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A theoretical investigation is made of the characteristics of the process of laser damage to transparent 
insulators as a result of development of an electron avalanche when this avalanche is retarded by a shortage of 
initiating electrons. The process of simultaneous formation of initiating electrons and of an avalanche is 
considered from the statistical point of view. The expected dependence of the breakdown threshold on the 
volume of the interaction zone is analyzed. 

PACS numbers: 79.20.Ds, 79.70. + q, 79.60.Eq 

There a r e  several mechanisms of photoconductivity ization, although in both cases the damage threshold i s  
in wide-gap solid insulators. F ree  carr iers  may ap- governed by the photoionization rate. In fact, in the 
pear a s  a result of interband transitions involving the case under discussion, we have 
absorption of one o r  more photons (photoionization of 
the matrix), a s  a result of ionization of impurities and r>w, 
defects, and also because of development of impact 
avalanche ionization. This last mechanism has a num- 
ber of important features. Firstly, an avalanche-like 
increase in the number of free carr iers  practically al-  
ways results in optical breakdown of an insulator. 
Secondly, this mechanism requires the presence of a 
certain initial number of f ree  carr iers  in the zone of 
interaction of radiation with matter. These carr iers  
may form in wide-gap insulators a t  reasonable tem- 
peratures only a s  a result of photoionization of the ma- 
trix or defects. 

The process of impact avalanche ionization is usually 
considered beginning from a certain initial density No 
= lo7 - 10'' ~ m - ~ ,  the actual value depending on the laser  
radiation frequency. It is found that the breakdown 
threshold field depends very weakly on No (Refs. 1 and 
2). However, it is obvious that this conclusion can only 
be valid if a sufficient number of initiating carr iers  is  
present in the interaction zone of volume V. Since in 
many laser damage experiments3'* the size of the in- 
teraction region is very small, V s 10'1° cm3, there may 
be a situation when the threshold field is governed not 
so much by the rate of development of an avalanche but 
by the rate of creation of initiating electrons. However, 
it should be stressed particularly that the situation un- 
der discussion here is radically different from the 
usual case of breakdown a s  a result of. multiphoton ion- 

where y is the avalanche growth constant and W is the 
frequency of formation of carr iers  a s  a result of photo- 
ionization, whereas in the case of damage a s  a result of 
multiphoton ionization the opposite inequality i s  satis- 
fied. 

We shall consider the influence of an insufficient num- 
ber of initiating electrons on the threshold (critical) 
damage field and the associated statistical features of 
the optical breakdown process. In particular, we shall 
discuss the temperature and size dependences of the 
breakdown threshold under these conditions. 

1. ELECTRON AVALANCHE I N  THE PRESENCE OF A 
SMALL NUMBER OF INITIATING ELECTRONS 

Let us assume that a sequence of impact ionizations 
by some specific electron is a Poisson process, namely 
that the probability of a certain electron making k ion- 
izations in a time t is 

(t/.c)* 
P,(t)=-erp -- , 

k! ( 3 
where 7;: y-'. An analysis of the usual conditions for 
the process to be of the Poisson type leads to the con- 
clusion that this is a reasonable assumption if 

.rB I/\., 

where v is the frequency of electron-phonon collisions. 
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Let us assume that initially, at t=O, the interaction 
zone contains I initiating electrons. We shall use Ri( t )  
to denote the probability that at a moment t there a r e  n 
electrons. The functions RA(t) obey the following re-  
currence relationship: 

whose solution is the function 

R = I ( ~ )  = [ I -  e - ]  11' "-le-t/- . 

The above can be proved easily by induction. Next, 
we obviously have 

72-1 

so  that 
R.1 ( t )  = ~ ~ ~ : [ l - ~ - f / ' ] " - ' ~ - " " .  

We know that breakdown appears if during a laser 
radiation pulse the electron density in the conduction 
band N reaches a certain critical value Na = lo1' - 10'' 
cm", which should be such that the absorbed energy is 
sufficient for irreversible processes to take place in 
the matrix. Thus, the probability of breakdown is the 
function 

r(n)  B,- t ( l ,  n - l ) ,  r ( 1 )  r (n-1)  

where n =N, V; 6 = 1 - e-"'; B ,  (a, b)  is an incomplete B 
function. In particular, if the interaction zone contains 
initially one electron, the probability of breakdown in a 
time t is given by 

Gaf(t)=[l-e-"'1"-'. 

We shall assume that the damage threshold is defined 
experimentally a s  the radiation intensity at which the 
probability of breakdown is P = 1/2. Then, bearing in 
mind that n>> 1, we obtain the relationship 

t lz=ln (nlln 2), 

which is practically identical with the usual breakdown 
criterion.' Moreover, variation of P within the rea- 
sonable limits P = 0.1-0.9 does not alter significantly 
the critical intensity. Hence, we can draw two impor- 
tant conclusions. Firstly, even one initiating electron 
in the interaction zone is sufficient for the development 
of an avalanche in spite of the statistical nature of the 
process. Secondly, the scatter of the breakdown thres- 
holds in the case of pure avalanche breakdown remains 
very slight if 

n,=N,V,I. 

Thus, all  the statistical properties appear only if this 
last inequality is not obeyed. We shall study these 
properties in detail by considering the process of ava- 
lanche ionization which is  simultaneous with impurity 
photoionization. 

2. AVALANCHE IONIZATION INITIATED BY 
MULTIPHOTON IONIZATION OF IMPURITIES 
OR MATRIX 

Let us assume that the probability of appearance of 
m electrons in a time t a s  a result of multiphoton ion- 

ization is 

We shall use S,(t) to denote the probability that at  a mo- 
ment t this ionization process, which occurs simul- 
taneously with impact avalanche ionization, produces n 
electrons in the interaction zone in the case when ini- 
tially (at t =O)  there a r e  no free carr iers  in this zone. 
We then find that the functions S , ( t )  obey 

[clearly S,(t) = e'"'l] and hence 

The probability of breakdown in a time t can be writ- 
ten a s  follows: 

where a =7/r1; F(a,  b; c; x )  is the hypergeometric 
Gauss function ,F,. A comparison of Eqs. (3) and (2) 
shows that the parameter 7/r1 corresponds physically 
to the number of initiating electrons 1. 

Using the asymptotic form of an incomplete B function 
in the limit n-m, we obtain the following relationship 
which is more convenient in calculations: 

r [a, ne-'"1 
P=G,= 

' 
where r ( a ,  x )  is an incomplete r function. For a given 
breakdown probability P any of the relationships (3) o r  (4) 
can be regarded a s  the equation which, together with the 
expressions that give the dependences of the quantities 
7 and on the radiation intensity I, can be used to cal- 
culate the breakdown threshold I,. 

t I< 
FIG. 1. Solution of Eq. (4) for n =  10" and three values of the 
breakdown probability: 1) p=  1.0; 2) p =  0.5; 3) p =  0.9. 
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Figure 1 shows the dependences of a on t/7 for three 
values of the damage probability. The range 

a< I 

corresponds to a strong delay of an avalanche because 
of the absence of initiating electrons. In this case the 
breakdown probability is given by 

&=I-exp(-t/r,), (5) 

i.e., it is the probability of the appearance of a t  least 
one free electron during a pulse. In the range 

the damage threshold corresponds to the conventional 
avalanche breakdown and is found in the usual way.' 

It should be noted that the results  of the present sec- 
tion showed if there is a shortage of initiating electrons, 
one can expect that experiments will demonstrate a 
considerable increase in the spatial scatter  of the laser  
damage threshold. 

3. DEPENDENCE OF THE CRITICAL FIELD ON 
THE LATTICE TEMPERATURE 

It follows from recent direct experiments5 that the 
case of an avalanche delayed by a shortage of initiating 
electrons, discussed above, is not observed at least a t  
the neodymium laser and higher frequencies ( A S  1 p ) .  
However, when the laser radiation frequency is re-  
duced, the probabilities of multiphoton ionization of im- 
purities and the matrix decrease strongly so  that, in 
principle, we may have the situation of avalanche delay 
discussed above. 

Attempts to explain damage caused by radiation of 
wavelengths 10.6 and 2.76 p to even specially selected 
samples have met with a number of difficulties when the 
electron avalanche mechanism is Firs t  of 
all, the falling temperature dependence of the threshold, 
followed by a plateau a t  higher temperatures, observed 
a t  the wavelength of 2.76 p (Ref. 4) should, according 
to the theory, correspond to a rising temperature de- 
pendence a t  the wavelength of 10.6 F, whereas it is 
found experimentally3 that the damage threshold is in- 
dependent of temperature. Some possible explanations 
of this disagreement have been put forward earlier.' 
We shall show here that, in certain cases, the anoma- 
lous temperature dependence can be explained by the 
delayed avalanche mechanism discussed above. 

We shall assume that throughout the investigated 
range of lattice temperatures the damage mechanism is 
associated with electron avalanches and the frequencies 
of laser radiation 51 and of the electron-phonon col- 
lisions obey a > v. If a t  the same time the number of 
initiating electrons in the interaction zone i s  no =NoV 
2- 1, it follows from Sec. 1 that the critical intensity 
should exhibit a temperature dependence characteristic 
of the pure avalanche breakdown mechanism: 

In the other limiting case when 

&<I, 

the avalanche delay results  in an absence of a tempera- 

ture dependence. In this case this absence of a temper- 
ature dependence i s  observed also for < v. It seems 
reasonable to assume that this is  the situation in the 
case of damage to alkali halide crystals at the wave- 
length of 10.6 p .  

We shall consider in greater detail the case when the 
breakdown mechanism is of purely avalanche origin and 
the inequality Q > v is obeyed and the initial lattice 
temperature T is less  than a certain value TI, but an 
avalanche is delayed a t  temperatures1' T > TI. We shall 
use the recent results6 demonstrating the existence of 
short recombination t imes of electrons in crystals 
(7,- lo-" sec) assuming that the parameter a in Eq. 
(4) can be represented by2) 

We shall next use the dependence ~ ( 1 )  given by7 
A A 

2Ae-?"=A ch- -p sh-, 
2 2 

where 

Q is the characteristic ra te  of the electron-phonon pro- 
cesses (" 10" - 1013 se~") ,  

and 

Here, E ,  is the ionization potential; us is the velocity of 
sound; m and e a r e  the mass and charge of an electron; 
To = 300 OK. 

We shall assume that, for example, the multiphoton 
ionization is a six-quantum process (this applies to the 
experimental results on damage at A= 3 p): 

Figure 2 shows the temperature dependences of the 
critical intensity in the case under consideration. 
Curves 1, 2, and 3 correspond to three values of the 
damage probability (P =0.1; 0.5; 0.9) and the dashed 
curve represents anondelayed avalanche; curve 4 is the 

FIG. 2. Temperature dependences of the laser damage thresh- 
old at A =  3 p  and different breakdown probabilities P: 1) 
P= 0.1; 2) P =  0.5; 3) P =  0.9. Line 4 corresponds to the case 
when an avalanche is delayed by a shortage of initiating elec- 
trons throughout the investigated temperature range. The 
dashed curve corresponds to the case of a sufficient number 
of initiating electrons. 
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case when the development of an avalanche is stopped 
by a deficiency of initiating electrons throughout the 
investigated temperature range. 

Curves 1-3 show clearly that there is a range of 
temperatures in which an avalanche is held up. It is 
worth noting a considerable increase in the scatter of 
the threshold characterized by the divergence of curves 
1-3. These curves a r e  very close to the results ob- 
tained experimentally4 for the temperature dependence 
of the damage threshold of NaCl at  the wavelength of 
h=2.76 p.  Although this supports our explanation of 
the anomalous temperature dependence observed in the 
infrared range of laser frequencies, the final conclu- 
sions on the role of initiating electrons can only be 
made a s  a result of direct experiments similar to those 
reported in Ref. 5, i.e., by investigating the influence 
of additional ultraviolet illumination on the threshold of 
damage by infrared radiation. 

In this case if the proposed avalanche decay mechan- 
ism does apply, ultraviolet illumination should produce 
the following results: at  the wavelength of 10.6 C( the 
threshold should decrease throughout the investigated 
temperature range up to the usual avalanche threshold; 
at the wavelength of "3 11 the threshold should decrease 
only at  relatively high temperatures, where the experi- 
ments indicate that the threshold is independent of . 
temperature. 

4. DEPENDENCE OF THE BREAKDOWN THRESHOLD 
ON THE VOLUME OF THE INTERACTION ZONE 
(SIZE EFFECT) 

Experimental investigations of laser damage to optical 
materials have often demonstrated the "size effect" 
which is the dependence of the damage threshold on the 
diameter of the focal spot produced by focusing lenses. 
This effect is usually attributed to the damage at ab- 
sorbing inclusions and is explained by a reduction in 
the probability that sufficiently large inclusions will be 
found in the caustic region when the size of the caustic 
is reduced. The delay to the avalanche mechanism dis- 
cussed here should also produce the size effect. In 
fact, when the damage threshold is governed by the 
probability of the appearance of the first  electron and 
Eq. (5) is  obeyed, we find that 

where f(l) is a function governed by the photionization 
mechanism [for example, in the case of multiphoton 
ionization we have f(I)  =Ik], we find that for a given 
damage probability P, 

V f  (I,) -const. (6) 

In particular, in the case of multiphoton ionization of 
the matrix, atomic impurities, or defects, we have 

It should be pointed out that the strongest dependence 
of the threshold on the dimensions of the caustic is ob- 
served when the most effective source of electrons a r e  
clusters (of atomic impurities) and dissolved inclusions, 
because in this case the dependence of the photoioniza- 
tion probability on the intensity may be quite weak 
(k= 1-3). 

A weaker size effect should be observed when elec- 
trons a r e  supplied by impurity levels lying quite deep 
in the band gap. In the limit of very small caustics the 
mechanism of creation of free carr iers  initiating an 
avalanche may be the multiphoton ionization of atoms of 
the matrix, i.e., multiphoton interband transitions. It 
then follows from Eq. (7) that the size effect will be 
practically unobservable in the infrared range because 
of the strong dependence of the ionization probability on 
the radiation intensity. At the same time and for the 
same reasons the scatter of the damage thresholds in 
recording the temperature dependence practically dis- 
appears (Fig. 2). The fact that the scatter of the thres- 
holds (the difference between curves 1 and 3) and the 
size dependence a re  given by the same function f(I)  
shows that investigations of this dependence will pro- 
vide a good opportunity for identifying experimentally 
the nature of sources of initiating electrons. 

In conclusion, we must make an important comment 
on the experimental method for the determination of 
the damage threshold in the case when avalanches a r e  
delayed. It follows from our results that in this case 
the damage is  essentially of statistical nature so  that 
the usual method3 for the determination of the thres- 
hold becomes inadequate. It is necessary to carry out 
a statistical analysis of the results based on the deter- 
mination of the damage probability at  different illum- 
ination intensities. This applies particularly to studies 
of the size effect. 

'A. S. Epifanov, Zh. Eksp. Teor. Fiz. 67, 1805 (1974) [Sov. 
Phys. JETP 40, 897 (1975)l. 

'A. S. Epifanov, A. A .  ManenkOv, and A. M. Prokhorov. Zh. 
Eksp. Teor. Fiz. 70, 728 (1976) [Sov. Phys. JETP 43, 377 
(1 976)l. 

3 ~ .  G. Gorshkov, Yu. K. ~an i l e&o ,  A. S. Epifanov, V.  A. 
Lobachev, A. A. Manenkov, and A. V. Sidorin. Zh. Eksp. 
Teor. Fiz. 72, 1171 (1977) [Sov. Phys. JETP 45, 612 (1977)l. 

'G. V. Gomelauri and A. A. Manenkov. Kvantovaya Elektron. 
(Moscow) 6, 45 (1979) [Sov. J. Quantum Electron. 9, 23 
(1979)l. 
5 ~ .  G. Gorshkov, A. S. Epifanov, and A. A. Panov. Tezisy 
dokladov II ~ s e s o ~ u z n o r  konferentsii $'Optika lazerov," Lenin- 
grad, 3-7 yanvarya 1980 g. (Abstracts of Papers presented 
a t  Second All-Union Cod. on Optics of Lasers. Leningrad, 
January 3-7, 1980). p. 351. 

6 ~ .  N. Bradford, R. T. Williams, and W. L. Faust, Phys. 
Rev Lett. 35, 300 (1975). 
'B. G. Gorshkov, A. S. Epifanov, and A. S. Manenkov, Zh. 

Eksp. Teor. Fiz. 76. 617 (1979) [Sov. Phys. JETP 49. 309 
(1979)l. 

Translated by A. Tybulewicz 

1 196 SO". Phys. JETP 52(6). Dec. 1980 Gomelauri et a/. 1196 


