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　　Abstract　A theo retical model is developed to describe the p rocess of laser2in2
duced dam age of dielectrics w ith u ltrasho rt p luses, in w h ich the m ult ipho ton ion ization,

avalanche ion ization, electron2ion recom bination, and the electron diffusion are taken in2
to accoun t. By assum ing a Gaussian tempo ral shape of laser pu lse, som e num erical re2
su lts of the th resho ld dependence on pu lse duration are p resen ted. Fo r pu lse length

longer than 10p s, the num erical resu lts agree w ell w ith the square2roo t rela t ion. Fo r

pu lse length of subp ico second, our model p rincipally exp lains the oppo site experim ental

resu lts of D u et al. ’s (A pp l. Phys. L ett. , 64, 3071 (1994)and Stuart el a l. ’s (Phys. R ev.

L ett, 74, 2248 (1995) by p roperly choo sing the criterion of dam age.
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L aser2induced dam age in o tp ica lly t ran sparen t m ateria ls has been studied ex ten sively

since the laser w as inven ted in the 1960s[1- 5 ]. Fo r laser pu lses longer than a few ten s of p i2
co second, the dam age m echan ism is w ell understood. T he bu lk dam age of defect2free di2
electrics invo lves the heat ing of conduct ion band electron s by the inciden t laser f ield and

tran sfer of th is energy to the la t t ice. D u ring the conven t ional heat depo sit ion, d ielectrics are

m elted and bo iled, then dam age occu rs. Based on num erou s experim en ta l resu lts, the fact tha t
the dam age th resho ld depends on the laser pu lse w idth is w ell estab lished. A n emp irica l sca l2
ing law of the fluence dam age th resho ld fo r longer pu lses ( Σ> 10p s) is genera lly accep ted: [6 ]

F th∝ Σ1ö2 . M eanw h ile, a theo ret ica l model w h ich p redicts th is square2roo t rela t ion is a lso set2
up. [7, 8 ]
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How ever, laser2induced dam age by u lt rasho rt pu lses st ill rem ain s as a challenging re2
search top ic becau se subp ico second h igh pow er laser pu lses w ere no t availab le befo re. A s a
resu lt, the m echan ism of dam age cau sed by subp ico second pu lses is on ly p rim it ively under2
stood. U n t il the past years, new techn iques in u lt rasho rt laser pu lse genera t ion and amp lif ica2
t ion, such as the ch irped2pu lse amp lif ica t ion (CPA ) , have enab led teraw at t class laser system s
p roducing subp ico second pu lses. M o re impo rtan t ly, CPA allow s one to vary the pu lse w idth
con t inuou sly from fem to second to hundres of p ico second w ith a single laser system. T h is of2
fers a new set of conven ien t oppo rtun it ies to study laser2induced dam age in a w ide range of
laser pu lse w idth s.

In o ther aspect, fu rther increase in the peak pow er is availab le from a CPA system [9 ] , bu t
it is now lim ited by op t ica l su rface dam age due to the in ten se sho rt pu lses. T herefo re, laser2
induced dam age, especia lly w ith sho rt pu lses, a t t racts m uch in terests. In addit ion, variou s
p ro spect ive app lica t ion s from m ateria ls p rocessing to b iom edical techno logies, such as eye
su rgery on ocu lar t issue, a lso need to w ell understand the dam age m echan ism of these sho rt
laser pu lses and the th resho ld dependence on pu lse du ra t ion.

R ecen t ly, D u et a l. [10 ] invest iga ted the laser2induced dam age in fu sed silica emp loying
150 fs～ 7 n s, 780 nm laser pu lses, and found that the th resho ld of dam age fluence, F th , in2
creases w ith the pu lse du ra t ion Σas F th～ 1öΣw hen Σ< 1p s. Sho rt af terw ards, Stuart et a l. [11 ]

did som e sim ilar experim en ts, in w h ich they m easu red the dam age th resho lds fo r silica and
calcium fluo ride at 1053 and 526nm fo r pu lse du ra t ion ranging from 270fs to 1 n s. Bu t their
resu lts show ed that the th resho ld of dam age fluence st ill decreases w ith the pu lse du ra t ion
w hen Σ< 1 p s although it devia tes from the square2roo t rela t ion, w h ich is oppo site to D u et
a l. ’s N o te that the dam age detect ion and defin it ion s in their experim en ts are d ifferen t: D u et
a l. detected the dam age th rough m easu ring the p lasm a em ission from the samp le, and they
defined dam age w hen con siderab le p lasm a em ission w as m easu red. Stuart et a l. detected the
dam age w ith a N om arsk i scann ing electron m icro scope, and they defined visib le perm anen t
su rface modif ica t ion on the samp le as dam age. T he differences are though t to resu lt in their
d ifferen t th resho ld dependence on pu lse du ra t ion Σ fo r Σ <～ p s.

In th is paper, w e develop a theo ret ica l model to describe the p rocess of laser2induced
dam age of dielectrics especia lly w ith u lt rasho rt pu lses in w h ich the m u lt ipho ton ion iza t ion,
avalanche ion iza t ion, electron2ion recom b inat ion, and the electron diffu sion are taken in to ac2
coun t. By assum ing a Gau ssian tempo ral shape of laser pu lse, som e num erica l resu lts of the
th resho ld dependence on pu lse du ra t ion are p resen ted. Fo r pu lse length longer than 10 p s, the
num erica l resu lts agree w ell w ith the square2roo t rela t ion. Fo r pu lse length s of subp ico sec2
ond, ou r model exp la in s the oppo site experim en ta l resu lts of D u et a l. ’s [10 ]　　and Stuarts et
a l. ’s[11 ] by p roperly choo sing the criterion of dam age.

W e u se the fo llow ing equat ion to describe the tempo ral behavio r of the free electron den2
sity N e

dN e ( t)
d t

= Γ(E )N e ( t) + (
dN e ( t)

d t
) P I - ΧN 2

e ( t) - ∆N e ( t) (1)

w hene Γ(E ) is the avalanche ion iza t ion coeff icien t, Χ= 1ö(N e ( t) ΣR ) , ∆ = 1öΣD. ΣR and ΣD are
the electron2ion recom b inat ion and electron diffu sion t im e, respect ively. T hese last tw o term s
rep resen t the electron lo sses.

T he second term on the righ t hand of eq. (1) rep resen ts the free electron p roduct ion di2
rect ly by the pho ton s of the laser rad ia t ion. In D u et a l. ’s and Stuart et a l. ’s experim en ts, the
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pow er den sity of the laser rad ia t ion is in the o rder of GW öcm 2～ TW öcm 2 o r h igher, especia lly
fo r u lt rasho rt laser pu lses. A t th is m agn itude, the con tribu t ion of m u lt ipho ton ion iza t ion is
nonneglig ib le in the p rocesses of free electron genera t ion. H ere w e u se the fo llow ing m u lt i2
pho ton ion iza t ion fo rm u la [5 ]

(
dN e ( t)

d t
) P I = N Ρ(n)

F n ( t) (2)

w here N is the act ive ion den sity , Ρ(n)
is the n 2pho ton ab so rp t ion cro ss2sect ion, F is the pho2

ton fluence den sity, respect ively. W e u se the m easu red fou r2pho ton ab so rp t ion cro ss2sect ion
Ρ(4) = 2×10- 114cm 8ös3 [5, 11 ]　fo r the 526 nm laser f ield.

A s po in ted above, the pow er den sity of the laser rad ia t ion is in the o rder of GW öcm 2～
TW öcm 2 o r h igher in D u et a l. ’s and Stuart et a l. ’s experim en ts, thu s the app lied electric
f ield is in the o rder of a few ten s ofM V öcm and h igher, expecia lly fo r u lt rasho rt laser pu lses.
U nder such a h igh field, electron s w ill m ake mo re than one co llision du ring one period of the
electric o scilla t ion. A s a resu lt, the electric f ield is essen t ia lly a dc field to tho se h igh energy
electron s[10 ]. H ence, w e take the sim ilar w ay u sed by D u et a l. [10 ] to describe the avalanche
ion iza t ion: f irst, w e u se the rela t ion sh ip [3 ] E (Ξ) = E dc (1 + Ξ2Σ2

c ) 1ö2 co rresponding the op t ica l
dam age field to a dc b reakdow n field, w here Ξ is the op t ica l frequecny and Σc is the electron
co llision t im e. Second, the avalanche ion iza t ion coeff icien t is exp ressed in therm s of ion iza t ion
ra te per un it length Αw ith Γ(E ) = Α(E ) Μd rif t , w here Μd rif t is the drif t velocity of electron s.

W hen the electric f ield is as h igh as a few M V öcm , the drif t velocity of free electron s is sa tu2
ra ted and independen t of the laser electric f ield, Μd rif t ∆ 2×107cm ös. T he th ird,w e u se the ex2
p ression fo r Α(E ) derived by T ho rnber [12 ] w h ich is app licab le fo r a ll elect ric f ield st rength s
and essen t ia l w hen comparing w ith D u et a l. ’s and Stuart et a l. ’s experim en ta l data

Α(E ) =
eE
U i

exp [ -
E i

E (1 + E öE p ) + E kT
] (3)

w here U i is the ion iza t ion th resho ld of the valence band electron, E p , E kT and E i are the th resh2
o ld fields fo r electron to overcom e the decelera t ion effects of phonon, therm al and ion iza t ion
scat tering, respect ively.

Set t ing a Gu ssian tempo ral shape of laser pu lse w ith peak pow er den sity P and du rat ion
Σ, one can determ ine the energy fluence F E , pho ton fluence den sity F , and the laser electric
f ield E and thu s the co rresponding dc electric f ield E dc . T hen, from eqs. (1) , (2) , and (3) one
can calcu la te the free electron den sityN e . A t the end the pu lse du ra t ion, ifN e = N th , the free
electron den sity co rresponding to the samp le dam age, th is F E is the dam age th resho ld. In ou r
calcu la t ion, E i = 30M V öcm , E P = 312 M V öcm , and E kT = 0101 M V öcm are u sed. T hese pa2
ram eters are taken from R ef. [ 10 ] (and references therein) w ith U = eE l ,w here U is the ap2
p rop ria te therm al , phonon, and ion iza t ion energy, and l is the co rresponding energy relaxat ion
length ( lkT = lp～ 5∼ , the a tom ic spacing, and l i ∆ 30∼ ).

F igu re 1 and 2 are tw o typ ica l run s of evo lu t ion of free electron den sity N e fo r a 100fs
and a 1 n s, 526 nm laser pu lse (tw o2do t ted dashed cu rve)of peak in ten sity 1117 TW öcm 2 and
2717 GW öcm 2 in fu sed silica, respect ively. Fo r comparison, w e separte the con tribu t ion s of
avalanche ion iza t ion (do t ted cu rve) , and the m u lt ipho ton ion iza t ion (dashed cu rve). W hen the
electron lo sses due to diffu sion and recom b inat ion are included, the electron evo lu t ion ( long2
dashed cu rve) are a lso show n. Fo r h igh in ten sity laser pu lses, f ield2induced m u lt ipho ton ion2
iza t ion p roduces the free electron s w h ich m ay resu lt in fu rther ion iza t ion due to co llision,
therefo re it is no t necessary to invoke som e arb it rary num ber of in it ia l“seed ”electron s. N o te
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tha t in F ig. 1 m u lt ipho ton ion iza t ion p roduces a sub stan t ia l amoun t of free electron s, w h ich
m akes som e nonneglig ib le con tribu t ion s to the samp le dam age. In con trast, avalanche ion iza2
t ion on ly p roduces a sm all amoun t of free electron s du ring th is 100 fs pu lse du ra t ion if it is
taken to be the on ly one sou rce of free electron genera t ion by set t ing the in it ia l elect ron den2
sity N 0 = 1010 cm - 3. Bu t if m u lt ipho ton ion iza t ion p roduces enough free electron s, avalanche
ion iza t ion is imp ro tan t, especia lly a t the second half of the laser pu lse w hen the m u lt ipho ton
ion iza t ion is sa tu ra ted. T he electron lo sses due to diffu sion and recom b inat ion are comp letely
neglig ib le, hence it m akes no difference fo r the free electron evo lu t ion s w hether these lo sses
are included o r no t. Fo r 1 n s pu lse du ra t ion (F ig. 2) , avalanche ion iza t ion dom inates the free
electron genera t ion, bu t con tribu t ion of m u lt ipho ton ion iza t ion is neglig ib le excep t from p ro2
vid ing the in it ia l elect ron s fo r avalanche ion iza t ion. Becau se m u lt ipho ton ion iza t ion is st rongly
in ten sity dependen t, the electron p roduct ion takes p lace p rincipally a t the peak of the pu lse. It
is necessary to po in t ou t tha t the electron lo sses are nonneglig ib le fo r th is 1 n s pu lse du ra2
t ion; w hen they are included, the to ta l electron den sity decreases abou t one o rder of m agn i2
tude.

F ig. 1　Calcu lated evo lu tion of free electron density
N e fo r a 100fs, 526 nm laser pu lse ( tw o2do t2
ted dashed curve ) of peak in tensity 1117
TW öcm 2 in fused silica. Do tted curve: on ly
avalanche ion ization is taken in to accoun t by
sett ing the in it ia l electron density N 0 = 1010

cm - 3; dashed curve: on ly m ult ipho ton ion iza2
t ion is taken in to accoun t; so lid curve: bo th
avalanche and m ultipho ton ion ization are
taken in to accoun t. W hen the lo ss term due
to electron diffusion and recom bination are
included, the evo lu tion of free electron densi2
ty is iden tical to the so lid curve

F ig. 2　Calcu lated evo lu tion of free electron density
N e fo r a 1ns, 526 nm laser pu lse (tw o2do tted
dashed curve) of peak in tensity 2717 GW ö
cm 2 in fused silica. Do tted curve: on ly
avalanche ion ization is taken in to accoun t by
sett ing the in it ia l electron density N 0 = 1010

cm - 3; sho rt2dashed curve: on ly m ult ipho ton
ion ization is taken in to accoun t; so lid curve:
bo th avalanche and m ultipho ton ion ization
are taken in to accoun t; long2dashed curve: a ll
the p rocesses of electron p roduction and
lo sses due to electron diffusion and recom bi2
nation are included
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　　F ig. 3　Calcu lated th resho lds of dam age fluences
F th versus laser pu lse w idth Σfo r differen t
dam age condiat ions N th . Do tted curve:
on ly avalanche ion ization is taken in to ac2
coun t; o ther th ree curves: a ll p rocess are
include. D etails fo r sho rter pu lse length
see tex t

　　F ig. 3 show s the calcu la ted th resho lds of
dam age fluences F th versu s laser pu lse w idth Σ
fo r d ifferen t dam age condit ion s N th . Fo r pu ls2
es longer than 10 p s, the dam age th resho lds all
increase w ith Σ acco rd ing to F th∝ Σ1ö2 , the
w ell2know n scaling. W h ile fo r sho rter pu lses,
the dam age th resho lds vary w ith the pu lse du2
ra t ion m uch differen t ly. Fo r sam ll dam age con2
dit ion ( N th = 1018cm - 3) , the th resho ld devia tes
from the square2roo t rela t ion, bu t it st ill de2
creases w ith pu lse du ra t ion w hen Σ< 10 p s
( th ick so lid line). T h is is a lmo st iden t ica l to
the experim en ta l resu lts of Stuart et a l. [11 ] Fo r
b igger dam age condit ion ( N th = 1022cm - 3) , the
th resho ld increases w ith pu lse du ra t ion w hen Σ
< 2 p s (dashed line). T h is is sim ilar to the ex2
perim en ta l resu lts of D u et a l. [10 ] T hese re2
su lts invoke u s to con jectu re that the free elec2
t ron den sity co rresponding to D u et a l. ’s dam 2
age is sm aller than that of Stuart et a l. ’s. R e2
calling their experim en ts, D u et a l. defined the

con siderab le p lasm a em ission as the samp le dam age , and Stuart et a l. defined the visib le per2
m anen t modif ica t ion to su rface ob servab le w ith a N om arsk i m icro scope as the samp le dam 2
age. In fact, con siderab le p lasm a em ission can be m easu red on ly w hen the samp le is st rongly
dam aged. N everthelss, su rface modif ica t ion can be ob served w ith a h igh reso lu t ion m icro scope
even on ly w hen sligh t dam age occu rs. In addia t ion, fo r pu lse du ra t ion sign if ican t ly sho rter
than the t im e scale fo r electron energy tran sfer to the la t t ice (here subp ico second pu lse length
is th is situa t ion) , conduct ion2band electron s gain energy from the laser f ield m uch faster than
they tran sfer to the la t t ice. T he actual dam age occu rs after the pu lse has passed, w hen th is
electron energy is coup led in to the la t t ice. D u et a l. m easu red the p lasm a em ission in situ,
thu s h igher electron den sity and hence h igher dam age fluence are needed. In th is w ay, ou r cal2
cu la t ion p rincipally exp la in s the tw o oppo site experim en ta l resu lts.

A s a reference, the th resho ld versu s pu lse du ra t ion fo r N th = 1022 cm - 3 w hen avalanche
ion iza t ion is on ly taken in to accoun t is a lso show n in F ig. 3 w ith a do t ted cu rve. Becau se con2
t ribu t ion s by m u lt ipho ton ion iza t ion are no t included, the dam age th resho ld increases w ith
the pu lsew idth mo re qu ick ly. D u et a l. ’s experim en ta l resu lt is clo se to th is cu rve, bu t d iffer2
en t from the cu rve of w h ich all elect ron genera t ion p rocesses are included, as show n above.

T h is m ean s that m u lt ipho ton ion iza t ion almo st m akes no con tribu t ion to the free electron
genera t ion,w h ich can no t be exp la ined by ou r p resen t model.

In conclu sion, ou r calcu la t ion s show that in the p rocess of free electron p roduct ion, the
con tribu t ion s of electron2ion recom b inat ion and electron diffu sion are sm all fo r longer pu lse
w idth, and they are comp letely neglig ib le fo r sho rter pu lse w idth. T he avalanche ion iza t ion
dom inates the free electron p roduct ion in the w ho le pu lse du ra t ion fo r longer pu lse w idth.

Bu t fo r sho rter pu lse w idth, bo th of m u lt ipho ton and avalanche ion iza t ion determ ine the to ta l
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free electron den sity and thu s the dam age th resho ld. M o re impo rtan t ly ou r calcu la t ion resu lts
p rincipally agree w ith the tw o oppo site experim en ts by set t ing N th～ 1022cm - 3 (fo r R ef. [ 10 ])

and～ 1018cm - 3 (fo r R ef. [ 11 ]) , respect ively.
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激光辐射损伤阈值与激光脉宽相互关系的模拟计算
马国斌

(中国科学院上海光学精密机械研究所,上海800- 211信箱　　上海 201800)

谭维翰
(上海大学物理系　　上海 201800)

王占山
(中国科学院长春光学精密机械研究所　　长春　130022)

摘要　描述了一个超短脉冲引起的电介质激光损伤的理论模型,这个模型

考虑了多光子电离、雪崩电离、电子2离子复合和电子扩散。通过假设激光脉
冲为高斯型,数值计算得到了激光脉冲宽度与激光辐射损伤间的依赖关系。

对于大于10p s的脉冲宽度,数值结果与平方根关系符合很好,对于亚皮秒

激光脉冲,通过适当选择损伤的评价标准, 我们的模型解释了D u 等[10 ]和

Stuart [11 ]等的相对实验结果。

关键词　　激光损伤　短激光脉冲　雪崩电离
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