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Photon absorption of conduction-band electrons and their effects on laser-induced damage
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The one- and two-photon absorption rates of conduction-band eledt@BiS) 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.

[. INTRODUCTION different methods, i.e., classical approximation and quantum
approach, have been adopfedin the classical approxima-

Ultrashort-pulse lasers are used routinely for micromadtion, the laser field is treated as an alternating electric field at
chining, x-ray generation, relativistic plasma physics, and inthe laser frequency, and its quantum nature is neglécted.
ertial confinement fusioh.> Compared with infrared light, CBE kinetic energy changes continuously in time. This ap-
lasers at visible and ultraviolglUV) wavelengths can be proximation fails when the average CBE kinetic energy is
focused onto smaller areas, and their absorption coefficienmall compared with the photon energy, which is the case for
in common materials are much higHeTherefore, these la- short wavelengths. Using both the classical and quantum ap-
sers are more advantageous for future applications. Howeveproaches, Arnold and Cartier calculated the rates of energy
further increases in the peak power available from such lasagain by CBE from a laser fieldwhere acoustic phonon- and
systems are now limited by laser-induced damédg®) to  longitudinal optical(LO) phonon-assisted linear photon ab-
optical components. sorption were considered. The CBE mediated energy transfer

Laser-induced damage in optically transparent materialfrom the laser field to the solid is calculated by Monte Carlo
has been studied extensively for many yéarfs.It is be-  simulation of the Boltzmann transport equation. By compar-
lieved LID may be described by three major processes: ing the CBE average kinetic energy, power transfer, and im-
generation of conduction-band electrof@BE), heating of pact ionization rate obtained by both of the two methods,
CBE, and transferring of their kinetic energies to a lattice.they found that the classical approach is valid fer
Impact ionization and multiphoton absorption are considered>2 um, while the results obtained using the quantum ap-
as two competitive processes of CBE generatidithe pro- proach is reliable for short wavelengths<1l um.
cess of impact ionization, i.e., avalanche, has the following The phonon-assisted linear photon-absorption process
basic picturé:®> When the rate of energy gain from laser field considered in Ref. 5 is a good description of the laser-field—
exceeds the rate of energy loss in the lattice, the startin@BE interactiononly for the case of long pulse lasers. But
electron rapidly accelerates to kinetic energy larger than thér ultrashort pulse lasers, the peak power of the damage
forbidden band gap, undergoing impact ionization and CBEhresholds of dielectrics is of the order of TW/&m1—14
multiplication, thus leading to an exponential increase of theNow two factors beyond the phonon-assisted linear process
CBE density. It is clear from the above picture that theshould be taken into account. One is the phonon-assisted
mechanisms and the rates of energy gain by CBE from laseronlinear absorption process, since the rate of multiphoton
field are two important factors which determine the ava-ionization has been estimated to be very high based on the
lanche processes, and thus determine under what experimemultiphoton absorption coefficients obtained experimentally
tal conditions it is avalanche or multiphoton absorption thatand theoretically/~*° The other is the hole-assisted photon-
dominates the CBE generation process. The laser energy aébsorption process of CBE, since in the latter half of the laser
sorbed by CBE can be transferred to lattice by phonon scapulses, the density of CBE produced by multiphoton ioniza-
tering, resulting in lattice melting, ablation, or mechanicaltion will be of the order of 1&/cm® to 1?%cm®. Unfortu-
damagé€~!! This analysis indicates that the heating processately, both of the two kinds of processes have seldom been
of CBE has a great influence on both the CBE generation anihvestigated.
the energy transfer from laser field to lattice. Therefore, the In this paper, the interaction of a high-intensity laser field
heating process of CBE or the interaction of a high-intensityat visible and ultraviolet wavelengths with CBE in wide-gap
laser field with CBE plays a crucial role in understandingsolids is treated by quantum field theory. Besides the rates of
LID mechanisms and determining the damage threshold. phonon-assisted one-photon absorption, the rates of hole-

In connection with the laser-field—CBE interaction, two assisted one-photon absorption and two-photon absorption
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are also presented as a function of CBE kinetic energy. It is e2

shown that the phonon-assisted nonlinear absorption process  Hep= >, —[ 4 jCilw—dw+ i Gy ]

contributes greatly to CBE heating under visible laser radia- kwj g]

tion, while the hole-assisted linear absorption process is very

important for uv lasers. Combining these two processes can = E ceh[cljﬂckdvtfjdwju Cﬁjckd\;ﬂdw], (3)
K,w,j

enhance the rates of CBE energy gains by a factor of 2 and
reduce the bounding intensity of avalanche breakdown by
about one-third. The dependence of avalanche data the + + +
. . : : . Hep= 2, Ceop(CriqCkbg—Cr_oCiby )- 4
laser intensityF and hole concentratioN}, is studied and we ep ;1 epl Cr+qCkPq ™ Cic—qCiq ) @
find it contains terms of, F2, andFN,,, rather than only the
h y Here He, Hepn, andHg, are electron-photon, unscreened

linear term ofF. Compared with the case in which only the : X .
phonon-assisted one-photon absorption is considered, t@ectron—hole, and electron-phonon interaction, respectively.

present results indicate that the avalanche rates of fusedlis unit vector of laser vector potential,e,,e are the op-
silica under ultrashort laser radiation increase greatly, and sécal and static dielectric constant of fused siliag, ,cy
does the density of CBE produced through impact ionization(d,, ,d,,, b, ,b,, andby ,b,) are the creation and annihila-
It was proposed that the multiphoton absorption is the domition operator of an electrothole, photon, and phongnand

nant process of CBE production for visible lasers, and th& w, g, and » are the wave vector of an electron, hole,
effect of impact ionization is negligible for uv lasers. How- phonon, and photon, respectively is the CBE effective

ever, we find it is the impact ionization that dominates the - >
' ) - .. ..massw, is the frequency of the laser, afds the transfer of
CBE production for ultrashort-pulse visible lasers, and it is- @ d y 0

also important for uv lasers. When the two processes of CBE In the process of _elc?g)tro_n-hole scatterlrl%.zoF_ozrza LO pho-
energy gains are considered, the damage threshold will J&°" the constant iey=ie/q(fhw of2ep)™, where
lowered by about 15% for 1 ps pulse width laser, and it will 1/ep=1/(¢,—¢). There are two dominant LO-phonon
continue to decrease as the laser pulse duration is decreasgpdes with phonon energigsw o of 63 and 153 meV in

Fused silica is selected as a subject for our numericdused silica, 2%”2‘2 the values ef /e, are 0.063 and 0.143,
calculations for a few reasons. First, a great deal of theoref€Spectively:?*?° For an acoustic phonon, the constant is
ical and experimental information exists on electronCip=iCad(%/2pwg)"? wherew, is the phonon frequency,
scattering?®~22which is important since any prediction about and the density of fused silica js=2.2x 10° kg/n®. The
the damage mechanism and damage threshold depends crilieformation-potential constai@ varies from 6 eV at low
cally on it. Second, these materials are widely used in finkinetic energy of CBE to about 2 eV at high energié8:*?
optical components for their excellent optical transmission The transition element of the second-order perturbation
and smaller thermal expansiof® Moreover, they are the Process can be written &s*
only amorphous materials that can be used in excimer lasers. )

The paper is organized as follows. The one- and two- =3 (fIHIn)(n[H[i)
photon absorption rates are calculated by quantum field n Ei—E, ’
theory in Sec. Il and Sec. lll, respectively. In Sec. IV, the . - . . .
eﬁecté of the phonon-assisted no?ﬂinear >flslbsorption and th\ghereh), ), and|n) are initial, f|r_1a_I,_ and 'r!termed'?te
hole-assisted linear absorption on LID processes and damagéates’ and; ’E_“ are energies of the |n|t|all gnd |ntermed|ate
threshold are discussed. In Sec. V, a brief conclusion is pre2.ales: respectively. The formula of transition ratés is
sented.

©)

2
w- [ 218 aE~E)as; ©

Il. SECOND-ORDER PERTURBATION THEORY Now we calculate the linear absorption rates of CBE scat-

A photon can be absorbed by CBE only if a phonon istered simultaneously by a hole. Integrating over the final

simultaneously absorbed or emitted, or CBE is scattered offtat€sSt in Eq. (6) is equivalent to a sum ovgr Itis in the

a hole for energy and momentum conservation, since its md—a”_gelggnglglmaxdue to the energy and momentum conser-
mentum is very smafi® The phonon- and the hole-assisted Vation,” wherejmiy and jma, are

one-photon absorption rates can be calculated by standard

P 1/2
second-order perturbation theory. The interacting Hamil- Temin _ () hwi) -1 7)
tonian i€* k E
J = max fiw. v
=l1+— +
H=He +Hen+ Hep, (1) k (1 E 1, ®
where the signr+ and — denote that CBE momentum in-
5 = creases or decreases pin the transition process. In fused
—he > ilica, the effective mass of an electron at the bottom of the
Ho=2 —\/ a-k[c., cb,+ci e’ sfiica, th : :
et ;, m V2w, [Chs by H Ci b, ] conduction band is about Orf, and it approaches, at
high kinetic energie&)~?> where m, is the mass of a bare
= Coa-Klol, byt e el ] ) electron. In contrast, the hole mass at the top of valence band
e +v v —v v 1

v is about 5-16n,.?* Since the effective mass of the hole is
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much larger than that of CBE, the energy transfer of the hole oo v T T
in the process of photon-electron-hole interaction is much F=3 TW/em
less than that of the electron and can be neglected. Here the A=526 nm
total change of CBE kinetic energyw.. is approximately
equal tohw,, .

In the present study, we assume the holes that take part in
the photon absorption process are mainly produced by mul-
tiphoton ionization. Because this process takes place princi-
pally at the peak of the pul$e®the holes will effect the total
processes of CBE heating and avalanche. Since the hole den-
sity generated by impact ionization is not high enough to
contribute significantly to the CBE heating until late in the =
pulse, we neglect its effects.

Integrating Eq.(6), we obtain the hole-assisted linear ab- L L y . L L

. 0 2 4 6 8 10
sorption rates of CBE,
electron energy (eV)

12

interaction rates (/s)

10

672
W, = e*h"1,FNy FIG. 1. The one-photon absorption rates as a function of the

- 64\/§7T8 Le2(hw,)*cVm3E CBE kinetic energy. The solid and the dotted curves indicate the
rates that CBE is scattered by an acoustic phonon and a LO phonon,
and the dashed curves of 1 and 2 indicate the rates that CBE scatters
off a hole asN,=3x 10 and 16%cn?, respectively.

x[(3 cogB—1)x?+8[1—cosB—g(3 cogB—1)]

li-max

_) —4g?(3 cogB—1)x ?|. 9) respectively. Here laser intensify is taken as 3 TW/cf

+min and the electron crystal momentum is parallel to the laser
Here we definine X. ma=ismadk  Xemn=jsmn/K X vector pott_antial, namely=0. The solid.and the dotted
:Xi'*'max_xi-*-min! i=-20246..., andg=(fhw.)/(2E). curves |nd|cate. the rates for the aco.ust|c phonon and the
E is the kinetic energy of CBE in the initial statg, is the ~-O-Phonon-assisted process, respectively. The two dashed
angle betweerk andk, ¢ is the light velocity N, is the hole curves of 1,2 in Fig. 1 are for the hole-assisted process for

concentrationF is the laser intensity, ang, is the refractive Np=3x10"cn® and 1Gcn?’, and the corresponding
index in fused silicZ® Y, v pulse widths can be calculated to be about 1 ps and 3’5 ps.

; _ 0
Substituting He, with Hgp,, we can get the acoustic In Fig. 2, the two dashed curves are ff=5x 10"’

ohonon-assisted one-photon absorption Fates and 16Ycm?®, and the pulse widths are 0.8 ps and 2 ps,
respectively. These results show that the hole-assisted one-

XIn

22 3\ 1/2 photon absorption rates of CBE at visible light laser radiation
+:e CKe T, F(2ME’) gradually approach those of the phonon-assisted process as
T 1927e (fw,)*hPpvic CBE kinetic energies decreaggee Fig. 1, while for uv la-

4 _ 6— 1104 2.2 sers, they can exceed those for the phonon-assisted process,
X{4x*+(3 cos B~ 1[x°F 6(g+ 3)x*+120°7]}, and the hole-assisted process becomes dominant.
(10) We have also investigated the linear absorption processes

whereV, is the sound velocity in fused sili¢ the range of of CBE due to impurity scattering and piezoelectric scatter-

phonon wave vector is the same as E@3$.and(8) but the
fiw. is equal toh v, * fiw, . For the LO phonon, the absorp-
tion rates can be written as

_ e4ﬁwLOE1/27]VF ( n(wLo) 16,2 ’U? )
T 12827 e,mYc(hiw,)t \ M) +1) [ E,m ; |
g <
+(3 co$B—1)| x*T8(g*3)x2+ 16gzln<—_max>s ] 5
+min g
o
(11 E

wheren(w, ) is the LO-phonon occupation number for pho-
non absorption and the occupation numbéw, o)+ 1 for
phonon emission.

We calculate all the one-photon absorption rates for vari- 5 3 p o S 0
ous hole concentration, laser intensity, and wavelengths and electron energy (6V)
at all possible values for the angle between the laser field and
electron momentum. The dependence of one-photon absorp- FIG. 2. The one-photon absorption rates as a function of the
tion rates on the kinetic energy of CBE is plotted in Fig. 1 CBE kinetic energy. The legends are the same as Fig. 1 except for
and Fig. 2, where wavelengths are 526 nm and 248 nm, N,=5x10%and 16Ycn?® here.
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ing. The theoretical results indicate the rates of energy gains eS(hw o)h2y 2F2E3/2
are about 1% of those of the phonon-assisted process. = 5 (20
4\/§7T(ﬁw 8md2e "€ C
lll. THIRD-ORDER PERTURBATION THEORY
" . W= g4n| XEma| _ a2, 2 24 1 e
The transition element of two-photon absorption is O 9T 129X 128%
(21)

(f[H[m){m[H[n)(n|H]i)
:n,zm (Ei—E)(Ei—Ep)

12

X+ 1 1
G(2)=g4ln(ﬂ)—(1+g)gzx2+z (1+9)%+ Egz>x4
There are three different orders in these processes for one X min
phonon absorbed) or emitted () first, second, and third.

1 1
The intermediate states of the first order can be written as 12(1+§])X + @X (22)

Inl)y= k= d,nqi in,),

1+2 1 324
+(+9)9X 7191 507)X

13  GO¥=- g4|n( S

Im1)=|k=g,n,+1n,—1). *min

. . . 1

For the other two orders, the intermediate states can be writ- + —(1+29)x - x8. (23
ten out similarly. 128"

Inserting Eq.(13) into Eq. (12), and summing over all

three transition elements, we obtain the square of the total For unscreened electron-hole scatterikigand G are

element, 8N WEFZ\/—
2 4 M= 4 5/2_.2 (24)
|S|2=|cep| |Cell*ngn,(n, 1)( 0 14 4274 wBe?mP%e2 c?
(fw,)* 1 x 3 1
o o G(l)z——g4x‘2—293ln( =T 1 = g% ——gx4+ —x5,
Based on Eqg6) and(12), after tedious integration simi- 2 ~mn) 4 96
lar to that of the second-order perturbation theory, the acous- (25
tic phonon-assisted two-photon absorption rates of CBE can 1
be derived to be c@=_ 594 (1+g)g2In< max)
*min
W, =M X[cos' BGH) + 3sin* G + 3sir? B cog BG)]. L L . L
_ (15) +§ (1+g)2+ Egz)x2—§(1+g)x4+ 9_6X
HereM andG("(i=1,2,3) are
(26)
e*C?%kgT 7 F2E%?
- 2 2.2 (16) 3 -2 o[ Xemax) 1 3 2.2
2\2mmes(hw,)Bpvic? G¢ )_ 59 X724 (1+29)g%In| ——— X ) g+§g X
+min
1 1 1 1
(1)_ T A3y4 2 6__ . _
G 59 4x2 59X +4g 169X 160x + 16(1+29)x 96X (27
(17)

wherefiw.=2hw, .

1 1 1 The two-photon absorption rates are shown in Figs. 3 and
GP==g"?— = (1+g)g>x*+ = ((1+g) gz)x6 4 for wavelengths of 526 nm and 248 nm, respectively.
2 2 2 Comparing Fig. 3 with Fig. 1, we find that the rates of energy

gains by CBE in the acoustic phonon-assisted two-photon

(18) process are nearly equal to those of the corresponding linear
absorption for 526 nm, while for 248 nm, it is about 10% of

those of the linear process. With the increase of the laser

1
(1+g)x +— 160

G®=_— Eg4x2+ }(1+Zg)gzx4— E g+ §gz intensity, the phonon-assisted nonlinear absorption will be-
2 4 6 2 come more and more important.
1 1 The two-photon absorption rates of CBE in LO-phonon-
+ —(1+2g)x8— —=x (19 and hole-assisted processes are much less than those of the
32 160 corresponding linear processes. This is because both the one-

Here the definitions of - ay, X min, andg are similar to the and the two-photon absorption rates are proportional to the

case of one-photon absorption, but the total change of cggduare of scattering elements of electron-phonon or*electron-
kinetic energyfiw . is equal to Zw,*fiw,. hole interactionW=|S|2. The wave vector of phonoq or

For the LO phonon, the formula of two-photon absorptionthe change of hole wave vectpiin two-photon processes is
rates is similar to Eq(15), howeverM and G are different, larger than those of the one-photon processes. The acoustic
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F=3 TW/crtt F=3 TW/cm®
A=526 nm W | A=526nm
@ 10"f g 107 FN=310%cm® 1
3 ™ @ "
| @
c g I e
o 12k < |\ /e
g 10 L 5
E ]
10"'f 1 =
. . 10° F 3
L T o 2 4 & 8 10
electron energy (eV) electron energy (eV)

FIG. 3. The two-photon absorption rates as a function of CBE _FIG- 5. Comparison of the total absorption rateslid curve
kinetic energy. The solid, dotted, and dashed curves indicate th¥ith those of the linear absorpgtlddotted curvgfor only a phonon
absorption rates by CBE scattered by an acoustic phonon, a L& considered. Herbl,=3x 10"/ cre.

honon, and a hole a8, =3x10'%cm?, respectively. )
P h P y theoretically?®?! hence the rates of energy transfer to the
phonon-electron scattering element is independent of phonoll"?‘ttICe by CBE can be easily estimated. Initially, all the elec-

wave vector, but for LO-phonon and electron-hole scatteringtronS stay near the bottom of th_e_ conduction band. As pro-
they are inversely proportional to the wave veatoandj? posed in Refs. 6 and 7, the condition for avalanche dominant
res);;ectively y prop " regimes can be presented as

The tqtal absorptio'n rates and the Iinear_absorption ratesWone-tolxﬁwv+Wtwo-totX(Zﬁwv)|EﬂO:thxﬁwv|EH0!
for CBE in the acoustic and LO-phonon-assisted process are (28)
illustrated in Fig. 5. If the CBE-hole scattering and nonlinear h h h
absorption are considered, the rates of energy gain by CBEN€€Wone-1ot. Wivo-tor, andWy, are the one-photon absorp-

from the laser field will be enhanced by approximately allon rates, two-photon absorption rates, and the rates of
factor of 2. electron-phonon interaction, respectively. The dependence of

bounding intensity on the photon energy and the hole density
is shown in Fig. 6. Here the thin solid curve, the thick solid,
and the dotted and the dashed curve represent the results for
Optical breakdown and thermal damage are proposed Rhonon-assisted linear absorption and for the total absorption
two kinds of LID mechanism&:® Which one is the domi- 10" Na=0, 10*/cn¥, and 5< 10?%cnr® , respectively. Figure
nant process depends on the laser intensity, via the rates §fShows that the process of two-photon absorption reduces
CBE energy gain from the laser field and the rates of theithe bounding intensity of fused silica at visible light laser
kinetic energy loss to the lattiée’ The electron-phonon in-

IV. DISCUSSION

| | .- | ! 10 0 ¥ L] L] L]
teraction in fused silica has been studied experimentally and
L] v L) v L) v L) T T - . 8 - -
F=3 TW/cm? .
_. 10"F 2=248 nm _ :
=3 E 1 :
E =
8 E
LH L -
g : .
g &
.‘us“) 10°F - i | .
.................... .
------------------ |
Ratil . . . . . photon energy {eV)
0 2 4 5 . - . . .
electron energy (eV) FIG. 6. The dependence of bounding laser intensity on photon

energy. The thin solid curve indicates the intensity for which only
FIG. 4. The two-photon absorption rates as a function of CBEthe linear absorption by CBE scattered by a phonon is considered,
kinetic energy. The solid, dotted, and dashed curves indicate thand the thick solid, dotted, and dashed curves indicate that total
absorption rates by CBE scattered by an acoustic phonon, a L@bsorption is considered fot,=0,1¢%cm?, and 5< 10°%cn?, re-
phonon, and a hole a8,=5x 10?%cn?, respectively. spectively.
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60 . : . . M ’ . . _
A=526 nm A=248 nm ,
50F 5-0.896F+0.127F° ] 5=0.535F+0.00781F> o
S 40 ] 5 40 ]
3 O
£ k)
s 30 ] 2
T e
)] 20 - _CIC> 5 -
5 Q
5 5
(1] L
= 10 h T
® ® .
0 ]
c.) .é“”1'o““1'5““20 0 5 10 15 20

laser intensity (TW/cm®)

laser intensity (TW/cm’)

FIG. 7. The dependence of the avalanche rates on laser intensity FIG. 8. Thg dependence OT the avalanche rate_s or? laser intensity
and hole density. The thick line indicates that only the linear ab-and hole deonsny. Thle legend is the same as that in Fig. 7 except for
sorption by CBE scattered by a phonon is considered; the squaré%}“:‘r’xm2 and 16"/cm’ for the dashed and the dotted curves.
and the dashed curve, indicate that total absorption is considered f
N,=0, and 5< 10'%cn?, respectively. The thin solid line is a nu-
merical simulation.

%ry the nonlinear absorption, and so does it by the hole-
assisted linear process for the case of uv laser radiation.
The rates of hole-assisted two-photon absorption are very
radiation by about one-third. But for an uv laser, the effectsSMall (see Figs. 3 and)4and may be neglected. Then we get
of these processes are not important. This is because the raf8§ linear dependence éfat 526 nm laser radiation on hole
of two-photon absorption of CBE in an uv laser field aredensity Ny, as shown in Fig. 9 forF=3 TW/cn? and
much less than those of a visible lageee Figs. 1 and 3 and ° TW/cn?. The dependence @on Ny, for a 248 nm laser is
Figs. 2 and % However, because the hole density generatedn® same as that of 526 nm and is omitted. Becalse if
by multiphoton ionization for an uv laser is much higher thanOnlY linear absorption is considered, we can guess, therefore,
that of a visible laser, then if the hole-assisted absorption of?at 8 should include the terrk Ny, on the basis of Eq(9).
CBE is considered, the uv laser bounding intensity will beMoreover, in Fig. 7 and Fig. 8, we imitate thze value of ava-
strongly reduced and approach that of a visible laser. Folanche rate foN,=0 with 25: 0.896-+0.127* for 526 nm
example, the experimental value of the bounding intensity oftnd 6=0.53%+0.0078EF° for 248 nm, respectively. This
fused silica under 526 nm laser radiation is in the range ofPservation suggests thatmay be written as
0.7-0.4 TW/cr.b" We find it will lower from 0.9 TW/cm
to 0.7 TW/cnf if total absorption is considered fot,=0,
which corresponds well with the experimental results.
It has been presented that the avalanche #datepropor-
tional to the laser intensity. In the flux-doubling formulation, wherea, and a3 are constants.
S can be shown &s The CBE generation processes have been investigated
theoretically>®1® It was proposed that the avalanche rates

2 e, dE 15
5=p|_ o mz alF, (29)

wherep and a; are constantsy(E)L? is the rate of energy

gain of CBE given by the classical methds, is the band

gap of solids, and. is the electric intensity of a laser field.
The linearity betweerd and the laser intensity is correct if
only linear absorption is considered. It is not so when the
nonlinear absorption and the hole-assisted absorption are in-
cluded. The dependence 8fon laser intensity and hole den-

sity is shown in Figs. 7-9. The line in Fig. 7 is the numerical
results in which only the phonon-assisted linear process is
considered. The squares and the dashed curve are the results e
for total absorption foN,=0 and 5<10'%cn?. In Fig. 7, 0 2 4 6 8 10
the laser wavelength is 526 nm. The avalanche rate for 248
nm laser radiation is shown in Fig. 8. Under visible wave-
length laser radiation, the avalanche rate is greatly enhanced FIG. 9. The relation of avalanche rates with hole density.

8= a F + a,F?+ agF Ny, (30)

A=526 nm
F=5 TW/cm®

F=3 TW/cm®

avalanche rate 8 (arb. unit)

hole density (10°7cm®)
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decreased dramatically as the laser wavelengths becaméhere F is the peak power. For example, under 526 nm
shorter, and then multiphoton absorption becomes the domlaser radiation for pulse width=1 ps, the damage threshold
nant mechanism for CBE generation at visible wavelengthsl, are calculated to be about 1.5 JFerithen from Eq(32)
However, under ultrashort pulse laser radiatiéhjs en-  we get that . should be 1.3 J/cfa This value agrees excel-
hanced significantly, as indicated by our study, by phononiently with experimental resultsWith the decrease of laser
assisted nonlinear absorption and hole-assisted linear absonmalse widths, both the peak power of the damage threshold
tion. Then we propose that at visible wavelengths, theand CBE density generated by multiphoton absorption will
avalanche is the dominant mechanism of CBE generation iincrease, therefore the damage threshgjdwill be reduced
wide-gap materials. Even at uv wavelengths, it is also a nonmore significantly.

neglectable process. For example, under 526 nm laser radia-

tion for pulse width 7=0.5ps and peak powelr,

=4 TW/cn?, the avalanche rates will increase by 60% if the V. CONCLUSION

nonlinear absorption and the hole-assisted linear absorption In conclusion, we calculate the one-photon and the two-

are also included in the calculations. Then we obtain that thf)hoton absorption rates of CBE by perturbation theory
CBE density generated by impact ionization is four imes;qre the |aser field is treated as a quantum field. When the

Iarge_r than that generated by multiphoton absorption, qnd iI"aser intensity is of the order of TW/dnwe find that be-
contributes more than 80% to the total CBE concentralion. 5ijes phonon-assisted linear absorption, hole-assisted linear

The pre_sent stud_y shows that the avalanghe r.ate should l%fibsorption and phonon-assisted two-photon absorption are
as shown in Eq(30) instead of Eq(29), and this will lead to 554 very important for CBE heating. The avalanche rate thus
a different estimation on the damage threshold. FO_IIOW'n%creases greatly, and impact ionization becomes the domi-
Ref. 7, the damage threshold, for only phonon-assisted nt mechanism of CBE generation under visible light laser
linear absorption being considered is radiation. It is also an important process of CBE generation

for uv laser radiation. The present result gives a lower dam-
2 n age thresholdby approximately a factor of 0.15 as pulse
[ =—In< °>, (31) width is 1 pg than previously calculated ones. The damage
a1 threshold continues to decrease as the laser pulse duration is
decreased. It should be pointed out that our calculation meth-
whereng is CBE density generated by multiphoton absorp-ods are suitable for common optically transparent materials.
tion, andny is the critical CBE density when optical break- If knowledge about their energy bands, phonon states, and
down takes place. By substitutingfrom Eq. (29) with Eq.  electron-phonon scattering rates is available, their damage
(30), we can obtain the damage threshojg for total ab- mechanism can be investigated similarly.
sorption processes being considered. Then the ratio can be
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