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Photon absorption of conduction-band electrons and their effects on laser-induced damage
to optical materials
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The one- and two-photon absorption rates of conduction-band electrons~CBE! in optically transparent
materials under the radiation of high-intensity lasers at visible and ultraviolet wavelengths are calculated by the
quantum field approach. When both hole-assisted linear absorption and nonlinear absorption of CBE are
considered, the rates of total energy gain from the laser field will be enhanced by a factor of 2. The bounding
intensity for the avalanche dominating damage process thus decreases by about one-third. The avalanche rate
includes not only the term proportional to the laser intensity, but also the terms proportional to the square of
the laser intensity and to the product of the laser intensity and hole density. The present result gives a lower
damage threshold than previous ones.
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I. INTRODUCTION

Ultrashort-pulse lasers are used routinely for microm
chining, x-ray generation, relativistic plasma physics, and
ertial confinement fusion.1–3 Compared with infrared light,
lasers at visible and ultraviolet~UV! wavelengths can be
focused onto smaller areas, and their absorption coeffici
in common materials are much higher.1 Therefore, these la
sers are more advantageous for future applications. Howe
further increases in the peak power available from such la
systems are now limited by laser-induced damage~LID ! to
optical components.

Laser-induced damage in optically transparent mater
has been studied extensively for many years.4–15 It is be-
lieved LID may be described by three major processe11

generation of conduction-band electrons~CBE!, heating of
CBE, and transferring of their kinetic energies to a latti
Impact ionization and multiphoton absorption are conside
as two competitive processes of CBE generation.5–7 The pro-
cess of impact ionization, i.e., avalanche, has the follow
basic picture.4,5 When the rate of energy gain from laser fie
exceeds the rate of energy loss in the lattice, the star
electron rapidly accelerates to kinetic energy larger than
forbidden band gap, undergoing impact ionization and C
multiplication, thus leading to an exponential increase of
CBE density. It is clear from the above picture that t
mechanisms and the rates of energy gain by CBE from la
field are two important factors which determine the av
lanche processes, and thus determine under what experi
tal conditions it is avalanche or multiphoton absorption t
dominates the CBE generation process. The laser energ
sorbed by CBE can be transferred to lattice by phonon s
tering, resulting in lattice melting, ablation, or mechanic
damage.9–11 This analysis indicates that the heating proc
of CBE has a great influence on both the CBE generation
the energy transfer from laser field to lattice. Therefore,
heating process of CBE or the interaction of a high-intens
laser field with CBE plays a crucial role in understandi
LID mechanisms and determining the damage threshold

In connection with the laser-field–CBE interaction, tw
PRB 610163-1829/2000/61~24!/16522~8!/$15.00
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different methods, i.e., classical approximation and quan
approach, have been adopted.4–9 In the classical approxima
tion, the laser field is treated as an alternating electric field
the laser frequency, and its quantum nature is neglecte4,9

CBE kinetic energy changes continuously in time. This a
proximation fails when the average CBE kinetic energy
small compared with the photon energy, which is the case
short wavelengths. Using both the classical and quantum
proaches, Arnold and Cartier calculated the rates of ene
gain by CBE from a laser field,5 where acoustic phonon- an
longitudinal optical~LO! phonon-assisted linear photon a
sorption were considered. The CBE mediated energy tran
from the laser field to the solid is calculated by Monte Ca
simulation of the Boltzmann transport equation. By comp
ing the CBE average kinetic energy, power transfer, and
pact ionization rate obtained by both of the two metho
they found that the classical approach is valid forl
.2 mm, while the results obtained using the quantum a
proach is reliable for short wavelengths,l,1 mm.

The phonon-assisted linear photon-absorption proc
considered in Ref. 5 is a good description of the laser-fie
CBE interactiononly for the case of long pulse lasers. B
for ultrashort pulse lasers, the peak power of the dam
thresholds of dielectrics is of the order of TW/cm2.7,11–14

Now two factors beyond the phonon-assisted linear proc
should be taken into account. One is the phonon-assi
nonlinear absorption process, since the rate of multipho
ionization has been estimated to be very high based on
multiphoton absorption coefficients obtained experimenta
and theoretically.17–19 The other is the hole-assisted photo
absorption process of CBE, since in the latter half of the la
pulses, the density of CBE produced by multiphoton ioniz
tion will be of the order of 1019/cm3 to 1020/cm3. Unfortu-
nately, both of the two kinds of processes have seldom b
investigated.

In this paper, the interaction of a high-intensity laser fie
at visible and ultraviolet wavelengths with CBE in wide-ga
solids is treated by quantum field theory. Besides the rate
phonon-assisted one-photon absorption, the rates of h
assisted one-photon absorption and two-photon absorp
16 522 ©2000 The American Physical Society
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are also presented as a function of CBE kinetic energy.
shown that the phonon-assisted nonlinear absorption pro
contributes greatly to CBE heating under visible laser rad
tion, while the hole-assisted linear absorption process is v
important for uv lasers. Combining these two processes
enhance the rates of CBE energy gains by a factor of 2
reduce the bounding intensity of avalanche breakdown
about one-third. The dependence of avalanche rated on the
laser intensityF and hole concentrationNh is studied and we
find it contains terms ofF, F2, andFNh , rather than only the
linear term ofF. Compared with the case in which only th
phonon-assisted one-photon absorption is considered,
present results indicate that the avalanche rates of fu
silica under ultrashort laser radiation increase greatly, an
does the density of CBE produced through impact ionizati
It was proposed that the multiphoton absorption is the do
nant process of CBE production for visible lasers, and
effect of impact ionization is negligible for uv lasers. How
ever, we find it is the impact ionization that dominates t
CBE production for ultrashort-pulse visible lasers, and it
also important for uv lasers. When the two processes of C
energy gains are considered, the damage threshold wi
lowered by about 15% for 1 ps pulse width laser, and it w
continue to decrease as the laser pulse duration is decre

Fused silica is selected as a subject for our numer
calculations for a few reasons. First, a great deal of theo
ical and experimental information exists on electr
scattering,20–22which is important since any prediction abo
the damage mechanism and damage threshold depends
cally on it. Second, these materials are widely used in
optical components for their excellent optical transmiss
and smaller thermal expansion.1,13 Moreover, they are the
only amorphous materials that can be used in excimer las

The paper is organized as follows. The one- and tw
photon absorption rates are calculated by quantum fi
theory in Sec. II and Sec. III, respectively. In Sec. IV, t
effects of the phonon-assisted nonlinear absorption and
hole-assisted linear absorption on LID processes and dam
threshold are discussed. In Sec. V, a brief conclusion is
sented.

II. SECOND-ORDER PERTURBATION THEORY

A photon can be absorbed by CBE only if a phonon
simultaneously absorbed or emitted, or CBE is scattered
a hole for energy and momentum conservation, since its
mentum is very small.23 The phonon- and the hole-assist
one-photon absorption rates can be calculated by stan
second-order perturbation theory. The interacting Ham
tonian is24
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Here HeL , Heh , and Hep are electron-photon, unscreene
electron-hole, and electron-phonon interaction, respectiv
aW is unit vector of laser vector potentialAW ,«n ,« are the op-
tical and static dielectric constant of fused silica,ck

1 ,ck

(dw
1 ,dw , bn

1 ,bn , andbq
1 ,bq) are the creation and annihila

tion operator of an electron~hole, photon, and phonon!, and
kW , wW , qW , and nW are the wave vector of an electron, hol
phonon, and photon, respectively.m is the CBE effective
mass,vn is the frequency of the laser, andjW is the transfer of
kW in the process of electron-hole scattering. For a LO p
non, the constant isCep

(o)5 ie/q(\vLO/2«p)1/2,20–22 where
1/«p51/(«n2«). There are two dominant LO-phono
modes with phonon energies\vLO of 63 and 153 meV in
fused silica, and the values of«0 /«p are 0.063 and 0.143
respectively.5,20,25 For an acoustic phonon, the constant
Cep

(a)5 iCq(\/2rvq)1/2, wherevq is the phonon frequency
and the density of fused silica isr52.23103 kg/m3. The
deformation-potential constantC varies from 6 eV at low
kinetic energy of CBE to about 2 eV at high energies.5,20–22

The transition element of the second-order perturbat
process can be written as23,24

S5(
n

^ f uHun&^nuHu i &
Ei2En

, ~5!

where u i &, u f &, and un& are initial, final, and intermediate
states, andEi ,En are energies of the initial and intermedia
states, respectively. The formula of transition rates is23

W5E 2p

\
uSu2d~Ef2Ei !dSf . ~6!

Now we calculate the linear absorption rates of CBE sc
tered simultaneously by a hole. Integrating over the fi
statesSf in Eq. ~6! is equivalent to a sum overjW. It is in the
rangej min<j<jmax due to the energy and momentum cons
vation,23 where j min and j max are

j 6min

k
5S 11

\v6

E D 1/2

21 ~7!

j 6max

k
5S 11

\v6

E D 1/2

11, ~8!

where the sign1 and 2 denote that CBE momentum in
creases or decreases byj in the transition process. In fuse
silica, the effective mass of an electron at the bottom of
conduction band is about 0.5me , and it approachesme at
high kinetic energies,20–22 whereme is the mass of a bare
electron. In contrast, the hole mass at the top of valence b
is about 5 –10me .21 Since the effective mass of the hole
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much larger than that of CBE, the energy transfer of the h
in the process of photon-electron-hole interaction is mu
less than that of the electron and can be neglected. Here
total change of CBE kinetic energy\v6 is approximately
equal to\vn .

In the present study, we assume the holes that take pa
the photon absorption process are mainly produced by m
tiphoton ionization. Because this process takes place pri
pally at the peak of the pulse,6–8 the holes will effect the tota
processes of CBE heating and avalanche. Since the hole
sity generated by impact ionization is not high enough
contribute significantly to the CBE heating until late in th
pulse, we neglect its effects.

Integrating Eq.~6!, we obtain the hole-assisted linear a
sorption rates of CBE,

W65
e6\2hnFNh

64A2p«n«2~\vn!4cAm3E

3H ~3 cos2b21!x218@12cos2b2g~3 cos2b21!#

3 lnS j 6max

j 6min
D24g2~3 cos2b21!x22J . ~9!

Here we definine x6max5j6max/k, x6min5j6min /k, xi

5x6max
i 2x6min

i , i 522,0,2,4,6, . . . , andg5(\v6)/(2E).
E is the kinetic energy of CBE in the initial state,b is the
angle betweenAW andkW , c is the light velocity,Nh is the hole
concentration,F is the laser intensity, andhn is the refractive
index in fused silica.26

Substituting Hep with Heh , we can get the acousti
phonon-assisted one-photon absorption rates5

W65
e2C2kBThnF~2mE3!1/2

192p«n~\vn!4\2rvs
2c

3$4x41~3 cos2b21!@x676~g6 1
3 !x4112g2x2#%,

~10!

whereVs is the sound velocity in fused silica,21 the range of
phonon wave vector is the same as Eqs.~7! and ~8! but the
\v6 is equal to\vn6\vq . For the LO phonon, the absorp
tion rates can be written as5

W65
e4\vLOE1/2hnF

128A2p«n«pm1/2c~\vn!4 S n~vLO!

n~vLO!11D H 16
3 x2

1~3 cos2b21!Fx478~g6 1
3 !x2116g2lnS q6max

q6min
D sG J ,

~11!

wheren(vLO) is the LO-phonon occupation number for ph
non absorption and the occupation numbern(vLO)11 for
phonon emission.

We calculate all the one-photon absorption rates for v
ous hole concentration, laser intensity, and wavelengths
at all possible values for the angle between the laser field
electron momentum. The dependence of one-photon abs
tion rates on the kinetic energy of CBE is plotted in Fig.
and Fig. 2, where wavelengthsl are 526 nm and 248 nm
le
h
the

in
l-
i-

en-
o

i-
nd
nd
rp-

respectively. Here laser intensityF is taken as 3 TW/cm2,
and the electron crystal momentum is parallel to the la
vector potential, namely,b50. The solid and the dotted
curves indicate the rates for the acoustic phonon and
LO-phonon-assisted process, respectively. The two das
curves of 1,2 in Fig. 1 are for the hole-assisted process
Nh5331019/cm3 and 1020/cm3 , and the corresponding
pulse widths can be calculated to be about 1 ps and 3.57

In Fig. 2, the two dashed curves are forNh5531020/cm3,
and 1021/cm3, and the pulse widths are 0.8 ps and 2 p
respectively. These results show that the hole-assisted
photon absorption rates of CBE at visible light laser radiat
gradually approach those of the phonon-assisted proces
CBE kinetic energies decrease~see Fig. 1!, while for uv la-
sers, they can exceed those for the phonon-assisted pro
and the hole-assisted process becomes dominant.

We have also investigated the linear absorption proce
of CBE due to impurity scattering and piezoelectric scatt

FIG. 1. The one-photon absorption rates as a function of
CBE kinetic energy. The solid and the dotted curves indicate
rates that CBE is scattered by an acoustic phonon and a LO pho
and the dashed curves of 1 and 2 indicate the rates that CBE sc
off a hole asNh5331019 and 1020/cm3, respectively.

FIG. 2. The one-photon absorption rates as a function of
CBE kinetic energy. The legends are the same as Fig. 1 excep
Nh5531020 and 1021/cm3 here.
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ing. The theoretical results indicate the rates of energy g
are about 1% of those of the phonon-assisted process.

III. THIRD-ORDER PERTURBATION THEORY

The transition element of two-photon absorption is

S5(
n,m

^ f uHum&^muHun&^nuHu i &
~Ei2En!~Ei2Em!

. ~12!

There are three different orders in these processes for
phonon absorbed (1) or emitted (2) first, second, and third
The intermediate states of the first order can be written a

un1&5ukW6qW ,nq71,nn&,
~13!

um1&5ukW6qW ,nq71,nn21&.

For the other two orders, the intermediate states can be w
ten out similarly.

Inserting Eq.~13! into Eq. ~12!, and summing over al
three transition elements, we obtain the square of the t
element,

uSu25
uCepu2uCeLu4nqnn~nn21!

~\vn!4
~aW •qW !4. ~14!

Based on Eqs.~6! and~12!, after tedious integration simi
lar to that of the second-order perturbation theory, the aco
tic phonon-assisted two-photon absorption rates of CBE
be derived to be

W65M3@cos4bG(1)1 3
8 sin4bG(2)13sin2b cos2bG(3)#.

~15!

HereM andG( i )( i 51,2,3) are

M5
e4C2kBThn

2F2E5/2

2A2mp«n
2~\vn!8rvs

2c2
, ~16!

G(1)5
1

2
g4x22

1

2
g3x41

1

4
g2x62

1

16
gx81

1

160
x10,

~17!

G(2)5
1

2
g4x22

1

2
~11g!g2x41

1

6 S ~11g!21
1

2
g2D x6

2
1

16
~11g!x81

1

160
x10, ~18!

G(3)52
1

2
g4x21

1

4
~112g!g2x42

1

6 S g1
3

2
g2D x6

1
1

32
~112g!x82

1

160
x10. ~19!

Here the definitions ofx6max, x6min , andg are similar to the
case of one-photon absorption, but the total change of C
kinetic energy\v6 is equal to 2\vn6\vq .

For the LO phonon, the formula of two-photon absorpti
rates is similar to Eq.~15!, howeverM andG are different,
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M5
e6~\vLO!\2hn

2F2E3/2

4A2p~\vn!8m3/2«n
2«pc2

, ~20!

G(1)5g4lnS x6max

x6min
D2g3x21

3

8
g2x42

1

12
gx61

1

128
x8,

~21!

G(2)5g4lnS x6max

x6min
D2~11g!g2x21

1

4 S ~11g!21
1

2
g2D x4

2
1

12
~11g!x61

1

128
x8, ~22!

G(3)52g4lnS x6max

x6min
D1

1

2
~112g!g2x22

1

4 S g1
3

2
g2D x4

1
1

24
~112g!x62

1

128
x8. ~23!

For unscreened electron-hole scattering,M andG are

M5
e8Nhhn

2F2AE

4A2p\4vn
8«n

2m5/2«,
2 c2

, ~24!

G(1)52
1

2
g4x2222g3lnS x6max

x6min
D1

3

4
g2x22

1

8
gx41

1

96
x6,

~25!

G(2)52
1

2
g4x2222~11g!g2lnS x6max

x6min
D

1
1

2 S ~11g!21
1

2
g2D x22

1

2
~11g!x41

1

96
x6,

~26!

G(3)5
1

2
g4x221~112g!g2lnS x6max

x6min
D2

1

2 S g1
3

2
g2D x2

1
1

16
~112g!x42

1

96
x6, ~27!

where\v652\vn .
The two-photon absorption rates are shown in Figs. 3

4 for wavelengths of 526 nm and 248 nm, respective
Comparing Fig. 3 with Fig. 1, we find that the rates of ener
gains by CBE in the acoustic phonon-assisted two-pho
process are nearly equal to those of the corresponding li
absorption for 526 nm, while for 248 nm, it is about 10%
those of the linear process. With the increase of the la
intensity, the phonon-assisted nonlinear absorption will
come more and more important.

The two-photon absorption rates of CBE in LO-phono
and hole-assisted processes are much less than those o
corresponding linear processes. This is because both the
and the two-photon absorption rates are proportional to
square of scattering elements of electron-phonon or elect
hole interaction,W}uSu2. The wave vector of phononqW or
the change of hole wave vectorjW in two-photon processes i
larger than those of the one-photon processes. The aco
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phonon-electron scattering element is independent of pho
wave vector, but for LO-phonon and electron-hole scatter
they are inversely proportional to the wave vectorq and j 2,
respectively.

The total absorption rates and the linear absorption r
for CBE in the acoustic and LO-phonon-assisted process
illustrated in Fig. 5. If the CBE-hole scattering and nonline
absorption are considered, the rates of energy gain by C
from the laser field will be enhanced by approximately
factor of 2.

IV. DISCUSSION

Optical breakdown and thermal damage are propose
two kinds of LID mechanisms.4–15 Which one is the domi-
nant process depends on the laser intensity, via the rate
CBE energy gain from the laser field and the rates of th
kinetic energy loss to the lattice.4–7 The electron-phonon in
teraction in fused silica has been studied experimentally

FIG. 3. The two-photon absorption rates as a function of C
kinetic energy. The solid, dotted, and dashed curves indicate
absorption rates by CBE scattered by an acoustic phonon, a
phonon, and a hole asNh5331019/cm3, respectively.

FIG. 4. The two-photon absorption rates as a function of C
kinetic energy. The solid, dotted, and dashed curves indicate
absorption rates by CBE scattered by an acoustic phonon, a
phonon, and a hole asNh5531020/cm3, respectively.
on
,

es
re
r
E
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theoretically,20,21 hence the rates of energy transfer to t
lattice by CBE can be easily estimated. Initially, all the ele
trons stay near the bottom of the conduction band. As p
posed in Refs. 6 and 7, the condition for avalanche domin
regimes can be presented as

Wone-tot3\vn1Wtwo-tot3~2\vn!uE→05Wph3\vnuE→0 ,
~28!

whereWone-tot, Wtwo-tot, andWph are the one-photon absorp
tion rates, two-photon absorption rates, and the rates
electron-phonon interaction, respectively. The dependenc
bounding intensity on the photon energy and the hole den
is shown in Fig. 6. Here the thin solid curve, the thick sol
and the dotted and the dashed curve represent the resul
phonon-assisted linear absorption and for the total absorp
for Nh50, 1020/cm3, and 531020/cm3 , respectively. Figure
6 shows that the process of two-photon absorption redu
the bounding intensity of fused silica at visible light las

he
O

he
O

FIG. 5. Comparison of the total absorption rates~solid curve!
with those of the linear absorption~dotted curve! for only a phonon
is considered. HereNh5331019/cm3.

FIG. 6. The dependence of bounding laser intensity on pho
energy. The thin solid curve indicates the intensity for which on
the linear absorption by CBE scattered by a phonon is conside
and the thick solid, dotted, and dashed curves indicate that
absorption is considered forNh50,1020/cm3, and 531020/cm3, re-
spectively.
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radiation by about one-third. But for an uv laser, the effe
of these processes are not important. This is because the
of two-photon absorption of CBE in an uv laser field a
much less than those of a visible laser~see Figs. 1 and 3 an
Figs. 2 and 4!. However, because the hole density genera
by multiphoton ionization for an uv laser is much higher th
that of a visible laser, then if the hole-assisted absorption
CBE is considered, the uv laser bounding intensity will
strongly reduced and approach that of a visible laser.
example, the experimental value of the bounding intensity
fused silica under 526 nm laser radiation is in the range
0.7–0.4 TW/cm2.6,7 We find it will lower from 0.9 TW/cm2

to 0.7 TW/cm2 if total absorption is considered forNh50,
which corresponds well with the experimental results.

It has been presented that the avalanche rated is propor-
tional to the laser intensity. In the flux-doubling formulatio
d can be shown as7

d5pL2Y E
0

Eg dE

s~E!
5a1F, ~29!

wherep anda1 are constants,s(E)L2 is the rate of energy
gain of CBE given by the classical method,Eg is the band
gap of solids, andL is the electric intensity of a laser field
The linearity betweend and the laser intensity is correct
only linear absorption is considered. It is not so when
nonlinear absorption and the hole-assisted absorption ar
cluded. The dependence ofd on laser intensity and hole den
sity is shown in Figs. 7–9. The line in Fig. 7 is the numeric
results in which only the phonon-assisted linear proces
considered. The squares and the dashed curve are the r
for total absorption forNh50 and 531019/cm3. In Fig. 7,
the laser wavelength is 526 nm. The avalanche rate for
nm laser radiation is shown in Fig. 8. Under visible wav
length laser radiation, the avalanche rate is greatly enhan

FIG. 7. The dependence of the avalanche rates on laser inte
and hole density. The thick line indicates that only the linear
sorption by CBE scattered by a phonon is considered; the squ
and the dashed curve, indicate that total absorption is considere
Nh50, and 531019/cm3, respectively. The thin solid line is a nu
merical simulation.
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by the nonlinear absorption, and so does it by the ho
assisted linear process for the case of uv laser radiation

The rates of hole-assisted two-photon absorption are v
small ~see Figs. 3 and 4! and may be neglected. Then we g
the linear dependence ofd at 526 nm laser radiation on hol
density Nh , as shown in Fig. 9 forF53 TW/cm2 and
5 TW/cm2. The dependence ofd on Nh for a 248 nm laser is
the same as that of 526 nm and is omitted. Becaused}F if
only linear absorption is considered, we can guess, theref
that d should include the termFNh on the basis of Eq.~9!.
Moreover, in Fig. 7 and Fig. 8, we imitate the value of av
lanche rate forNh50 with d50.896F10.127F2 for 526 nm
and d50.535F10.00781F2 for 248 nm, respectively. This
observation suggests thatd may be written as

d5a1F1a2F21a3FNh , ~30!

wherea2 anda3 are constants.
The CBE generation processes have been investig

theoretically.5,9,16 It was proposed that the avalanche ra

ity
-

res
for

FIG. 8. The dependence of the avalanche rates on laser inte
and hole density. The legend is the same as that in Fig. 7 excep
Nh5531020 and 1021/cm3 for the dashed and the dotted curves

FIG. 9. The relation of avalanche rates with hole density.
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decreased dramatically as the laser wavelengths bec
shorter, and then multiphoton absorption becomes the do
nant mechanism for CBE generation at visible waveleng
However, under ultrashort pulse laser radiation,d is en-
hanced significantly, as indicated by our study, by phon
assisted nonlinear absorption and hole-assisted linear ab
tion. Then we propose that at visible wavelengths,
avalanche is the dominant mechanism of CBE generatio
wide-gap materials. Even at uv wavelengths, it is also a n
neglectable process. For example, under 526 nm laser ra
tion for pulse width t50.5 ps and peak powerF0
54 TW/cm2, the avalanche rates will increase by 60% if t
nonlinear absorption and the hole-assisted linear absorp
are also included in the calculations. Then we obtain that
CBE density generated by impact ionization is four tim
larger than that generated by multiphoton absorption, an
contributes more than 80% to the total CBE concentratio

The present study shows that the avalanche rate shou
as shown in Eq.~30! instead of Eq.~29!, and this will lead to
a different estimation on the damage threshold. Follow
Ref. 7, the damage thresholdI pl for only phonon-assisted
linear absorption being considered is

I pl5
2

a1
lnS nc

n0
D , ~31!

wheren0 is CBE density generated by multiphoton abso
tion, andnc is the critical CBE density when optical brea
down takes place. By substitutingd from Eq. ~29! with Eq.
~30!, we can obtain the damage thresholdI tot for total ab-
sorption processes being considered. Then the ratio ca
written as

I tot

I pl
5

a1

a11a3Nh1~a2F0!/A2
, ~32!
me
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where F0 is the peak power. For example, under 526 n
laser radiation for pulse widtht51 ps, the damage threshol
I pl are calculated to be about 1.5 J/cm2. Then from Eq.~32!
we get thatI tot should be 1.3 J/cm2. This value agrees excel
lently with experimental results.7 With the decrease of lase
pulse widths, both the peak power of the damage thresh
and CBE density generated by multiphoton absorption w
increase, therefore the damage thresholdI tot will be reduced
more significantly.

V. CONCLUSION

In conclusion, we calculate the one-photon and the tw
photon absorption rates of CBE by perturbation theo
where the laser field is treated as a quantum field. When
laser intensity is of the order of TW/cm2, we find that be-
sides phonon-assisted linear absorption, hole-assisted li
absorption and phonon-assisted two-photon absorption
also very important for CBE heating. The avalanche rate t
increases greatly, and impact ionization becomes the do
nant mechanism of CBE generation under visible light la
radiation. It is also an important process of CBE generat
for uv laser radiation. The present result gives a lower da
age threshold~by approximately a factor of 0.15 as puls
width is 1 ps! than previously calculated ones. The dama
threshold continues to decrease as the laser pulse durati
decreased. It should be pointed out that our calculation m
ods are suitable for common optically transparent materi
If knowledge about their energy bands, phonon states,
electron-phonon scattering rates is available, their dam
mechanism can be investigated similarly.
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