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Optical breakdown in aluminum vapor induced by ultraviolet laser radiation

V. I. Mazhukin, V. V. Nossov, and M. G. Nickiforov
Institute of Mathematical Modeling of RAS, 4a Miusskaya sqr., 125047 Moscow, Russia

I. Smurov® )
Ecole Nationale d’Ingeieurs de Saint-Etienne, 58 rue Jean Parot, 42023 Saint-Etienne Cedex 2, France

(Received 24 July 2002; accepted 30 September 2002

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. 2@D3 American Institute of Physics.
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I. INTRODUCTION tially at rest, the radiation transfer and the macroscopic
o movement of vapor start much later, when the system ap-
A powerful laser radiation flux focused at the target sur-proaches the state of local thermodynamic equilibrium,
face causes its evgporanon, optical breakdown, and developﬁerefore, at the initial stage of breakdown they can be ne-
ment of a plasma in the evaporated material. The appearanggacted. Thus, mathematical formulation of the problem gets
of the plasma near irradiated surfaces of solid bodies changegypler, while the threshold conditions of plasma formation
qualitatively the character of thermal and mechanical influ-gnq jts characteristic duration can be determined with suffi-
ence of powerful laser radiation on the target. Thereforegjont accuracy.
determining the threshold conditions of evaporation and e investigation of the mechanisms of optical break-
plasma formation is an important task for numerous lasefown in metal vapors, as well as the interaction and changes
applications. On the other hand, the development and promss hese mechanisms, makes it necessary to analyze the ki-
ISing appllcauo.n_zhc;f high-power excimer laséesg., pulsed  petics of multilevel systems populating that can be quantita-
laser dgpc313|t| ~and  laser shock  processing fjyely described by appropriate kinetic models. Note that the
technplogle§ ) has given the priority to investigations of the collision-radiation modef€ that have earlier been applied
ultraviolet (UV) rangeof laser action. ~ for modeling optical breakdown of metal vapors of Al and
The process of.pulsed laser evaporatlon acpompanled ¥y by the action of CQ and yttrium aluminum garnet
plasma formation in the evaporated material is a complexyag)-lasers cannot now be used for similar purposes in the
and manifold phenomenon. It can only be described withinesse of the excimer laser. As it was noted before, in the
the framework of a so-called conjugate approach that simulifrared (IR) range, the main mechanism of electromagnetic
taneously takes into consideration the processes of noneqyijs|q energy dissipation is the inverse-bremsstrahlung effect
Ilprlum heatlng and ionization in condensed apq gaseous MEyhose cross section changes with growing frequency as
dia. In view of.the cqmplepty of th_e problem, it is expedient , -3 7 This means that in the UV range, the efficient heating
to separately investigate its constituent aspects. of the electrons will be diminished sharply. Consequently, in
The present WOI’k' considers only 'the |n|t_|al stage ofine yv range, the breakdown must be achieved by a consid-
plasma formation—optical breakdown in aluminum vapor-grgpie increase of the threshold intens@y. According to
induced by UV laser radiation with the wavelengtfrang-  he classical theory, the frequency dependence of the thresh-
ing from 0.4 to 0.1um. The choice of the initial stage of 4 intensity has the fornG* ~ w2’ At the same time, nu-
plasma formation as a subject of the investigation is goviperous experimerfts? point to the opposite. In the UV
erned by the following reasons. Optical breakdown is a NON¢5nge  the threshold intensity has been found not to increase
equilibrium process of transition of the medium from the ;i to decrease. In pure gases, the classical depen@hce
stage ofa partially ionized gas transparent forlla_ser radiation,_ ? is satisfied up to the frequencies corresponding to that
in which Ue.n>vei! into an opaque for laser radiation plasma, ¢ the ruby laser, ~5x 104 s~1.8 The main peculiarities of
where the inverse relation is fulfillegk<vei. Her€,ven, vei  the interaction of radiation with a vapor in the UV range are
are the frequencies of electron-neutral and electron-ion intefsributed to the fact that the value of the quantum becomes
actions. To describe this process, it is sufficient to apply the.omnarable to the excitation energy of the electron states and
appropriate kinetic collision-radiation model supplementeqpe potential of their ionization. An important role of the
by the energy balance equaticifsin a medium, that is ini- photoionization process in optical breakdown in metal va-

pors induced by 0.3xm laser radiation has been confirmed
aElectronic mail: smurov@enise.fr. by calculations!?! However, in those works, photoexcita-
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tion processes were neglected. The results of the presetite Saha—Boltzmann equations. The initial values of the tem-
work revealed that in the excimer laser radiation—vapor inperaturely and the density, of the vapor correspond to the
teraction, an important role is played by the processes ogbarameters of the onset of intensive evaporation of the metal
nonresonant photoexcitation and photoionization of atomsinder normal conditionsTo=T,, po=p(To), WhereTy is
and ions by the laser radiation. the equilibrium boiling temperature. The medium witly

At present there exists extensive experimental informaand p, defined in this way corresponds to the state of a
tion on optical breakdown in gaseous media induced by theartially ionized gas with a moderate ionizaties= N./Ng
laser radiation in the UV range. However, interpretation of<1~(10"°—10 %). At a later time, at a sufficient laser ra-
some experimental results on interaction of UV radiation isdiation intensity and as a result of the inverse-
quite difficult because of a complex nonequilibrium charac-bremsstrahlung effect or photoionization heating of free elec-
ter of the processes as a whole. Moreover, most availablEons in a metal vapor, conditions adequate for initiating an
experimental data have been obtained using different criteriavalanche ionization, i.e., optical breakdown can be realized.
of plasma formation that are not only different from one
another but also from theoretical estimatiéh#n our article,
we attempt to analyze, from a general point of view, the  In an evaporated mattéthe vapoy interacting with laser
kinetics of UV laser-induced optical breakdown in Al vapor, radiation, a great number of elementary reactions take place.
and compare the theoretical predictions for plasma formatiod he total of them determines the character of the macropro-
thresholds to experimental data. cess. Mathematical models describing the level-by—level ki-

From the theoretical point of view, the principal purposenetics, photoprocesses and ionization-recombination pro-
of the work is to develop a nonequilibrium kinetic model for cesses are based on the electron configuration of atoms and
a multilevel system that is typical for atoms and ions ofions under study.Considerations of the threshold conditions
metals, taking into consideration not only collision-radiationof plasma formation showed that the characteristic tempera-
transitions but also the main photoionization-recombinatiorfure of the electron gas does not usually exceed a few elec-
processes. Simultaneous consideration of the energy balangen volts. Therefore it is sufficient to restrict a mathematical
of two subsystems—the electronic and atomic-ionic ones—description of optical breakdown by the account of kinetic
makes it possible to apply it for the description of optical processes for the case of a neutral atom with the ionization
breakdown in a wide frequency rangaw, €[0.1-1(0 eV ~ potential J,=5.986 eV. Table | represents the principal el-
that approximately corresponds to the radiation range oémentary processes that are taken into account in the
modern lasers ranging from the G@ser to the ArF excimer  collision-radiation model as well as the expressions for the
laser. The developed kinetic model was used to model seveaction rates. A sketch of the processes is shown in Fig. 1.
eral interaction regimes close to experimental situafiotis
in which optical breakdown in aluminum vapor by the exci-
mer laser radiation was investigated.

A. Transient collision-radiation model

B. System of equations

The concentration of charged particlgsnsN; and elec-
Il. STATEMENT OF THE PROBLEM trons N., No, N;) and the population of excited levels in
neutral atomdN, are described by the following system of

The laser radiation of the intensi@=GXx f(t) with nonlinear differential equations:

the wavelength\; and the temporal forni(t) directed to a
thin layer of an evaporated material with the temperaiuye dNO M
and the density,. If the maximum radiation intensit§ is at 2 (KomNo= T moNm)Ne

smaller than a certain threshold val@&, the evaporated m=1

substance turns out to be optically transparent and the laser M

radiation passes through the system under consideration —(agNo— BoNiNg)Ne+ > AmoNm— > Uom
practically with no absorption. AB,>G*, the optical thick- m=1 m=1
ness of the layer turns out to be sufficient for the initial laser

radiation to be absorbed. The laser radiation absorption leads X | No— —N E UOm< — @N )

to an additional heating of the medium and to an increase of 9m Im

!ts _opt|_cal density, which ultlmately_ results in an avalanche —(v{)+vg)No+(R°+R'O)N-N 1)
ionization of the evaporated material. At the moment of op-

tical breakdown, the collision frequencies are approximately 4N "2 M

equalv o ~v.>> The dynamics of the process depends on
both the characteristics of the evaporated mateiisltem-

tn:E (KmoNm=TnmNp)Ne— 2
m=0

m=n+1

perature, density, electron configuration, transition energy, X (KnmNp = mnNm) Ne— (@nNp— BaNiNg)N
and the ionization potential of atomand the laser action
mode (the intensity, the wavelength, the duration, and the | Im |
! ’ ’ + Np— —N, |- N

pulse temporal shape Os§m:<n Omn| Bm™ g " n<%:sM Onm| N

The vapor is assumed to be initially in an equilibrium
state. The corresponding initial concentrations of electrons —&N )+ E c (N —%N )

. ) . m Umn| Nm n
and ions in the ground and excited states can be found from Im 0<m<n On
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TABLE |. The elementary processes included into the model. In the case of the values having double subscripts, the first subscript denotes thiaeumber of
initial transition state and the second subscript denotes the number of the final transition istéite; charge of ionz=1; &, is the quantity of equivalent
electrons in then-th state;S,,(Aw) is the spectral function of the Voigt profile of the line characterizing the dependence of the laser excitation reaction rate
on the amount of the discrepancy between the laser frequenand the transition frequenay’, . Sn«(Aw) is calculated as a convolution of the Doppler

SP (Aw) contour and the Lorent8,, (Aw) contour(see Ref. 25

Reaction name
Reaction type Notation Rate coefficient Ref.

1. Spontaneous decay

Al — Al +fom, Ann s Ann=8X10°{AEmn/RY}20m/Infmn 24, 25
2. Collisional excitation'deexcitation
Al re—Al,+e Knn M nm K= 1.58X 10°f s /(AE i To) eXp{AE /Tt Quun 26, 27
[Cn’ﬁxsil] an=A+Can+[Ban_C(an)2
+ D ]exp{AE /T Ei(Xmn)

Fnm= Kmnn /9m €XPXam)s  Xmn=AEmn/Te

3. Collisional ionization

Al +e—Al+2e ap [enPx s am=3.14x 10" [ £ Ei (Xm) 1/ (T ) eXP( %) 28, 29
4. Three-particle recombination
Al +2e—Al te Bm [cmPXx 8] Om {2%2}3/2 7
= X—— ex
’Bm m 9eJo mTe qu)
5. Laser-induced photoionization
Al +fro—Al; vl [s7Y] . [ G ) M I ) 30, 31
Umi(ﬁ_wﬂ Xoy(hwy), 0,=7.8X10 ?(ﬁ_wg)
6. Continuous radiation-induced photoionization
Al +hwc— Al ve [s7Y ® d d 32
A " Ve =3.5x 107z* f Y / f Y
2a YIEXRY)=1]/ ), yiexpy)—1]
x=27z?Ry/2.8T,
7. Laser-induced photorecombination
Ali+e+fiwy—Al y+fiw, R, [cmPs™] G Jo—tiw 33
—10-3 -3/2 =~ m |
Rn=10"gn T, «rmmw')(hwl)exp( T )
In<hw,, In=Jo—En
8. Continuous radiation-induced photorecombination
Ali+e+hio.—Al g+ o, RS [cmPs ™ RS, =5.2} 10" Y2(J, / To) ¥%eXp ) E1 (%) Exf2M7, 7
E e | 1+x, 0.4 ) I
1(Xm) = EXP( —Xpn) N TRz T,
9. Laser-induced photoexcitation
Al +ho—Al, vha[s7 mc\2g, G E 25, 34
vﬁs(mji%/xmnsmmw, Aw=o—ofpof=—F
35
Sldw)= | SifAw)Sh{(Aw)dy
. ” exp(—y)?
-7y | @ (Awlyp)—yF
Aw, o [2T,
a=A—wD, AwD:E M—g, Aw =Awei+Aw,;,
32 c§(2556_| 2C3 )N 1362 32, 36
BTV S R A
po=[Tgl4me*(Ne+N;) 1%  C,=0.86Zm(m+1) 37
Awy=17X CgVINy, Ce=6.46X10"*Ar~2,
_, X(5x+1) 38
= 222

10. Continuous spectrum photoexcitation
Al +ho.—Al, ven[s7Y e [mC 209 oo - fiwe 39
Umn= o Om e’ P AT explhwg /T —1]
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2 2pd 2 2
S P D F 3d
6d of Ea(NeTe): [MG_gﬁ(Te_Tg)](ven'l'Uei)
6s — 6p 5d _5f
4 4f M M—-1
5
Ss— P _E Qn,J_ 2 Qn,AE Ne
3d n=0 n=0
4 M-1
45— P +3 Que (4
3d 3
Ea(Nng): 55(Te_Tg)(Uen+Uei)Neu %)
3p B 47792 5= 2me
"= mec(w2+(ven+vei)2)' _M_g’
a)
M
Ng:n§=)o N,+N;,

M
Qn,AE: E AEm(KnmNn =T mnNm) s
m=n+1

Qn,J:‘]n(anNn_BnNiNe)’
Qna= (w0, —I,) (VhN+RENN) + (e — )
X (0NR+RENEN,),

whereQ, xe, Qn 3, andQ, 4 are the specific powers char-
acterizing the energy exchange due to inelastic collisions,
ionization-recombination, and photoionization—photore-
combination, respectivelE,, is the excitation energy of the

b) n-th level of the atomJ,, J,, are the ionization energies of
FIG. 1. Energy scheme of collisiof@ and radiation(b) transitions of the the ground anch-th states, respectlyelyne, M_g are the
aluminum atom. mass of the electron and heavy partiGi¢om or ior).

The system of differential Eq$1)—(5) is supplemented
by the corresponding initial conditions

t=0: Ng(0)=NS; N, (0)=N?, n=1,.M;

g
- 2 Uﬁm(Nn__nNm>_ 2 AnmNp

ey Imo o ommen Ni(0)=Ne(0) =N  Te(0)=T(0)=T,. ®)
+ > AmrNm+ (RE+RDNiN Thus, the equations for the population of the energy lev-
n<m<M els and the charge compositioh)—(3) together with energy
—(vﬁ+v'n)Nn n=12,.M. 2 balance Eqs(4) and(5) and the initial condition$6) form a

correct differential problem that describes the dynamics of
dN;  dN, the processes in a nonequilibrium laser-induced spatially uni-
TR, =HZO (anNp—BnNiNe)Ne form plasma.
The system of nonlinear differential Eg4)—(5) is re-
M ferred to as a stiff system, i.e., a system whose solution con-
+ 2 [(05+up)N,— (RE+R)NiNe], (3)  tains both fast and slowly varying components. Solving stiff
n=0 systems by numerical methods is known to be diffié®ft
where Eq.(1) describes the ground state of neutral atoms;To date, the theoretical foundations for the methods of solv-
Eq. (2) describes the population of the excited states of théng similar systems of great dimensionaftdincluding those
atom; and Eq(3) describes the density of the charged par-with a varying degree of stiffneds,have been adequately

M

ticles. developed. In practice, they have been realized in the form of
The energy balance of a nonequilibrium plasma is charvarious softwaréd*#546
acterized by two temperatures: The electron temperafyre To solve the system of Eg&l)—(5), one modification of

and the atomic-ionic temperatufg,. The energy balance the Gear—Adams method was used, this modification belong-
equations for translational degrees of freedom for electrongg to the family of multistep methods of the predictor-
and heavy particles are written in the following way: corrector type. Just as in Ref. 46, the software provides pos-
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The populations of the excited levels were estimated from
the population of the ground-stdtg, using the known Bolt-
zmann relation

o 9n AEOn
Nn—Nog—OeXp( T, ) (8)

whereg,, g; are the statistical weights of the electrons and
ions andg, is the statistical weight of the state

§ 10 1 ' 01

lll. ANALYSIS OF SIMULATION RESULTS

a)
In investigations, the initial state of a metal vapor was
- ArF simulated by giving the initial values of the temperatilie
g10° HeNe ArXe and the density, that were close to those on the outside of
2 G éf i h f -
i the Knudsen layéf corresponding to the process of evapo

under normal conditions T=2720, K=0.234 eV,p

=1bar):To=0.67Ty,, po=ps(Ty), Wherepg(Ty) is the den-

sity of saturated vapor. It was assumed that at the initial

g \ , , instant of the timet=0, the substance was at the state of
10 1 0.1 thermodynamical equilibrium that corresponds to the Boltz-

mann population of excited leve(8), the Maxwell distribu-
b) tion of electrons in energy, and the charge composition obey-
ing the Saha relationg7). These conditions correspond

°E109 HeNe arX® " 1 to the following values: Ty=0.2 €V, N3=p,/M,=6
G e KiF x 10 cm2, andN%=3x 10" cm™2,

Summarizing experimental and theoretical data of Refs.
8—22 on optical breakdown in metal vapors, it should be
4 notified that the main peculiarities of the process depend on
the following parameters: The radiation intensi@, the
wavelength\ ., the action duratiornr,, and the pulse tem-
poral shape,(t). In order to reduce the number of param-

1
KirF
{ubig
ration in a vacuum, with the temperature of the aluminum
5 surface being equal to the equilibrium boiling temperature

1 ) o‘_1 eters, first of all, the action duration and the pulse tempo-
Wavelength pm ral shapef,(t) should be excluded from consideration. For
c) this purpose, let us consider the action of a rectangular pulse
with a duration that is unlimited in time. Unlimited duration
FIG. 2. Wavelength dependence of threshold intenGityf w) with allow- |mp||es that a pu|se duration is much |0nger than a charac-

ance for(a) all the photoprocessefh) photoionization, andc) resonance

photoexcitation teristic time taken for a breakdown to occur, for example,

7,=(10"3—1)s. In this case, the laser radiation intensity
will be equal to its peak valu&(t) =Gyf((t)=Gq, thus
. . _ _ allowing the determination of the lowest possible intensity
sibilities to choose automatically an integration step and tqequired for a breakdown to occur.

switch from Gear'’s stiff method to Adam’s nonstiff one. . o )
A. Optical breakdown under unlimited action
C. Saha—Boltzmann equations ) . .
The classical frequency dependence of the intensity has

ionsNG*"*and electron®\3*™, the nonlinear system of Saha apout the left-hand boundary of the visible range

equations was us€dequilibrium concentrations were calcu- =0.7um, which approximately corresponds to the fre-
lated for two temperaturef, =T, andT =T, thenthe val- quency of a ruby laser withw,=4.32x10"%s™ 1 (),
ues obtained were compared with similar values derived-0.694,m, #w,=1.79 eV). In the visible and ultraviolet
from the solution of kinetics Eq¢1)—(5) ranges, the threshold intensity does not increase as the fre-
quency grows, moreover it appreciably decredses.

In the present work, the criterion of breakdown, in ac-

M
NS Th) 2 ING™Ty)] a2 _ | m, |
n=0 _ 98 [ meTk] xp( JO) T, cordance with Refs. 5 and 23, is taken to be a beginning of a

M sah 9o | 27h? Ty steady domination of the frequency of Coulomb collisions
ngo [NZ*™ T ve over the frequency of electron-neutral collisiang, i.e.,
Vei>Uen- The radiation intensity, at which this inequality is
e{Te,Tg}- (7)  satisfied, is taken to be the threshold intenS/( w,).
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In Fig. 2(a), we compare two frequency dependences of -

the threshold intensity calculated for the case of unlimited — 1

duration of action. Curve 1 is close to the classical depen- =10

denceG* (w,). It corresponds to the solution of the math- ."31()'1

ematical model in which all the photoprocesses are omitted g -1

and only collisional transitions and spontaneous decay of 101

excited states are taken into account. Curve 2 is obtained =10

from the solution of the complete mathematical modg)s- %162

(6), which takes into account all the photoprocesses and col- ) : P —— :
lisional reactions. The curves coincide in the IR region only. (ﬂ‘ 15 20 25 30 35 40 45 50

E Vv
In the remaining part of the frequency range, Curve 2 is nergy [eV]

below Curve 1 and has a number of sharp troughs correrFiG. 3. Spectral functioS(w) of the resonance transitiorp3-4s at differ-
sponding to the consecutive excitation of electron transitionsent time instants: +t=10"'-10"**s; 2-10''s; 3-10%%s; 4-3
The obtained disposition of Curves 1 and 2 indicates a qualiX10 s 5-10°°si and 6-10°s.
tative difference in the behavior of optical breakdown in the

IR and UV regions.

Let us analyze and estimate the relative role of colli-

sional reactions and photoprocesses in the development of gnsition energ\AE,,, or the ionization energy,. Photo-
electron-ion avalanche in the whole frequency range undesopulation results from two processés) Selective and non-
consideration. Collisional population of excited states resultyesonant photoexcitation of the broadened levels by laser ra-
from inelastic collisions of electrons with atoms and ions.diation and(2) thermal photoexcitation by the continuous
Direct transitions from the ground state, transitions betweelgpectrum radiation as well as under the action of photore-
close levels and transitions from the continumiple re-  compination initiated by laser radiation and continuous spec-
combination contribute to the population of each level. Col- rym radiation. Photodestruction occurs due to spontaneous
lisional destruction of excited states occurs due to the progagiation transitions and photoionization in the laser field and
cesses of ionization and deexcitation by superelasti¢ontinuous spectrum radiation.
collisions of the second order. Besides, the collision reactions and photoprocesses may
have different directions. Some processes, such as collision
excitation by electron impact and photoexcitation are mutu-
ally complementary. Others, such as photoionization and ion-
As it was shown by mathematical modeling,total ization by electron impact, are competitive. Thus, the upper
domination of collisional reactions in the process of opticalexcited states are depopulated by collision ionization, in
breakdown occurs in the IR region of frequenci®®,  which, as the principal quantum numbegrows, the ioniza-
e[0.12-1.17eV, whose boundaries correspond to the,CO tion energy decreases ds~n2. For the low levelsn<5,
and Nd—YAG lasers radiation. The main mechanism of dethe photoionization process, whose cross section decreases as
veloping of an electron-ion avalanche in the IR region is thes~n~> with growingn, is more efficient.
stepwise ionization. The threshold val@&"* (w,) for the The energy balance of the system in the UV region as a
CO, laser operating in the regime of unlimited duration iswhole is characterized by the following correlations. The la-
G*(w,) =6.5x10° W/cn?, the time taken for a breakdown ser radiation energy is utilized in the photoexcitation of dis-
to develop is7* =102 s. Accordingly, for the Nd—YAG- crete levels and photoionization heating of free electrons.
laser, these values a@* (w;)=6x10" W/cn?, 7*=1.05 The energy of free electrons, in addition to photoionization
X103 s. heating, is replenished from the energy of superelastic colli-
The breakdown process proceeds under the conditions @fons of excited atoms with the electrofise extinction re-
a strong thermodynamical nonequilibrium that is characteraction. A part of the energy of free electrons is utilized in
ized by the following relations: collision-induced populating of the levels and their subse-
sah Sah uent emptying due to ionization. The second part of the
Te>Tg, NeTTg)<Ne<Ne™RTe),  ve~ven. gnergy is Fir)z;ngferred via elastic collisions into tEe transla-
After the optical breakdown stage ended, the system astonal energy of the atom-ion subsystem. As a result of a
whole comes in the course of time to a stationary thermodyeomplicated energy exchange between different subsystems
namical equilibrium plasma state for which the following the optical breakdown in the UV region proceeds, just as in
relations are satisfied: the IR region, under the conditions of a strong nonequilib-
- _ Nl — niSah __n1Sah rum.
Te~Tgr Ne=Ni=Ne™RTg)~Ne™RTe), - ve>ven As it was shown by calculations, the most obvious influ-
ence on the breakdown process as a whole is exerted by the
reaction of photoexcitatiofiselective and nonresonargnd
As the frequency increases, the energy of radiatiorphotoionization in the laser field. The interaction of these
guanta and the role of photoprocesses grow. Photopopulatiggrocesses has a competitive character. In order to reveal the
and photodestruction of excited states become noticeabiafluence of each mentioned reaction let us consider in turn
when the laser quantum energy becomes comparable to thiee situations in which one of the processes is missing.

B. IR-region

C. UV-region
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Laser pulse shape A=0.248um

'?—
10° 7 ;' experiment *'9 ‘_GEL
=
o 2
+ S
: s
+ h
+ N
' =
v
| v 15
3 ; i =
E : ' S
] ‘ ' Y @
] 5 i modeling : p :
10°4 ] i N -10 -9 -8 -7
; i min G *=2x10"W/em 10 10 10 10
* 1 * :
] T T
105 T e T
0 10 20 30 40 50 60 70 — 1.0
t[ns] SO
2
FIG. 4. Temporal dependence of the laser-pulse intensity for the experi- o
ments of Refs. 9 and 1@* =30 ns andr; =12 ns refer to the numerically *5 0.6
predicted optical breakdown period for the intens@y=2x 10" W/cn? = ' T
andG,=1.6x 10° W/cn?, respectively. 5 e
=
g Tg
o = 0.2
1. Photoionization
L -10 -9 -8 -7
Laser photoionization takes place due to quantum pro- 10 10 10 10
cesses. As the frequenay, grows, one might expectitsrole
to be continuously enhancing. As long as the energy of the 1018[ N Saha(-l- ) YN
quantumf w, is not high, it is only the upper levels that are ¢ e ;e

emptied due to photoionization. Accordingly, their contribu-
tion into the general process of ionization is not large. As
hw, grows, progressively deeper levels are involved into
photoionization and one might expe@t* (w,) to decrease
considerably. But this is not the case. The photoionization ;
process, just as the photoexcitation, is characterized by a i

noticeable selectivity that is explained by a strong depen- , ~ - Timels]

dence of the photoionization cross-sectiop on the fre- 10-10 109 108 107

qguency and the principal quantum number cr¢~n*5.

Therefore, it is the low levels that are depopulated mordIG. 5. Temporal dependences of the excited stafgsthe elec_tron de_:nsity
efficiently due to photoionization, because these levels havge0 gzg tr:earfzrrieégtﬂrsege and Ty under the laser action with,
the largest cross sections and the highest populations. Figure . ' '
2(b) represents the frequency dependence of the threshold

sensitivityG* (), Curve 3, that is calculated by the model, jonization from the ground state where the reduction of the

taking into account the photoionization only and disregardnreshold intensity may be as high as 5—6 orders.
ing other photoprocesses. The depende@Gt€w,) has a

nonmonotonic character and is positioned below Curve
corresponding to the classical dependence. The fact that t
photoexcitation processéselective and nonresonaiatre ex- Selective photoexcitation of discrete levels plays an ex-
cluded from consideration leads to the disappearance of alfemely important role. When selective photoexcitation is
the sharp troughs in the curve that are due to the excitation daken into consideration with the equal frequencies of the
discrete levels and the formation of two noticeable minima.electron transitioricoupled—coupledw$,,, and the laser field
The minima correspond to the energy of atom ionizationw,, wﬂm= we, a number of deep and narrow vertical
from the ground stateJp=5.98 eV) and the first excited troughs appears in the frequency dependebtéw,), Fig.

state (,=2.84 eV) and are equal 16* (w,)=10* W/cn? 2(c), Curve 4. The resonance excitation of the first four tran-
andG* (w,) =2X 10" W/cn?, respectively. Since before the sitions exerts the greatest influence. Thus, the resonance ex-
beginning of breakdown the ground state has the higheditation of the first level causes the threshold intensity to be
population, the minimum in the region of ionization potential reduced down to FOW/cn?, i.e., about one order greater

Jo in the frequency dependen&* (w,) has the shape of a than the contribution of the ground-state photoionization.
sharp trough. Thus, in the UV region, the photoionization inThe efficiency of photoexcitation of the second and third
the laser field under the conditions of unlimited laser actiorlevels is comparable to the results of the photoionization of
turns out to be a strong factor causing the threshold intensitgtoms from the ground state. This great influence of the reso-
to be reduced by 1.5-2 orders. The one exception is photaiance photoionization is explained by the large value of the

—
o
-
™

Concentration [cm™]
—
[ ]
>

1
h7e Selective photoexcitation
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FIG. 6. Temporal dependence of the laser-pulse intensity for the experi-
ments of Ref. 117* =300 ns andr} =45 ns refer to the numerically pre-
dicted optical breakdown period for the intens®y=5x 10° W/cn? and
Go=1.8x10% Wicn?, respectively.

e
o

Te

Temperature [eV]

e
N

cross-sectiorr,,(w)~10 12 s, that exceeds the photoion- . . . ,
ization cross section by 5—6 orders and, in accordance with 1010 109 10-8 107 106
the curve forG* (w,), under the condition of unlimited ac-
tion can cause the threshold intensity to be reduced by 4—-6
orders.

1018(

3. Nonresonance photoexcitation

NeSaha(Te)
In the absence of an exact resonance between the fre- 1016] ! :
guencies of coupled—coupled transitioaa%m and the laser
radiation frequencyw,, wﬁm# w¢, the laser radiation, re-
gardless of a high degree of monochromaticity due to the
presence of the spectral functi®y,(Aw), can be absorbed
appreciably in the line wings. As an example of typical L .
broadening of all the transitions, Fig. 3 shows the dynamics 10-10 10 108 10 i 10- s
of the spectral functiorgy,(Aw) for the 3p—4s transition, FIG. 7. Temporal dependences of the excited stidfesthe electron density
giving an impression of the behavior of the line under then,, and the temperature, and T, under the laser action,=0.355,m
combined action of the broadening mechanisms. The linendr=0.75us.
broadening effect underlies the nonresonant populating of
the excited state by the laser radiation. The combined |anu|V COMPARISON WITH EXPERIMENT
ence of the resonance and nonresonance photoexcitations on
the frequency dependende* (w,) is represented in Fig. Comparison of modeling results with experimental data
2(a), Curve 2. Taking this influence into account in the vis- serves as a major criterion of the validity of the applied the-
ible range makes the threshold intensity 2—10 times lower. lroretical approach. The mode{4)—(6) were used to study
the UV range, the influence of photoexcitation sharply in-several action regimes close to certain experimental situa-
creases. The threshold intensity reduces by several orderstions, where optical breakdown in aluminum vapor by laser

The contribution of the photoprocesses from the continuradiation pulse was studi€d*! The pulses had different du-

ous spectrum radiation turned out to be insignificant owingation, temporal shapes and wavelengths. The effects associ-
to relatively low temperatures of the medium that are charated with a finite duration of the action and the temporal

N eSaha(T g)

Concentration [cm™]

101

ﬂmﬂﬂ

acteristic of optical breakdown. shape of the laser pulse play a significant role and are to be
The role of photoionization of the plasma formation pro- taken into account.
cess has already been notéd? but the influence of photo- In the experiments under considerationt we note that

excitation has not been studied in details. Comparison of théhe plasma formation near the target is always preceded by
frequency dependenc€s’ (w,), obtained with allowance for an intensive evaporation, and the optical breakdown is initi-
ionization only, Fig. 2b), Curve 3, and with allowance for all ated just in the evaporated matter, but not in the environment
kinds of photoexcitation, Fig.(8), Curve 2, shows that in gas. In the calculations, the stage of the target heating and
optical breakdown in metal vapors by ultraviolet radiationevaporation is not considered explicitly but is modeled by
photoexcitation can play a decisive role, exceeding the congiving the initial data corresponding to the parameters of
tribution of pure photoionization. intense evaporation of aluminum
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To=0.2 eV, Ng=po/Ma=6x10" cm™3, It should be stressed th&@&} =2x 10" W/cn? presents
o the minimum intensity that initiates optical breakdown.
Ne=3x10,4 cm >, Modeling was also performed for the maximum intensity

Thereby, in mathematical modeling the onset of the |asepon5|dered in the_expenments of Refs. 9 and G@':l'G_
action turns out to be shifted forward by a time interval re- 10° wicn?. In this case, the predicted value of the optical
quired for the heating and establishing of the intense evapcpre""kdown period is much smallef =12 ns, Fig. 4.

ration stage. When comparing the theoretical results with the

experimental o_nes_th|s shift must be taken into accounty Experiment 2

therefore the situations, where the calculated values of the

threshold intensity and the time required for a plasma to be The experimental study considered the influence ex-
formed did not exceed the experimental data, were taken terted on an aluminum target by the excimer XeF-laser radia-
be in quite satisfactory agreement. tion of a microsecond duration witthw;=3.5eV, \,

In experimental situations with pulsed action of excimer=0.355um, and the maximum intensity G,=1.8
lasers on an aluminum targ&t! laser pulses had different X 10° W/cn?. The measured plasma formation intensity was
wavelengthsi, = 0.248, 0.355um, and different action du- in the rangeG} ~6x 10'—1.8< 10° W/cn?. The plasma for-
ration: =60 ns, 0.75us. mation time was:g, ;=300 ns atGg =8x 10" Wicn?, and
Taxp=150ns at Gg=1.8<10° W/cn?. In modeling, the
laser-pulse temporal shape was approximated by an asym-

The action of the pulsed radiation of the KrF-laser metrical trapezium shape with the leading edge of Qu$5
(hw;=4.99 eV, \,=0.248um) of nanosecond duration on the top-hat part of 0.2%s, and the trailing edge of 0.is,
an aluminum target was investigated experimentally in RefsFig. 61*

9 and 10. The laser pulse of 60 ns duration had a trapezium- Calculations showed that the threshold intensity was
like shape with the leading edge of 10 ns, the trailing edge o6} =5x 10° W/cn?, and the break down time wag 300

15 ns, and the width at the half maximum of 30 ns, Fig. 4.ns, Fig. 6. The evolution of the main processes is presented
The pulse intensity varied within the rang8,=(0.33 in Fig. 7. A distinctive feature of the given interaction is the
—1.6)xX10° W/cn®. In the experiments, the complicated fact that in the quantum structure of the aluminum atom
structure of the gas dynamic flow was determined, whose¢here is only one transition 8-4s, whose energyAE,
constituents were the expanding plasma in the evaporated3.14 eV is close to that of the laser radiation quantum
material and the shock wave in the air. hw;=3.5¢eV. Owing to collision broadening, the given level

Mathematical modeling with the given shape and duras intensively photopopulated by the laser radiatithe con-
tion of the pulse showed that the threshold intensity of thecentrationN;). Due to collision redistribution, the excitation
radiation wasG} =2x10" W/cn?, and the optical break- is transfered to the @ level, which leads to a considerable
down time 7* did not exceed 30 ns, Fig. 4. Taking into increase in the concentratidd;. Because of a relatively
account that there was no energy expenditure at the initidarge energy differenck w,—AE;;=0.36 eV the photoexci-
stage of the material heating and evaporating, the results olation of the 4 level has a comparatively moderate rate and
tained can be considered to be in good agreement with thia the course of time, the photoionization of this level be-
experiment. The peculiarities of the electron-ion avalanche&omes noticeable. Nevertheless, ultimately, the level popula-
evolution can be characterized with the help of the levelion is much greater than the Boltzmann distribution and,
population kineticN,,, change in the concentration and tem- hence, differs from it significantly. Other excited states are
perature of free electrons,, T., Fig. 5. The distribution of ionized as a result of collisions with electrons. The plasma
the excited stateBl, shows that for the laser radiation with formation is completed by the time=300 ns with the pa-
fiwy=4.99 eV, the resonance absorption is not observedametersN,=5x10® cm 3, T,=1.07 eV. The predicted
since in the quantum structure of the aluminum atom thereptical breakdown period for the maximum laser intensity of
are no transitions with the energyE,,,=#%w,. However, the experiments! G,=1.8x10° W/cn¥, is much shorter
the collision broadening of the@®B-4d transition results in 75 =45 ns, Fig. 6.
efficient laser photoexcitation of theddlevel (the N5 con- Thus, in the cases of different action duration and differ-
centration. At the expense of collision redistribution be- ent wavelengths, mathematical modeling demonstrated
tween the excited statesp54d and 5%-5p, the Ny, Ng  promising results. In the nanosecond and microsecond
concentrations of thes 5p levels are increased. At the first ranges of the laser action, the values of the threshold inten-
stage, photoionization of these levels induces additionasity were found to be several times lower than the experi-
photoionization heating of free electrons up to the temperamental ones, and the breakdown tim& was found to be
ture equal to 0.4 eV. This leads to the enhancement of collishorter than the laser-pulse duratigh< 7, . Taking into ac-
sion excitation of all the levels, the most important role beingcount that the initial stage was given approximately, the re-
played by increasing thBl;, N3 concentrations. After that, sults obtained seem to possess a sufficient resource in inten-
the fast phase of collision ionization of excited states beginsity and duration of the laser action for the initial heating and
and the concentratioN, and the temperaturé, grow fast.  evaporation of the target to be taken into account correctly.
At the time of 3<10 8 s, the quantitieN, and T, reach  Mathematical modeling also showed that development of op-
their maximum valuesN ~5x10"® cm 3, T,~1.05eV, tical breakdown in the UV region proceeds in a much more
and this completes the plasma formation stage, Fig. 5. complicated way than it does in the IR region. Calculations

A. Experiment 1
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