaborated kinetic model w
be a constituent of the total mathematical model.
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