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Abstract A theoretical model is developed to describe the process of laser-in-
duced damage of dielectricsw ith ultrashort pluses, inw hich themultiphoton ionization,
avalanche ionization, electron-ion recombination, and the electron diffusion are taken in-
to acoount By assuming a Gaussian tenporal shape of laser pulse, sme numerical re-
sults of the threshold dependence on pulse duration are presented For pulse length
longer than 10ps, the numerical results agree well with the sguare-root relation For
pulse length of subpicosecond, our model principally explains the opposite experimental
resultsof Du et al *s (Appl Phys L ett , 64, 3071(1994) and Stuart el al ’s (Phys Rev.
L ett, 74, 2248(1995) by properly choosing the criterion of damage
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L aser-induced damage in otpically trangarent materials has been studied extensively
since the laser was invented in the 1960s'" *. For laser pulses longer than a fev tensof pi-
cosecond, the damage mechanisn iswell understood The bulk damage of defect-free di-
electrics involves the heating of conduction band electrons by the incident laser field and
transfer of this energy to the lattice During the conventional heat deposition, dielectrics are
melted and boiled, then damage occurs Based on numerous experimental results, the fact that
the danage threshold dependson the laser pulsew idth iswell established A n enpirical scal-
ing lav of the fluence damage threshold for longer pulses( T> 10ps) is generally accepted: '
Fa T72.M earw hile, a theoretical model w hich predicts this square-root relation isal set-
up. ¥
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How ever, laser-induced damage by ultrashort pulses still remains as a challenging re-
search topic because subpicosecond high pow er laser pulsesw ere not available before A s a
result, the mechanisn of danage caused by subpicosecond pulses isonly primitively under-
stood U ntil the past years, nev techniques in ultrashort laser pulse generation and amplifica-
tion, such as the chirped-pulse anplification (CPA ), have enabled teraw att class laser systems
producing subpicosecond pulses M ore mportantly, CPA allow sone to vary the pulsew idth
continuously from fentosecond to hundres of picosecond w ith a single laser systan. T his of-
fers a nav set of convenient opportunities to study laser-induced danage in aw ide range of
laser pulsew idths

In other aspect, further increase in the peak pow er isavailable from aCPA system'”, but
it isnow limited by optical surface danage due to the intense short pulses T herefore, laser-
induced danage, epecially with short pulses, attracts much interests In addition, various
progective applications from materials processing to biomedical technologies, such as eye
surgery on ocular tissue, al need to well understand the damage mechanisn of these short
laser pulses and the threshold dependence on pulse duration

Recently, Du et al *” investigated the laser-induced damage in fused silica enploying
150 fs 7 ns, 780 nm laser pulses, and found that the threshold of damage fluence, Fn , in-
creasesw ith thepulse duration TasFn 1/Twhen T< Ips Short aftemw ards, Stuart et al ™"
did some smilar experiments, in which they measured the danage thresholds for silica and
calcium fluoride at 1053 and 526nm for pulse duration ranging from 270fs to 1 ns But their
results show ed that the threshold of danage fluence still decreasesw ith the pulse duration
when T< 1 psalthough it deviates from the square-root relation,w hich isopposite to Du et
al 'sNote that the danage detection and definitions in their experiments are different:Du et
al detected the damage through measuring the plasna enission from the sample, and they
defined damage w hen considerable plasna enission wasmeasured Stuart et al detected the
damage w ith aNomarski scanning electron microscope, and they defined visible pemanent
surface modification on the sample as danage T he differences are thought to result in their
different threshold dependence on pulse duration Tfor T< ps

In this paper,we develop a theoretical model to describe the process of laser-induced
damage of dielectrics especially w ith ultrashort pulses in w hich the multiphoton ionization,
avalanche ionization, electron-ion recombination, and the electron diffusion are taken into ac-
count By assuming a Gaussian temporal shape of laser pulse, ome numerical results of the
threshold dependence on pulse duration arepresented For pulse length longer than 10 ps, the
numerical results agreew ell with the sguare-root relation For pulse lengths of subpicosec-
ond, our model explains the opposite experimental resultsof Du et al 's ™ and Stuarts et
al '$**! by properly choosing the criterion of damage

W e use the follow ing equation to describe the temporal behavior of the free electron den-
Sity N e

TG R Gorvars R THC B TG (1)
whene "(E) is the avalanche ionization coefficient, ¥= 1/(N () &), 5= 1/B. & and & are
the electron-ion recombination and electron diffusion time, repectively. These last wo tem s
represent the electron losses

The second tem on the right hand of eq (1) represents the free electron production di-
rectly by thephotonsof the laser radiation InDu et al 'sand Stuart et al 'sexperiments, the
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pow er density of the laser radiation is in theorder of GV /am* TW /am?or higher, epecially
for ultrashort laser pulses At thismagnitude, the contribution of multiphoton ionization is
nonnegligible in the processes of free electron generation Herew e use the follow ing multi-
photon ionization formula™

e FERALG 2
w hereN is the active ion density , 0™ is then -photon absrption cross-section, F is the pho-
ton fluence density, regectively. W e use the measured four-photon absrption cross section
0¥ = 2x 100 Man®/S*™ for the 526 nm laser field

A s pointed above, the pow er density of the laser radiation is in the order of GV /am’®
TW /an’ or higher in Du et al 's and Stuart et al ’s experiments, thus the applied electric
field isin theorder of afev tensofMV /an and higher, expecially for ultrashort laser pulses
U nder such a high field, electronsw ill makemore than one collision during one period of the
electric oscillation A s a result, the electric field is essentially a dc field to those high energy
electrons'™. Hence,we take the similar way used by Du et al " to describe the avalanche
ionization: first,we use the relationship'®E (0) = E*(1+ «f%) *corregponding the optical
damage field to a dc breakdow n field,w here w is the optical frequecny and T is the electron
collision time Second, the avalanche ionization coefficient is expressed in them sof ionization
rate per unit length aw ith "(E) = &(E) wuirt , where wrir: is the drift velocity of electrons
W hen the electric field is as high asa fav MV /am, the drift velocity of free electrons is satu-
rated and independent of the laser electric field, »rirt = 2x 10’an /s The third,w e use the ex-
pression for ®(E) derived by Thornber'* which is applicable for all electric field strengths
and essential w hen comparingw ith Du et al ’'sand Stuart et al ’s experimental data

Ei
E(1+ E/E,) + B | 3)
w hereU i is the ionization threshold of the valence band electron, Ep, Exr and Eiare the thresh-
old fields for electron to overcome the deceleration effects of phonon, themal and ionization
scattering, reectively.

Setting a Gussian temporal shape of laser pulsew ith peak pow er density P and duration
T, one can detem ine the energy fluence Fe , photon fluence density F , and the laser electric
field E and thus the corregponding dc electric field E*. Then, from egs (1), (2), and(3) one
can calculate the free electron densityN .. A t the end the pulse duration, ifN e= N « , the free
electron density corregponding to the sample damage, thisFe is the damage threshold In our
calculation, Ei= 3MV /an, Er = 3.2MV /an, and Exr = 0.0LMV /an are used These pa-
raneters are taken from Ref [10] (and references therein) withU = eEl ,whereU is the ap-
propriate themal , phonon, and ionization energy, and | is the correponding energy relaxation
length (I = 1, 5A, the atomic pacing, and || = 30A ).

Figure 1 and 2 are two typical runs of evolution of free electron density N . for a 100fs
and a 1 ns, 526 nm laser pulse(iwo-dotted dashed curve)of peak intensity 11. 7 TW /an’ and
27.7 GN /an’ in fused silica, repectively. For comparison, we separte the contributions of
avalanche ionization (dotted curve), and the multiphoton ionization (dashed curve). W hen the
electron losses due to diffusion and recombination are included, the electron evolution (long-
dashed curve) are alo shown For high intensity laser pulses, field-induced multiphoton ion-
ization produces the free electronsw hich may result in further ionization due to collision,
therefore it isnot necessary to invoke some arbitrary number of initial® seed "electrons Note

a(E) = Fexpl-
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that in Fig 1 multiphoton ionization produces a substantial anount of free electrons,w hich
makes some nonnegligible contributions to the sample damage In contrast, avalanche ioniza-
tion only produces a snall anount of free electrons during this 100 fs pulse duration if it is
taken to be theonly one ource of free electron generation by setting the initial electron den-
sity N o = 10°an” 2 But if multiphoton ionization produces enough free electrons, avalanche
ionization is mprotant, epecially at the second half of the laser pulsew hen themultiphoton
ionization is saturated T he electron losses due to diffusion and recombination are completely
negligible, hence it makes no difference for the free electron evolutionsw hether these losses
are included or not For 1 nspulse duration (Fig 2), avalanche ionization dom inates the free
electron generation, but contribution of multiphoton ionization is negligible except from pro-
viding the initial electronsfor avalanche ionization Becausemultiphoton ionization is strongly
intensity dependent, the electron production takesplace principally at the peak of thepulse It
is necessary to point out that the electron losses are nonnegligible for this 1 nspulse dura-
tion; w hen they are included, the total electron density decreases about one order of magni-
tude
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Fig 1 Calculated evolution of free electron density Fig 2 Calculated evolution of free electron density

N . for a 100fs, 526 nm laser pulse (two-dot- N cfor a 1ns, 526 nm laser pulse (two-dotted
ted dashed curve) of peak intensity 11.7 dashed curve) of peak intensity 27.7 GN /
TW /an? in fused silica Dotted curve only an® in fused silica Dotted curve only
avalanche ionization is taken into account by avalanche ionization is taken into account by
setting the initial electron density N ¢ = 10% setting the initial electron density N ¢ = 10
an” % dashed curve: only multiphoton ioniza- an” % short-dashed curve only multiphoton
tion is taken into account; :lid curve both ionization is taken into account; lid curve
avalanche and multiphoton ionization are both avalanche and multiphoton ionization
taken into acoount W hen the loss term due are taken into acocount; long-dashed curve: all
to electron diffusion and recombination are the processes of electron production and
included, the evolution of free electron densi- losses due to electron diffusion and recombi-

ty is identical to the slid curve nation are included
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Fig 3 show s the calculated thresholds of 1000 ‘ T T
damage fluences F nversus laser pulsew idth T - - - N,=10"cm” avalanche only
for different damage conditionsN . For puls- —— N,=10%cm”, total
es longer than 10 ps, the damage thresholds all — N,=10cm”, total
increase with T acoording to Fn 772, the [ — N,=10"%em”, total
w ell-know n scaling W hile for shorter pulses,
the dam age thresholds vary w ith the pulse du-
ration much differently. For sam Il damage con-
dition (N » = 10*°an” ®), the threshold deviates
from the sguare-root relation, but it still de-
creases w ith pulse duration when T< 10 ps
(thick solid line). This is amost identical to ‘
the experimental resultsof Stuart et al ™! For 100 100 100 107 10° 10
bigger damage condition (N » = 10%an” °), the Laser pulsewidth < (ps)
threshold increasesw ith pulse durationw hen T
< 2 ps(dashed line). Thisis similar to the ex-
permental results of Du et al "” These re-
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Fig 3 Calculated thresholds of danage fluences
Fn versus laser pulsew idth Tfor different
danage condiations N . Dotted curve

sults invoke us to conjecture that the free elec- only avalanche ionization is taken into ac-

tron density corregonding to Du et al 'sdam- count; other three curves all process are

age is snaller than that of Stuart et al 's Re- '”C":detDeta"s for shorter pulse length
see tex

calling their experments,Du et al defined the
considerable plasna anission as the sample danage , and Stuart et al defined the visible per-
manent modification to surface observable w ith aNomarski microscope as the sample dam-
age In fact, considerable plasna emission can bemeasured only w hen the sample is strongly
damaged N everthelss, surfacemodification can be observedw ith a high resolution microscope
even only when slight danage occurs In addiation, for pulse duration significantly shorter
than the time scale for electron energy transfer to the lattice (here subpicosecond pulse length
is this situation) , conduction-band electrons gain energy from the laser field much faster than
they transfer to the lattice The actual damage occurs after the pulse has passed, w hen this
electron energy is coupled into the lattice Du et al measured the plasna emission in situ,
thus higher electron density and hence higher dam age fluence are needed In thisw ay, our cal-
culation principally explains the two opposite experimental results

A s a reference, the threshold versus pulse duration forN » = 10”an” *when avalanche
ionization isonly taken into acoount isal® shown in Fig 3w ith a dotted curve Because con-
tributions by multiphoton ionization are not included, the danage threshold increases w ith
the pulsav idth more quickly. Du et al 'sexperimental result is close to this curve, but differ-
ent from the curve of which all electron generation processes are included, as show n above
Thismeans that multiphoton ionization aimost makes no contribution to the free electron
generation,w hich can not be explained by our present model

In conclusion, our calculations show that in the process of free electron production, the
ocontributions of electron-ion recombination and electron diffusion are snall for longer pulse
w idth, and they are completely negligible for shorter pulse width The avalanche ionization
dom inates the free electron production in thewhole pulse duration for longer pulse w idth
But for shorter pulsew idth, both of multiphoton and avalanche ionization detem ine the total
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free electron density and thus the danage threshold M ore mportantly our calculation results
principally agreew ith the two opposite experiments by settingN »  10”an” *(for Ref [10])
and 10an” °(for Ref [11]), repectively.
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