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Microscopic processes in dielectrics under irradiation by subpicosecond laser pulses
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Transparent solids may show strong absorption when irradiated by a high-intensity laser pulse. Such laser
induced breakdown is due to the formation of a free-electron gas. We investigate theoretically the role of
ionization processes in a defect-free crystal, including in our model two competing processes: strong-electric-
field ionization and electron impact ionization. Free-electron heating is described in terms of electron-phonon-
photon collisions. Relaxation of the free electron gas occurs through electron-electron collisions and electron-
phonon collisions. The latter are also responsible for energy transfer from the free-electron gas to the phonon
gas. We solve numerically a system of time dependent Boltzmann equations, where each considered process is
included by its corresponding collision integral. Our results show formation, excitation, and relaxation of the
electron gas in the conduction band. We find that strong-electric-field ionization is mainly responsible for
free-electron generation. No avalanche occurs at femtosecond laser irradiation. The electron density and the
internal energies of the subsystems are calculated. Critical fluences obtained using various criteria for damage
threshold are in good agreement with recent experiments.

[. INTRODUCTION existing free electron in the conduction band. If its kinetic
energy is sufficiently large, it may transfer part of it to an

Interaction of solids with ultrashort laser pulses involves aelectron in the valence band, thus enable it to overcome the
number of microscopic processes. When transparent solidgnization potentiaf="4-19
are irradiated with laser intensities above a certain threshold, The effect of all ionization processes results in the forma-
strong absorption of the laser energy occurs, known as lasetion of a free electron gas, leading to metallic behavior of
induced breakdow#:1° The microscopic processes which €ven a wide-band-gap material. The strong-electric-field ion-
cause this change of an initially transparent material to af¢ation and impact ionization, which may lead to an ava-
absorbing solid with metallic behavior act on femtosecond2nche, are two competing processes. Several theoretical and

time scales. Laser pulses with a duration of only a few ten€Xperimental investigations have already been carried out to

H s4,7,15,16
of femtoseconds provide new possibilities to investigate®larify the role of these processes: A common as-

these processés® vacuum insulator
The mechanisms which lead to breakdown in dielectrics 00000
. . . . . . . . . O
can be divided into extrinsic and intrinsic mechanigms¢ 0000
Extrinsic breakdown is caused by defects and impurities in 00000
. . . . . laser @ O Q O
the material, where local absorption is much higher than it ; DO
would be in a pure material. Intrinsic breakdown is a process %O O
which is characteristic of the material itself as a monocrystal OGO 00
: o ; ; o000
dielectric without defects. In our work we consider only in- 0D 000

trinsic processes, thereby clarifying the role of breakdown O000
mechanisms like multiphoton ionization and electron ava-
lanche. lonization processes may lead to a rather high free-
electron density, which fact can explain the metal-like be-
havior of dielectrics under ultrashort laser pulse irradiation ; :
found by many authors.”'! The processes responsible for z @ conduction band
the formation of a free-electron gas are illustrated in Fig. 1. ’ \ ’
Multiphoton ionization is an effect of a strong electric
field. In very high electric laser fields, also tunnel ionization

.......................................................................

7, valence band

may occurr~*1213Both processes shift electrons from the | strongelectric  impact

valence band to the conduction band with help of the electric ;  fieldionization ionization

laser field, hence we call them strong-electric-field ioniza- 7T mmmmmm—

tion. In contrast, impact ionization may be effected by an FIG. 1. Processes for generation of free electron gas.
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sumption is that strong-electric-field ionization leads to a fewof Boltzmann equation rather than a diffusion equation to
starting electrons whereas an avalanche produced by impaatoid any phenomenological parameter in our calculation.
ionization is responsible for the breakdowr:**® How-  We consider this approach as necessary, since we expect that
ever, for subpicosecond lasers it is proposed that stronghe free-electron distribution function does neither keep its
electric-field ionization becomes more important than impacshape nor is stationary but instead shows a highly non-linear,
ionization, although the latter may constitute a significantdynamical behavior.
quantitative modificatiod:>"1°>16 In our model, we consider three phonon modes, each of
In the following Sec. Il we present our theoretical modelthem is described by a Boltzmann equation. The coupling
and its application to dielectrics. The collision processes antietween free-electron gas and phonon gas and the laser ab-
the corresponding matrix elements are described in Sec. llsorption by free electrons is treated in terms of appropriate
Results for Si@ are presented in Sec. V. We show the dis-collision integrals, thus obtaining a system of coupled Boltz-
tribution function of the laser-induced free electron gas andnann equations. A spatially uniform electric laser field is
phonon gas and their perturbations due to laser irradiatiorassumed, which is justified in dielectrics with a large pen-
The roles of strong-electric-field ionization and impact ion-etration depth. We assume irradiation of a perfect crystal
ization are investigated. Furthermore, we calculate the erwithout lattice deformation or ablation during the pulse.
ergy density stored in the free electron gas and phonon gas,
as well as the total absorbed energy amount in the crystal. B. Crystal
Using various criteria for crystal damage, we calculate

threshold fluences which are in good agreement with recent e assume a perfect homogeneous and isotropic crystal
experiments. without defects. No defects should be created during and

after the laser pulse. Actually, defect creation by electron
recombination after short times has been repottethow-
Il. MAIN ASSUMPTIONS ever the microscopical description of this process is still only
A. Microscopical processes in dielectrics rudimentarily developed. Since we focus on short time exci-

. . . . .. tation dynamics, we do not consider any recombination pro-
To investigate the correlation and interplay of collision -ogq here.

processes in dielectrics irradiated with subpicosecond laser The laser beam should penetrate nearly homogeneously
pulses, we choose a transport theoretical approach becaugg, the crystal. Therefore we neglect spatial dependence of
the initial thermal equilibrium of the electron and phonon gasyye proplem and, in particular, we do not consider transport.

is strongly perturbed through interaction with the laser pulse. \wjith these assumptions, the occupation numbefelec-

We use Boltzmann’s equation to describe the interaction of;qng andg of phonons depend only on time and momentum.
electrons and phonons with the laser beam and among each

other, taking microscopic collision processes into account. In
contrast to averaged phenomenological descriptions, our
model accounts for the dependence of the collision probabil- We assume parabolic energy dispersion of electrons in the
ity on each particular particle’s energy. Each considered coleonduction and in valence band. The effective masses in the
lision process is included as a collisional term in the Boltz-conduction bandn* and in the valence banah}, respec-
mann equation. For the absorption of a laser pulse by &vely, are both assumed to be equal to the free electron
dielectric material, a free electron gas has to be creategass.

first. We consider the formation of free electrons in  The Fermilevel is supposed to be located at the center of
the kinetic description, including strong-electric-field the bandgap which, for a-quartz @-Si0,), is assumed to
ionizatior™"*2*315%nd impact ionization, which may lead pe A=9 ev.2%2! Because free electrons oscillate in the
to an avalanchd,*4~"2-*4y appropriate collision inte- electric laser field, the corresponding oscillation energy has
grals. The free-electron kinetic energy of the electron gas ifip be provided in addition to the bandgap when an electron is
the conduction band increases by absorbing photons ity be shifted from the valence band into the conduction band.

electron-phonon-photon collision?° These collisions lead 11,5 we assume an effective ionization poterfiaivhich
to a high excitation of the free electron gas, far from thermalreadéz

equilibrium. Electron-electron collisions and electron-
phonon collisions, in turn, work towards thermal equilibrium

C. Electrons

within the electron gas at higher temperature. Furthermore, R=A+ eZEE 1)
energy is transferred to the phonon gas by electron-phonon 4mreduQZ’

collisions, resulting in a diminished free-electron kinetic en-

ergy. whereA is the bandgap) andE, the frequency and ampli-

Recently, Stuaret al.”®% investigated the breakdown in tude of electric laser field, respectively, andni,=1/m*
dielectrics by short-pulse laser irradiation in a kinetic ap-+ 1/m} is the reduced effective mass. The second term in the
proach using a Fokker-Planck equation. There are furthesum accounts for the oscillation energy of the electron due to
works in which diffusion equations were usBd®°In our  the electric laser field.
approach, we focus the investigation on the femtosecond re-
gime, therefore we consider all collision processes micro-
scopically using matrix elements for transition probability
which are derived by quantum-mechanical first order pertu- In our model electrons interact only with longitudinal
bation theory. We prefer to use complete collision integralgphonongsee below. As we do not consider heat conduction,

D. Phonons
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we expect phonon-phonon collisions to be unimportant atribution, both at room temperature. In the following we de-
ultrashort time scales. Therefore, we can neglect transversatribe the approach for each considered process separately.
phonon modes.

Acoustical phonons are described by Debye’s model with

sound velocityvs=5935 m/s for SiQ and Debye’s wave ] o ) )
Vector gpepye= 2.35< 101 m~ 1162728 Optical phonons are Electron-electron interaction is a relaxation process which

described by Einstein’s model assuming the edge of Brilworks towards thermal equilibrium within the free-electron
louin’s zone coincident with Debye’s wave vectéin Sio,  9a8S- o _

there are two optical modes; for the first we assume an en- |N€ interaction is described by a scr%ened Coulomb po-
ergy of 63 meV and for the second an energy of 153t€ntial which results in a matrix eleméft

meV 162029t the model is applied for ionic crystals, also

polar modes have to be taken into accotif@ We consider | Me-d K .kz;ky,ks)|?:=[(ck,cky| Ve dcky, cka)|?

only normal processes—umklapp processes are neglected.

A. Electron-electron collisions

e? 1 2
—_— | 4 .
ooV (ky—ko)t G2 Ket-ky kg K

. MATHEMATICAL DESCRIPTION

Since we neglect spatial dependence of wave vectors and 4)
polarization and consider no spatial transport in our model,
the system of Boltzmann equations depends only on time and Herek andk, are the wave vectors of two electrons be-
energy of electrons and phonons. Therefore, the left hanfPre collision, andk,—k;=k; —kiis their exchanged momen-
side of the Boltzmann equations for the occupation numberf!m. We assume the inverse screening lergghequal to

contains only a time derivative. Debye’s screening length, given by
We calculate the time evolution of the occupation number
of free electrons in the conduction band and of the occupa- 2 e’n
tion number of each phonon mode. For electrons in the va- qo_SOKBTe' ®)

lence band we assume a constant occupation number, which
means that the valence band is always completely filled. Fumwheren is the free electron density afig is the temperature
thermore we neglect electron spin-spin interaction, thereforef the electron gas. The free electron density can be deter-
we need only one equation for the electron occupation nummined self-consistently during our calculation. For the tem-
ber. peratureT, we choose a constant value of 5000 K. Since the
The collision term for the electron occupation numlber electron gas is strongly disturbed and not in equilibrium, the
consists of individual expressions for each considered proeoncept of temperature is not strictly valid. However, for the
cess. In our model we include electron-electi@ae and  calculation of the screening length this is of minor impor-
electron-phonorie-ph interactions, phonon-assisted photontance, because the variation of electron density affects the
absorption (e-ph-p}, strong-electric-field ionization(sefi screening dynamics much stronger. Here we want to point
and electron impact ionizatiofmp). out thatT, is the only nonmaterial parameter in our model,
For phonons, we consider several modes of acoustical arislit this can be avoided if the expression from Bineeal *°
optical phonons using one Boltzmann equation for occupais used forqy,.
tion numberg, of each modes. Because phonon-phonon Because we assume a crystal which is homogeneous in
interaction is neglected, the Boltzmann equation for phononspace and isotropic with respect to momentum, the collision
contains only collision terms of phonon-electron interactionintegraf?—2*33?may be reduced from six dimensions to
and phonon-electron-photon interaction. Although phononswo®223which reads, in terms of energy variables
do not directly absorb energy from the laser, they are indi-

rectly affected by irradiation due to their interaction with af (&) 1/ m*\3/e?\21
photon-absorbing electrons. ( n ) =—4(2 ﬁ> (—) Ef de des
The Boltzmann equations represent a system of coupled, N e B\ 2T o {e1+eg=e}
nonlinear, time dependent integro-differential equations _ _
Wh|Ch read X[f(sl)f(sfi)(l f(S))(l f(SZ))
—f(e)f(e2)(L—f(£1))(1—f(£3))]
J af(k,t) af(k,t) af(k,t)
—|f(k,t)= + + dx
at at i at i at . X " 6)
e-e e-ph e-ph-pt IC (K2+q2)2, (
af (k1) af (k1) 0
+ ot imp+ ot Seﬁ’ 2) with e,=¢e,+e3—¢, whereg; is the kinetic energy of an

electron with wave numbds :=k(e;) = V2m*s;/42. The last
integral over the integration regidd can be solved analyti-

w (3)  cally. K is given by

J
(E)g”(q’”:( at )ph_e+

Before irradiation, electrons are assumed to obey a Fermi-
Dirac distribution, while phonons obey a Bose-Einstein dis-and follows from conservation of energy and momentum.

ot

)ph—e—pt.
K=[]k—ka|, k+ks)N(|kys—ka|,ky+ ko],
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B. Electron impact ionization become important at high free electron densities when Pau-
pli's principle influences the probability of the process.

Impact ionization takes place by free electrons of hig X ) e
kinetic energy, which may transfer sufficient energy to va- Therefor.e we avoid _applylng thg approximatids),
goreover, in our calculations we consider electrons at much

lence electrons to overcome the ionization potential. Impact' . i _
igher energies —e.~¢.. Thus we implement the impact

ionization leads to an increased electron density in the corl:' e . . P
duction band lonization process in term of a corresponding collision inte-

For this process a minimum kinetic energy of the collig-9ral. The matrix element for impact ionization is given by

ing free electron is needed to fulfill energyd momentum ~ the product of the matrix element for screened electron-
conservation. This critical energy redf& 2 electron interaction and the probability for a band

transition??=24
Sczlliz’uz with ﬂ:m__ 7) |Mimp(kak2;kl’k3)|2:=|<Ck’Ck2|Ve-eJCk1:vk3>|2
M m’
’ :|Me-e(k,k2;k1,k3)|2'||(k2,k3)|2,
In the case ofm* and m; being both equal to the free (9)

electron mass, the critical energy is higher than the ioniza- . . .
tion potential by a factor of 1.5.9?/ncludi?19 momentum con- where|l (ky,ks)| is the overlap integral which follows from

3 23
servation, our model leads to a higher critical energy ancP'k theory andf-sum rule,

therefore a lower probability for impact ionization compared 2
to other approachés'® [1(ky ka)[P=—=| =+ — | [ko—ka|2. (10)
A common treatment for impact ionization is the applica- 20 \M m;

tion of the so-called Keldysh’s impact ionization formula  Here mis the free electron mass.

_ B 2 Using this matrix element, it is possiBfeo calculate the
Wimp(2) =P (2 =&c)/2o)", ® Constar?tP of Keldysh's impact ionization formul&8) for
whereP is constant. This expression gives the impact ion-e~ ¢, resulting toP=21.2 fs ! for our material parameters.
ization for a free electron with kinetic energy above the This value is more than one magnitude larger than the value
critical energye . shifting an electron from valence band into of 1.5 fs'* chosen by other authot&?® Thus, compared
conduction band®7?3?%|n the derivation of Eq(8) it was  with the results of Refs. 16 and 26, it has to be expected that
assumed that the excess kinetic enekgy e. is small  our collision integral yields much stronger impact ionization.
(<&.).Y" When applying Eq(8) it is usually assumed that With the same assumption as for the electron-electron col-
the excess kinetic energy is equally divided between the twiisions, the collision integral of the impact ionization may be
resulting electron$®2® Our calculations show, however, that reduced from six to two dimensions and reads, in terms of
the resulting electrons can have different energies. This caenergy variable¥

af@)) 1 (eZ)ZﬁZ(m; )m* 21 oo o1 (o2 (L oL
( ) 2mh)? oo 2% m e 2] K f{ﬂ_e_szzg} e1de,[f(e1)f,(e3)(1—1(e))(1—Tf(e2))]

K2 K2
X dK—+f dk ———— —f _dede,[f(e)f,(e5)(1—T(e1))(L—T(ey))]
fica P+ad)? iy (12+ad)?) Jeeemk s ! 2
x f d" ] (11
K~ 55 (>
K¢ (K2+ qtz))2
|
where the kinetic electron energie§=m’/m*(e;—e—e, C. Strong-electric-field ionization
—A) and e§=m;/m*(e —e;—&,—A) follow from energy In strong electric laser fields, an electron in the valence

conservation. The electron wave numbers are giverkijby band may absorb several photons in one step and so gain
:=k(&;)=2m*e; /A%, Again, the integrals over the regions enough energy to overcome the ionization poteAtid?*3
Ka,Kp, K. can be solved analytically, whefé, ,Ky, ,Kc are  This process is called multiphoton ionization; its probability,
boundary conditions which result from energy and momenof course, increases with laser intensity. For very high elec-

tum conservation and read tric laser fields, the potential well formed by the band gap is
KCai=[ Ky — K|, Ky + k) N (ko — k3| ko + K31, distorted and photo-induced tunneling may occur.
Keldysh examined strong-electric-field ionizatithand
Kp:=[|k§—K|,k§+K) N (|ky—Kz|, ki + k5], obtained a general expression for the ionization rate and ap-

. . proximate expressions for both limiting cases. A criterion to
Ke:=[ky—kl,ky+ k) N ([ky— k3|, ko+ k3] decide between either of the processes is given by the pa-
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FIG. 2. Rates for strong-electric-field ionizati¢gef) according
to Keldysh(1965. Parameters for 500 nm laser beam on Si@re
used. At low electric laser fields, multiphoton ionization occurs,

while at high electric fields, photon induced tunneling is obtained.

kinetic electron energy €, [eV]

FIG. 3. Transient behavior of electron occupation number, rep-
resented by the function Ifd] [see Eqg.(22)]. Deviation from a

(The curves in the respectively other region of electric laser fieldstraight line indicates disturbance of thermal equilibrium; the value
are only for illustration. We choose a smooth transition for the of Ifd[f](s,) represents the number of electrons in the correspond-
strong-electric-field ionization ratése;, represented by the solid ing energy state. The numbers at the curves are the time in femto-
line. seconds from the beginning of laser pulse irradiation. For the cal-
culation a laser beam with 100 fs pulse length and electric field of

rametery, which involves the ratio of laser frequenfyand 150 MV/cm is applied on Si©

electric laser fielcE, :

the electric laser field for a laser with a wavelength of 500

— nm and material parameters of Si@&xpressior(13) is valid
ek for laser fields below 50 MV/cm; Eq.14) can be used for

For comparably low electric fields and high laser frequencied®Ser fields above approximately 200 MV/em. Note that out-

(y>1), the case of multiphoton ionization is given, and theSI9€ the regions of validity, unphysical results are obtained,
ionization rate can be approximated*by for example the rate of photoinduced tunneling tends to in-
2

finity. The steps seen in the curve representing multiphoton
—Q( mreduQ 32

0y mredLA

Y (12

_ ionization rate do have physical reasons and can be ex-
9 7 D (V25— (2A11:0)) plained by the increase of ionization potential leading to a
1
X ex 2|sefi 1_4_’)/2

higher order of multiphoton ionization. We use a smooth
transitionW,.;; between both approximations which is shown

where ¢ denotes Dawson'’s integral amgﬁzlﬁ/hQJrlj is

the order of multiphoton ionization which is the largest inte-

by the solid line in Fig. 2.
ger belowA/AQ+1,

We use a separate collision term to include strong-
electric-field ionization in our model. In contrast to rate

For high electric fields and low laser frequencigs<1)
the opposite case of photo-induced tunneling is represente

equations considering only free-electron densitie&® it is
now possible to investigate explicitly the influence of this
Keldysh obtained an approximation for the ionization rate ag
mreduA 3 52
pttunnel:ﬁ z
T Ay

ionization process on the free-electron distribution function.
h2

In especial, the distribution of the shifted electrons by
trong-electric-field ionization has a strong influence on the
mpact ionization because these seed electrons have initially
a low kinetic energysee Secs. V B and V DTherefore they
have to be heated above the critical eneegi¢Eq. (7)] until
they can perform impact ionization. When strong-electric-
field ionization is implemented in rate equations or mean
2 hQ)

In this work we consider a wide range of electric laser Since photon momentum is much smaller than electron
fields and thus bothy>1 and y<1. For the transition be- momentum, we can neglect a change of the electron’s wave
tween multiphoton ionization and photoinduced tunnelingvector in this process. In the isotropic approximation with
we apply a weighted linear combination & and first order perturbation theory and assuming a filled valence
Wpttunnel- band and a nearly empty conductipn band, we obtain a linear
Figure 2 shows both ionization rates for multiphoton ion-relation between the ionization raté.; and the matrix ele-
ization (13) and photo-induced tunnelind4) as functions of ment| Mg(€)|? at energye:

Wmultpt:

1

I sefi
. 13
1 6y2) (13

hQ

Ay

. 2 A
W,

s
8

field equations instead, then these seed electrons are distrib-
uted over the whole energy spectrum which overestimates
the amount of high-energy electrons.

(14
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74 Weer ki=k*q, e(k)—e(k)=*hw(q). (18
| Meerf8) = ===, (15)
N2m *my g HereM is the mass of one of the elementary cells of the

~ - ) o crystal andw (q) is the phonon’s angular frequency. We use
Here 9= (lseft Q1 —A)/(m*/m;+1) is the kinetic energy 4 geformation potential &€, =6 eV for acoustical phonons
remaining _for the free _e!ect(on after overcoming the ioniza-z5 it was found from experimental resulfsFor optical
tion potential. The collision integral then reads phonons we apply the same matrix element, substitu@igg

by the coupling constar€,=6 eV?’
3 In ionic crystals a different matrix element, which can be
(ﬁf(S)) _ 32 h Wedf () (1—f(2))S(e—e) deduced from Frolich Hamiltonian?®?*?*has to be used to
M| o Jm* sefitv o = describe the collision between free electrons and polar
(16)  phonons?

Because photon momentum is neglected, the collision in-
tegral is reduced to & distribution. This means that all elec-
trons which are shifted into the conduction band by strong Free electrons oscillate in the laser field and can absorb
electric field ionization have the same amount of kinetic en€nergy only when perturbed in this oscillation. The perturba-
ergy reflecting the’ distribution in their occupation number tion may occur, for example, when an oscillating electron
(see Sec. V B collides with a phonon absorbing or emitting its momentum.

Instead of using Joule heating of free electrons to treat laser
D. Electron-phonon collisions absorptior’,®?®a quantum-mechanical approach is used be-
o _ cause photon energy is comparable with the oscillation en-
Electron-phonon collisions are responsible for energygrqy of a free electron in the electric laser fidtdccording

transfer from the excited electron gas to the phonon gagy Epshteif® and Seely and Harrfs, the matrix element of
Moreover, these collisions contribute for the disturbed elecyych g three-particle collision is given by

tron gas to relax to thermal equilibrium. The interaction be-
tween the free electron gas and a nonpolar phonon gas is IMZ (K (0, 8): k)|
described with deformation potential theory, which is a valid e-ph-pti b0

E. Absorption of laser energy by free electrons

approximation for long phonon wavelengths. This expression * eE, -q

is, however, also applied to phonons with short wavelength. = |M§_ph(k;(q,,8);k1)|2 > J? —

As a result, the free electrons interact only with longitudinal 1= m*Q)
phonons. Because of diverse influence of electron scattering X 8(e(ky) — e (K) Fhoy(q) —17Q), (19)

with acoustical or optical phonons due to the different pho-

non dispersion relatiorfs, the acoustical and two optical whereE, is the vector of the electric laser field amplitude.

phonon modes are taken into consideration and electron- The index| stands for the number of photons being ab-

phonon interactions are treated quantum mechanically.  sorbed (>0) or emitted (< 0) in one collision process. The

For a collision in which a nonpolar longitudinal phonon probability of such a collision is given by the square of

of mode 8 with wave vectorq is absorbed {) or emitted  Bessel's functiord, . The term withl =0 provides the part of

(). the matrix element readfs’>** the pure electron-phonon interaction. If no laser field is ap-
plied (E . =0) the matrix element reduces to the usual
electron-phonon matrix element.

* . . 2

|Me—ph-nonpo(k’(q'ﬁ)*kl)| Using the assumption of a homogenous and isotropic
=|(k |Vt(q,ﬁ)|k>|2 crystal, and, since we do not consider a definite polarization
TINR1 Ve-ph

of laser light, averaging over all directions of the electric
fi R laser field by defining jf(q,Eo,Q)::féJf(equ,u/
= o | 95+ 5 F5]10[°Ch 8, kq *()2 - - ision | -
2MNw () 2 2 1-k=4 m*Q“)du, the three-dimensional collision integral which
1 represents light absorption by free electr§ris*2can be re-
17 duced to one dimension, given by the following
with momentum and energy conservation expressiort?

* b—-1 o 2.3
af(s)) 1 m 1 j Cua’—,
- b e AG—E—T2(q,Eo, Q)[f(e,)(1—F(e))(s5(q)+ 1
( R e 42 € K(&) ;O,_Ex{ e{zq—\(?%nﬁxiqﬁwz(ﬁj)} qwﬂ(q) 1 (0,E0, Q)[f(e)(1—F(e))(sp(q) +1)

CZ 3
1)~ (e DD+ [ (gmctaerd . 00T (Eg, )

&=~ (110 ~Tiwg(a))} @s(a)

X[f(e_)(A—=F(&))sp(a)—f(e)(A—f(e_))(sg(a)+ D]}, (20
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with e =e*fiwg(q) +12Q andk(e) = J2m*e/h?. Energy  Sec. lll] is solved numerically. We compute the electron oc-
and momentum conservation result in boundary conditionsupation numbef at 100 discrete energy valuesand the
which are described by the s&t? =[|k(e) —k(e-)|,k(¢) phonon occupation numbey,; at 75 discrete phonon wave
+k(e-)]. b is the number of the longitudinal phonon numbersy for each phonon modg. Thus for SiQ we solve
modes g is the density of material. Furthermore, there existsa System of 325 nonlinear, coupled ordinary differential
an upper limit for the phonon wave vector, thus the integra€quations numerically. For this we developed an algorithm in
tion can only be carried out ovegrvalues which are below Which the collision integrals are calculated for each time
g” . For acoustic phonons)®., equals to Debye’s phonon step. The step size is controlled automatically to ensure
wave vector an€ 4 is the deformation potential, whereas for stable solutions. Thus we can observe the temporal evolution
optical phonons these values have to be replaced by the wa@ the occupation number(¢) of electrons andyz(q) of
vector of the Brillouin-zone boundary and the coupling con-Phonons.
stant, respectively.

In our calculations we apply electric laser field amplitudes V. RESULTS FOR SiO,
of such magnitude that also Bessel functions of higher order
may provide significant contributions. Since in the numerical
calculations it is not possible to consider all terms of the All results shown in this article were calculated for a box-
sum, we have taken a pragmatic approach. By virtue of theéhaped laser pulse with wavelength-500 nm(photon en-
identity ;. _,J7=1, we approximate the sum over negative €rgy 7{2=2.48 eV} shining on SiQ with bulklike material
| and the sum over positiieeach by[l/Z(l_Jg)] and treat Parameters. Pulse length and amplitude were varied.
these expressions like photon emission and absorption of or-
der one. In this way, we take higher order processes indi- B. Electron occupation number
rectly into account, however, underestimating the electron’s  rigyre 3 shows the transient behavior of the occupation
energy gain. Nevertheless, the resulting energy gain usingymper of free electrons in the conduction band as a function

this approach is higher than if higher order procedse8 ot yinetic energye, . The applied laser pulse has a length of
were completely neglected. Thus we replag®&(x) by 100 fs and an electric field of 150 MV/cm. The numbers at

A. Parameters

J5(X) 80y +0.5(1 = I5(X))( 8- 1, + 84y). the curves denote the time in femtoseconds from the begin-
ning of the pulse. The solid lines represent values of the
F. Boltzmann’s equation for phonons occupation number during irradiation, whereas the dotted

- - lines corresponds to values after the laser pulse.
The Boltzmann equation for phonons contains only the . . S .
. b Y Instead off a function Ifd f] is plotted, which is defined

collision term for phonon-electron-photon interaction, which
can be calculated from the matrix element of electron-2S
phonon-photon interactiofsee Secs. Il D and Il E Al- 1
though phonons do not absorb energy from the laser, they are Ifd[ f](ey)=— Iog(— - 1) . (22
affected indirectly by irradiation due to their interaction with f(ew)

photon-absorbing electrons. This approach includes also pula thermal equilibrium, when electrons obey a Fermi-Dirac
phonon-electron interaction without laser irradiation. Thisdistribution, Ifd f](e,) equals— (ex+ &remf2)/KgT. In this
three dimensional collision integral can also be reduced tgase Ifdif](e,) is a linear function of electron energ

one dimension and reads, in terms of phonon wave numpber with a slope proportional to the inverse electron temperature.

(Ref. 32 Values of Ifd f] increase monotonically with values. The
S deviation of Ifd f] from a straight line indicates the devia-
395(9) 1 (m")” Cgq tion of the electron gas from thermal equilibrium.
at ph_e_pt_ 4mht 0 wg(q) Immediately after the beginning of irradiation the occupa-

tion number in the conduction band starts to grow, as elec-
b-1 = - trons are shifted from the valence band into the conduction

X 20 IZ Ji(9,Eo,Q) band by strong-electric-field ionization, and thermal equilib-

proi== rium is strongly disturbed.

Since the collision integral of strong-electric-field ioniza-

XL Gom +IAQ+hog( )}ds tion is represented by a-function (Sec. Il O the shifted
ceTe el electrons have all the same kinetic energy reflected by a
X[f(e)(A—Tf(e))(sg(a)+1) o-peak in the occupation number at the bottom of the con-
duction bandlow energies,). As can be seen in Fig. 3, the
—f(e)A—f(e1))sp(q)], (2D Jfd[f]-values fort=4 fs show a series of equally spaced

with &, =s+(hQ+%wy(q)). The set Gi={s peaks. The peak at the lowest energy results from electrons

=0:|q—k(e,)|<k(e)<q+k(e,)} constitutes boundary €xcited by strong-electric-field ionization. Some of these free

conditions due to momentum and energy conservation.  €lectrons absorb further photons, resulting in an increased

occupation number at energies larger by multiples of the

IV. SOLVING THE SYSTEM OF EQUATIONS photon energy. This leads to the formation of an equally
spaced peak structure.

The system of nonlinear, coupled integro-differential In the further course more and more electrons are pro-

equationg Eq. (2), Eq. (3) with the collision integrals from moted to the conduction band, where they continue absorb-
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ing energy from Igsgr |rrad|at|on.. Th.e .pealfllke structure, 0.0 3 1500 nm. 100 5, 150 MV/orm]
formed at the beginning of laser irradiation, is smeared out 0.5 3
due to internal relaxation processes like electron-electron
collisions. Also phonon heating by electron-phonon colli-  — '1-0-5 <
sions leads to a relaxation of the electron gas. Already 50 fs — -1.5 3
after beginning of the laser pulse, no distinct peaks are vis- % 20 3 .,
ible except the lowest one caused by strong-electric-field & 3 " 200
ionization. = 23 Jo0
At the end of and after the laser pulse=(100 f9 the -3.0 3
high-energy part of the occupation number decreases while 35 3 0
for low kinetic energies, the number of free electrons in- T b b e 11
creases. This is an effect of impact ionization, where high- -1.0 ] 1. optical mode (63meV)
energy electrons partially transfer their energy to valence — ]
electrons. In such a collision, one high-energy electron dis- = 15 E
appears while two low-energy electrons emerge. 2‘: 50 3 ..., 200
After irradiation, strong-electric-field ionization disap- EE —
pears whereas impact ionization still continues. Except for = 25 _'*"’ 100
the high-energy tail the free-electron occupation number re- T T T A
sembles an equilibrium distributiotinear Ifd f]-curve by -2 2. optical mode (153meV)
that time. The slope of the Ifd]-curve decreases with time ] —
since the hot electron gas transfers energy to the lattice. — 37 e 200
In contrast to results of Stuaet al.”?® our calculations = 31 7 oo
show that the free-electron occupation number distribution \2 -4
function changes its shape within the femtosecond regime. %” S
C. Phonon occupation number 6 ¥ 0
TV T WA [NV SN WO W NN SN VT TN S [N T ST T W N T WO T
Figure 4 shows the transient behavior of the occupation 0 5 10 15 20 25

number for each phonon mode. The same laser pulse as
above is applied. The numbers at the curves represent the

time in femtoseconds from the beginning of the pulse. FIG. 4. Transient behavior of the phonon occupation number of
For each phonon mode the function[lgg] is plotted as a  the acoustic and the two optical modes, represented by the function
function of the phonon wave vector. [lgg;] is defined as  Ibelg,] [see Eq.(23)]. Its deviation from a straight line indicates
disturbance of thermal equilibrium; the value of[Igg](q) repre-
sents for each mod@ the number of phonons in the corresponding
). (23)  wave vector state. The numbers at the curves are the time in fem-
toseconds from the beginning of laser pulse irradiation. For the

o calculation a laser beam with 100 fs pulse length and an electric
In thermal equilibrium when phonons obey a Bose-field of 150 MV/cm is applied on Si©

Einstein distribution, Ijeg;1(q) equals—7% w4(q)/KgT, thus
gﬁgn%ibzvzse%%i?&?%gf]t(hqg ;ioetjgtrif %ggg?tt'ﬁg glfotpheeis at an electric laser field of '150 MV/cm. Note the different
inversely proportional to the phonon temperature, whereaSCa/€s on both axes of the figures.

for optical modes the Ibfjz]-curve represents a constant The raj[e for strong-(_alectrlc-fleld ionization is directly con-
which is also proportional to the inverse phonon temperaturd?€cted with the laser fieltEgs. (13) and(14)]. Since a box-

phonon wave vector q [1/nm]

1
Ibefg;1(q)= —|Og(m+l

Ibe g4] is an increasing, monotonic function gf. shaped pulse is applied, this ionization rate increases linearly
As can be seen in Fig. 4 phonons of each mode are exas & function of time until the laser pulse is over.
cited during (:O fs to 100 f3 and after laser pu|Set( In contrast, Impact lonization becomes Important Only

=200 f9 as the phonon gas gains energy from electron ga¥hen a sufficient number of high-energy electrons is present
by electron-phonon collisions. In this process, phonons ar# the conduction band. Therefore this process starts much
created thus the occupation numbers grow across the whol@ter than strong-electric-field ionization. Because each strik-
wave vector spectrum. The smaller excitation at low waveng electron shifts a second electron into the conduction
vectors is an artifact of deformation potential theory. Theband, the density contribution of impact electrons grows ex-
disturbance from thermal equilibrium can be considered agonentially.
small. However, for very short pulses of 25 fs, free electrons
have not enough time during the irradiation to continue ab-
sorbing laser energy until they are heated above the critical
energy for impact ionizatiohEq. (7)]. In this case, the con-
Figure 5 shows the time dependence of the free-electrotribution of impact ionization to the electron density is neg-
density during and after the laser pulse, and the contributiongible. If the laser pulse length is increased, the number of
of strong-electric-field ionization and impact ionization, re-free electrons created by impact ionization also increases.
spectively. Four different pulse lengths have been treated, adnly for pulse lengths of 200 feand mor¢ is the contribu-

D. lonization processes



PRB 61 MICROSCOPIC PROCESSES IN DIELECTRICS UNRBE. . 11 445

1.2

05 J25fs, 150MV/cm| electron density 3 5015, 150MV/em electron density
,.’g E sefi. contribution o 10 1 ]
S %43 § 08 3 sefi. contribution
2 03 3 E
< 5 06 3
d 49
2 02 Foa ]
g 01 3 g E
0.1 02 imp. contribution
imp. contribution 1/ ee——n— .
0,0 ................p...,.... 0.0 iy — T FIG. 5. Time dependence of free-electron
0 25 50 75 100 125 0 50 100 150 density and the contributing processes, i.e.,
t (fs) () strong-electric-field ionization and impact ioniza-
tion. A 500 nm laser pulse impinging on SiO
25 Tiooms. 130MViem 7 200, 150MV/em with an electric field of 150 MV/cm and pulse
] electron density 6 lengths of 25 fs, 50 fs, 100 fs, and 200 fs, respec-
o 204 a electron density .
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tion of impact electrons comparable tm excess of the  21%, whereas the contribution by strong-electric-field ion-
contribution of the strong electric field ionization. ization decreases about 22% and the ratio of impact ioniza-
The figures show a sharp rise in impact ionization at theion to strong-electric-field ionization raises from 0.3 to 0.47.
end of laser irradiation. This is caused by the sharp decrease For the same laser pulse, a reduction of the band gap from
of the ionization potential, Eq.(1). When the electric laser 9 €V to 6 eV leads to an increase of both ionization pro-
field is switched off, the critical energy, [Eq. (7)] drops to ~ cesses. The numbers of ionized electrons raises by factor 6.3

a lower value.(Obviously, this is an artifact of our box- for impact ionization, and by a factor 2.5 for strong-electric-
shaped pulsg. field ionization. The total free-electron density increases by a

Impact ionization continues for about 100 fs after irra- factor of about 3.35 and the above ratio of impact ionization
diation. Eventually, no electrons remain in the conductionfO Strong-electric-field ionization is then 0.77.
band with sufficient energy for impact ionization, and the Thus, the width of band gap strongly influences the
electron density saturate@n reality it would decrease due to Strengths of both ionization processes and therefore plays a

recombination which, however, is not included in our Significant role in determining damage threshold using den-
model) sity criterion.

Although in Sec. Ill B we concluded that our matrix ele- Figure 6 shows the time derivative of the contribution of
ment for impact ionization should yield stronger impact ion-impact ionization of free-electron densitp;y,/ 9t as a func-
ization in comparison to other authdr& our approach with ~ tion of free-electron density for different pulse lengths in
collision integrals leads to unexpected low impact ionizationthe femtosecond regime. o .
rates. We assume that Keldysh’s formula cannot be used for The same pulse parameters as in Fig. 5 were applied. For
the studied case, because our results show that a huge parta assumed pulse lengths, the impact ionization rate in-
impact ionizated electrons are produced by free electrongreases during irradiation with increasing free-electron den-
with kinetic energies much larger than critical eneegyfEq.  Sity.- The time period of the pulse is represented by the
(7)]. An additional effect reducing the possibility of impact Smooth increase of impact ionization rate. The sharp rise in
ionization is the consideration of energy conservation andhe ionization rate, as described above, marks the end of
momentum conservation in our approach. Therefore, we dg(adlatlon. Also the final saturation of impact ionization at
not obtain an avalanche of impact ionization. NeverthelessSlightly higher electron densities than those which are ob-
as will be shown below, we obtain free electron densitied@ined during the pulse can be observed. N
which are high enough for dielectric breakdown and damage For pulse lengths in the range of picoseconds, it is com-
thresholds in good agreement with experimental results. ~monly assumed that impact ionization grows exponentially

We varied the applied parameters by increasing effectivénd can be described by
electron mass in valence bamj or decreasing band gay. _
Both leads to an increase rgfl impact ionization. However, Mimp/ 7= (B )1, (24
strong-electric-field ionization still remains the dominantwhere « is the so-called avalanche coefficiéht®3® Thus,
ionization process for laser pulses below 150 fs. for a box-shaped laser pulse as applied in our work, a linear

For example, whem is doubled, then, for a laser pulse increase of impact ionization rate with free-electron density
of 100 fs duration at 150 MV/cm, the contribution to free- is expected during the pulse. As Fig. 6 shows, the simple rate
electron density through impact ionization increases aboutquation(24) does not hold for pulse durations in the fem-
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0.00 T 0.0 Frrr FIG. 6. Time derivative of the contribution of
00 01 02 03 04 05 00 02 04 06 08 10 impact ionization of free-electron density as a
n (10%/cm?) n (10%!/cm®) function of the free-electron density for different
pulse lengths, 25 fs, 50 fs, 100 fs, and 200 fs,
10 . . .

150 MV/om, 10055 40 T rgspecpvely. A SOQ nm laser pulse impinging on
~ g ] SiO, with an electric field of 150 MV/cm is as-
T 8 T 30 ] sumed.
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tosecond regime. The descriptiondf;,,,/dt proportional to dielectrics. We obtain a stronger restriction of the applicabil-
n is justified only for free-electron densities higher than ity of Eq. (24) than other authors,?®*®*because we included
~6x10?° cm™2 and therefore not applicable to calculate themomentum conservation and a effective ionization potential,
initial evolution of the free-electron density. The linear re- obtaining a higher critical energy).
gime is not reached when assuming a pulse of 25 fs duration. Figure 7 shows the maximum free-electron density in
For the 100 fs pulse, linearity is reached after about half ofSiO, depending on the electric laser field. The individual
total pulse duration. Only for pulse lengths of 200(&d contributions to the free electron density from strong-
more), a linear dependence of impact ionization rate on freeelectric-field ionization and impact ionization, respectively,
electron density, according to E(R4), can be assumed for are also plotted.
the whole pulse duration. This result only slightly depends For all investigated pulse lengths, the electron density in-
on the applied electric laser field. creases with increasing electric laser field: Strong-electric-
Thus, the energy dependence of impact ionization and théeld ionization is directly proportional to the laser pulse in-
time needed for free-electron heating up to critical enéryy tensity [Egs. (13) and (14)], whereas the impact ionization
play a significant role in femtosecond laser irradiation ofrate increases because of the avalanche effect.

102 3 ~ 10 o 500nm, 50fs
5 10w 3 § 10
1% 10 :lé’ 10% -]
- 2 o]
5 10 = 100
<] 8 ]
E 1017 —e— njomY 3 10¢ —8— n[cm?]
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108 F————r——r—rr—————r 10'6 F— T ————— _ o
50 100 150 200 50 100 150 200 FIG. 7. Maximum electron density in the con-
electric field (MV/cm) electric field (MV/cm) duction band after laser irradiation for varying
electric laser fields, together with contributions
from the two considered ionization processes.
102 J5000m, 1005 102 J'5000m, 20055 The four figures represent four different laser
§ ] g ] pulse durations.
'3 FRLE
P b g E
£ 100 £ ]
3 E —o— nfem? 3 o] —8— nfcm?
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e 108 A
50 100 150 200 50 100 150 200

electric field (MV/cm) electric field (MV/cm)



PRB 61 MICROSCOPIC PROCESSES IN DIELECTRICS UNRBE. . 11 447

The figure shows that for pulse lengths belevt00 fs the 59
contribution of impact ionization is negligible compared to ]
strong-electric-field ionization. Only for a pulse length of "g 4
200 fs do both processes provide similar contributions. Thus =
the pulse length determines predominantly which ionization =3
process is mainly responsible for the formation of a free g
electron gas. E 23
A commonly used criterion of an ablation threshold is &
plasma formation, where the dielectric is assumed to change g 14
to plasma state when the electron density exceeds a critical ]
valuel®’ o +————"r—"—"1—"1——1—
The calculations underlying Fig. 7 were continued up to 0 50 100 150 200
the critical plasma densityp= €,e,m*Q?/e?, at which the Jaser pulse duration < (£5)
real part Re(()) of the dielectric functione({)) becomes P
zero, i.e., the laser beam gets totally reflected. Rgris the FIG. 8. Calculated damage threshold for a laser pulse with
specific dielectric constantip is determined by Re({2)  wavelength of 500 nm irradiating S}OA free electron density of
=e,— (wp/Q)?=0 with wp=(ne?/(e;m*))*23" 102 1/cn? is used as damage criterion.
Note that our model is only valid for free electron densi-
ties at which electron-ion collisions are negligible. If the free E. Internal energy

critical plasma density, the collisions of free electron withfia|d of 150 MV/cm we show in Fig. 9 the transient behavior
ions (inverse bremsstrahlupdiave to be included because qf the total deposited energy together with the internal en-
then this process occurs with higher probability thangrgy increase of the free electron gas and the internal energy
even more W'lth increasing electron density. i calculated by integration over théneticenergy of free elec-

To determine the damage threshold flueRcel .7, first,  rons. However, theotal energy absorbed by electrons is
the vacuum intensity needs to be calculated from the electrlf;,igher by the part of laser energy used to overcome the ion-
field E, within the material. The 'r;te?gs'tybulk within the jzation potential. We approximate the total energy deposited
bulk readslyu= veo/noVRee(Q)EL.™ In case of small n the crystal by adding the product of the free electron den-

absorption, Re((}) is given by the refraction index,,  sity with the bandgap to the sum of the internal electron
JVRee(Q)~n,. The vacuum intensity,,. can be calculated energy and the phonon energy.
by lyac=(1—R)lyu using the reflection coefficienR The total energy deposited in the crystal increases imme-

=|(n,—1)/(n,+1)|%, wheren,=n,—ik is the complex re- diately when irradiation starts. This initial contribution is
fraction index. Well below the specific plasma density, assolely due to strong-electric-field ionization providing free
mentioned above, the absorption coefficient is small comelectrons of low kinetic energy. The internal kinetic energy
pared to the refraction indeﬁ,~nr, and| . reads of elgctrons grows later due to phonon asss}e_cj phot_on ab-
sorption by free electrons. Therefore, the initially linear
growth of total energy becomes progressive in the further

n+1\2 [e course. lonization processes continue to generate free elec-
vac=| — \ /—OEE. (25)  trons, which in turn continue to absorb photons, thereby in-
2 M creasing their kinetic energy. The internal energy of the pho-

non gas rises later and more moderately, because the only

considered process of phonon heating is through direct
In experiments the intensitl,,. is the known parameter.

Equation (25) is valid in prebreakdown regime, when the R T
electron density is up to one third of the critical plasma den- . 1 isoMv/iem > total energy
sity. For this electron density the electric field increases with = 310 '
increasing electron density and constant intenkjty. In- 8 410 3
creasing the electric field, in turn, leads to an increasing elec-
tron density, so that the breakdown regime is quickly £ 310° ]
reached. % 2100 3 . eleetronki

We use a free electron densitymf=10°* cm™ 3, as dam- 5 ] e SESTO KR enerey
age criteriort,” which is somewhat below the critical plasma ° 110 4 ——
density, hence Ed25) is still applicable. The precise choice 010° 3 | -.--,--,",”j",'-.—_.—-?ﬁf;ﬁ?n-Cn-erg-y

of n. has only a weak influence on the calculated damage

threshold. For a box-shaped pulse and a critical demsity

we obtain withn,=1.55" for photon energy of 2.5 eV,

=1 the damage thresholds shown in Fig. 8. FIG. 9. Time dependence of internal energy of the free-electron
These calculated damage thresholds are of the same magas(dotted ling, phonon gasdashed ling and total absorbed laser

nitude and show the same qualitative dependence on lasefiergy(solid line). The calculation is performed for a laser pulse

pulse duration as experimental resdis!! with electric field of 150 MV/cm and pulse length of 100 fs.

0 50 100 150 200
t [fs]
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electron-phonon collisions, which are rather inefficient withand the phonon energy at the end of laser irradiation, are
regard to energy transfer. The contributions of acoustical andhown in Fig. 10 as functions of the electric laser field. The
optical phonon modes are nearly eqtfal. calculations were performed for the four different pulse
After irradiation, the total deposited energy remains condengths as in Fig. 7.
stant. The slight decrease seen in the figure is a numerical All investigated types of energy amount increase with
artifact. In fact, conservation of the total energy is a usefulelectric laser field and duration of irradiation. The internal
check of numerical stability. The kinetic energy of the elec-energy of the phonon gas at the end of the pulse is always
tron gas decreases through two processes. First, in impacgtuch smaller than the internal energy of electron gas, which
ionization, kinetic energy is used to overcome the bandgapn turn differs from the total amount of deposited energy.
Second, energy is transferred from the electron gas to th€he heating of the phonon gas at the end of the pulse is
phonon gas. This process continues long time after irradiarather small for most investigated parameters, thus the inter-
tion until the electron temperature equals phonon temperanal energy is not sufficient for melting or even evaporation
ture. (Since our model does not include recombination weduring the pulse(For SiO,, the lattice temperature in Kelvin
have the same situation as described by the two-temperatucan be estimated by half of the value of the energy density in
model for metalé! Note that equality of temperatures does J/cn?.) Using the above approximation to calculate the upper
not imply equality of internal energies due to the large dif-limit of temperature increase, we find that for pulses with
ference of heat capacitigs. 7.=50 fs, lattice temperatures far above breakup tempera-
When comparing the excited, nonequilibrium electron gagure may be reached.
with an electron gas with the same internal energy content at The estimated fluences necessary to reach breakup tem-
equilibrium, we find that the corresponding equivalent elecperature show the same qualitative dependence on pulse du-
tron temperature reaches up to 40000 K. However, noteation as the threshold fluences to reach critical electron den-
when the free electron gas is not in equilibrium, this quantitysity (see Sec. V 2 The values are higher than those of Sec.
has no direct physical meaning of temperature. The tempera/ D, although of the same order of magnitude. Keep in mind
ture increase of the phonon gas, on the other hand, is fountthat the fluence to reach breakup temperature is only a rough
to be only a few 100 K. We can estimate the maximumestimate because we considered only intrinsic mechanisms
temperature increase of the lattice at the end of the pulse, bigr laser absorption of a perfe@inrea) crystal. Moreover,
assuming thaall energy deposited into the crystal will be to investigate lattice damage in particular, processes like
contained in the lattice, for example, via nonradiating recombond breaking due to high electron den$ity*and intrinsic
bination processes. In this way we obtain a maximum temeffects like defect creation by recombinatior’ have to be
perature increase of 2500 K of the SiCattice, which is  considered.
above breakup temperatuferystalline quartz decays at at-
mospheric pressure at a temperature of 1997RKf. 23].
Note that this is an upper limit not only because of the above
assumptions, but also because we do not account for heat We investigated irradiation of dielectrics with subpicosec-
conduction in our model. ond laser pulses using a kinetic description. Thus, effects of
The final total energy deposited in the crystal, the maxi-particular collision processes on macroscopic material re-
mum value of internal kinetic energy of the free-electron gassponse can be studied even for a highly nonequilibrium elec-

VI. CONCLUSION
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tron gas. An appropriate system of coupled, time-dependenbnization is restricted to a small period at the end of and
Boltzmann equations is solved numerically. Collision termsafter the pulse because only then are energetic free electrons
for strong-electric-field ionization and impact ionization are available. Thus, a duration of irradiation of 200 fs and lower
included. Our model enables us to investigate intrinsic abappears too short for an electron avalanche to develop.
sorption processes as basic mechanisms for dielectric breakimple rate equations used by many authors to estimate the
down. In contrast to other kinetic approactiés?'***?e  free electron density disregard the energy dependence of im-
explicitly calculate the transient free electron distribution andpact ionization. We have shown that such equations are not
phonon distribution by microscopic collision integrals avoid- gpplicable to femtosecond laser irradiation, therefore they
ing any phenomenological or averaging parameter. can lead to wrong results.

The results for Si@irradiated by a single laser pulse of  \e have estimated threshold fluences using several crite-
femtosecond duration demonstrate the high-nonequilibriunia for damage threshold as critical electron density and total
state of the electron gas and phonon gas during and aftefhsorbed energy. The resulting damage thresholds are in

laser irradiation. The free-electron gas is formed mainly bygood agreement with experimenta| measurem%_ﬁtg:
strong-electric-field ionization, whereas impact ionization is

of minor importance for laser pulses below 100 fs. Only at
pulses about 200 fs does the contribution to free electron
density by impact ionization become as important as strong-
electric-field ionization. In contrast to other approach¥s, The authors would like to thank S. I. Anisimov, Landau
our description of ionization processes includes momentuninstitute Moscow, Russia, D. Ashkenasi, Max-Born Institute
conservation and an appropriate effective ionization potentiaBerlin, Germany, A. M. Rubenchik, Lawrence Livermore
resulting in a higher critical energy for impact ionization, National Laboratory, CA, and K. Sokolowski-Tinten, Uni-
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