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Nature of the cumulative effect in laser damage to optical materials
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Kvantovaya Elektron. (Moscow) 10, 2426-2432 (December 1983)

An analysis is made of the laws governing the cumulative effect in laser damage to optical materi-
als. A method for studying this effect, based on a statistical approach, is proposed and the main
characteristics are introduced to describe laser damage to materials in the multiple-exposure
regime. The possible mechanisms of the cumulative effect are discussed. Experimental data are
given on laser damage to optical polymer materials and these data demonstrate some of the
fundamental laws governing this effect. Using the example of transparent polymers, methods for
suppressing the cumulative effect are proposed and put into practice.

PACS numbers: 61.80. — x, 42.70. — a, 42.60.He

1. INTRODUCTION

It is well known that the strength of optical materials
subjected to high-power laser radiation is often considerably
lower for multiple interactions than for a single exposure.
This fact was established quite a long time ago, although it
was not investigated systematically until recently and it was
mainly the laws governing laser damage to transparent me-
dia in the single-pulse regime which were studied. In view of
the practical significance of the laser strength of optical ma-
terials in the multiple-exposure regime, it is exceedingly im-
portant to investigate the factors which reduce the optical
strength.

The most probable among these is the accumulation of
microscopic damage from pulse to pulse due to irreversible
changes in the matrix surrounding the initiating absorbing
defects.'™* The dynamics of such changes was studied in var-
ious classes of optical materials, by different methods: using
the scattering kinetics of the incident radiation and the lumi-
nescence accompanying the damage process,”™'! by the
methods of electron'? and infrared'® spectroscopy, and by
laser calorimetry.'* Up to the present time, the cumulative
effect has been investigated in silicate glasses,>*'21%1¢ 3]ka-
li-halide®!* and ferroelectric crystals,'"!” and in poly-
mers,”>’"'° it being most striking manifested in the last of
these (for intensities below the single-pulse damage thresh-
old by a factor of up to 100). Various mechanisms have been
suggested in the literature for the cumulative effect (these
will be analyzed below), although on the whole the nature of
this effect has been given insufficient study and the dominant
mechanisms have not yet been established.

In view of this we shall analyze the fundamental laws
governing the cumulative effect, their relationship to the
characteristics of laser damage due to a single interaction,
and the possible mechanisms of this effect. We shall also
report an experimental investigation of the cumulative effect
in organic glasses, where it is most strikingly manifested
compared with other optical materials.

2. FUNDAMENTAL LAWS GOVERNING THE CUMULATIVE
EFFECT

The cumulative effect in optical materials is usually
studied as follows. The laser damage threshold of the surface
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or volume of a specimen due to one pulse is determined. The
incident radiation intensity is lowered by a certain factor
relative to the threshold and the critical number of laser
pulses N, is found which leads to the appearance of visible
macroscopic damage. Experiments show® that a consider-
able spread (by more than a factor of 10} is observed in the
values of N, from point to point in the specimen. This fact
demonstrates the statistical nature of the cumulative effect
and its description evidently requires the introduction of
fundamental concepts and characteristics similar to those
employed in statistical analysis of the laser damage by a sin-
gle exposure. In our view the characteristics which adequa-
tely describe this effect are: the critical number of laser
pulses N_, (I') averaged over a large number of illuminated
points, which (for a fixed intensity /) results in macroscopic
damage in the specimen; the threshold intensity of laser
damage by the Nth laser pulse 7, (Ref. 10) which causes
damage in the specimen after a fixed number of pulses NV and
the probability of such damage Wy (I} equal to the ratio of
the number of damaged points in the specimen to the total
number of points illuminated with fixed f and N; the damage
threshold distribution function for the N th pulse f(I), de-
termined by the ratio of the concentration A»n of defects, for
which the threshold of damage by the N th pulse lies in the
interval (I, Iy, + A1), to Al . The function f{(I,)enables
Wy (I') to be calculated from the formula

!
W (1) =1 —exp [_5 dA [ (1) dIN], 1)
0
where A is illuminated volume or surface of the specimen.
In general, the function f(I,) depends on the param-
eters of the incident radiation (wavelength, pulse duration,
etc.) and on the characteristics of a specimen (absorption
coefficient, size of defects, thermoelastic properties of the
surrounding matrix, etc.). In view of the statistical nature of
the damage described by the distribution function f(Iy), a
dimensional distribution of the thresholds 7, should be ob-
served, and this is confirmed by the results of experiments. '?
One may expect a single-valued correspondence between the
dimensional dependence of 7, and the function W, ({) for
damage due to multiple exposure, similar to that in the case
of a single pulse. Moreover, in view of the identical nature of
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the processes leading to the damage by single and multiple
exposure, a definite relationship can be expected between the
damage characteristics in these two cases. This relationship
can be described by the evolution of the damage-threshold
distribution function for the first pulse f,(Z,), which is usual-
ly introduced when analyzing statistically the laser damage
in the single-exposure regime, during successive laser pulses:

foldy) =) = o= [ya(l) = fN-—l(]l)Ef([N)
or f1(11):;q1f0(11)v e /cN—l([1):2‘N-1fN—2([1)
and fzv—1(11):‘21f0(11)v

where A =A N 12 N2 222 . 18 an evolution operator
whose form is determined by the specific mechanism of the
cumulative effect in a particular material. Generally speak-
ing, the operator A4 is nonlinear, depends on the parameters
of the incident radiation (wavelength, pulse duration and
shape, etc.) and can be found by solving the inverse problem,
i.e., from the experimentally obtained dependences of the
damage characteristics in the multiple-exposure regime on
the radiation parameters and the characteristics of the speci-
mens.

The evolution of the distribution function can, in prin-
ciple, either lower the laser strength of a material for multi-
ple exposure, compared with that for single exposure, or
raise it (laser polishing or hardening). As a rule, lowering of
the damage threshold is observed experimentally for multi-
ple exposure (I; <1,), although there are reports in the liter-
ature'® of the inverse effect (Iy > 1)

3. POSSIBLE MECHANISMS FOR THE CUMULATIVE EFFECT

Irreversible changes in the matrix responsible for the
cumulative effect can occur due to photochemical, thermo-
chemical, and mechanochemical reactions, and to different
types of phase transition. The first type of process can be
initiated both directly by laser radiation (due to multiphoton
absorption) and by emission from strongly heated absorbing
defects. Thermochemical and mechanochemical reactions
are most probably initiated in the neighborhood of absorbing
defects due to the matrix being heated and to the resultant
local thermoelastic stresses. Naturally, only those reaction
products which absorb the incident laser energy, by a pro-
cess which is direct (linear) or nonlinear in the laser intensity,
can be responsible for the cumulative effect in multiple-ex-
posure laser damage.

The irreversible-change mechanisms mentioned were
used by different authors to explain experimental results.
Thus, a model discussed in Ref. 19 suggests the accumula-
tion of gaseous products in microcavities (of dimensions
~10~* cm) due to multiphoton photochemical reactions,
leading to the dissociation of polymer molecules. In this
model the macroscopic damage is attributed to the cleaving
action of the gases. However, this model does not agree with
the available experimental data'® on laser damage to poly-
mers. These indicate the absence of gaseous products in any
appreciable quantities in microscopic damage events having
dimensions of <1073 cm.
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The cumulative effect in silicate glasses was explained
in Ref. 33 by assuming a mechanism for the thermal fluctu-
ation decay of the interatomic bonds, stimulated by the laser
radiation. However, in this model the microscopic mecha-
nism whereby the electric field of an electromagnetic field
acts directly on the interatomic bonds and lowers the activa-
tion energy for their rupture remains nuclear.

A mechanism was discussed in Refs. 20-22 for the
buildup in polymer materials of strongly absorbing products
{such as carbon black), formed around absorbing inclusions.
Since the rate constants of the thermochemical reactions de-
pend exponentially on the temperature T as
K 1c « exp( — Uy/kT), where U, is the activation energy
usually amounting to 2-3 eV, and only become appreciable
at very high temperatures, such a mechanism for the cumu-
lative effect can be observed only within an extremely nar-
row range of incident radiation intensities.”! However, the
experiments show that in many materials the cumulative ef-
fect is observed over a wide range of intensities (up to a factor
of 100) below the single-exposure damage threshold. This
means that a purely thermochemical mechanism cannot ex-
plain the cumulative effect in such materials.

We think that the most probable mechanism for the
cumulative effect is associated with mechanochemical reac-
tions®?*?* whose rate constants, K yc «exp[ — (U, — y0)/
kT] are substantially higher than K - due to a lowering of
the activation energy by the elastic stresses o (y is a struc-
ture-sensitive factor). These arise in the neighborhood of ab-
sorbing defects when they are heated by laser radiation. The
mechanochemical reactions generate excited active particles
(radicals, ion radicals, surface and solvated electrons, soli-
tons, etc.) which absorb the laser energy and lead to the de-
velopment of a chain reaction and to microscopic damage.
As aresult of such irreversible changes in the matrix, nonlin-
ear absorption appears in successive laser pulses leading
eventually to catastrophic damage.

An analysis of the mechanochemical mechanism of the
cumulative effect®**>* shows that it must differ strongly for
different classes of optical material which are distinguished
by their thermoelastic properties (tensile strength, Young’s
modulus, volume expansion coefficient, etc.) and mechano-
chemical reaction rate constants. In particular, one can ex-
pect substantial differences in the range of intensities Al,
below the damage threshold of the first pulse, in which the
cumulative effect is observed. Indeed, the experiments con-
firm this expectation. In inorganic glasses the cumulative
effect takes place over a small range of AI (Refs. 2-4, 12, 13,
15, and 16), whereas in organic glasses (polymers), it is ob-
served over a wide intensity range.>’~'%'%2%22 This special
feature of polymer materials, distinguishing them from oth-
er transparent dielectrics, enables a study to be made of the
fundamental laws governing the cumulative effect in this
class of materials.

4. CUMULATIVE EFFECT IN TRANSPARENT POLYMERS
The cumulative effect in laser damage to polymer mate-

rials was discovered and studied by many investiga-

tors."»>7-1%19-24 Here we shall give a number of new results
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FIG. 1. Dependences of the average number of laser pulses N, after
which damage occurs to PMMA (curve 1) and MPMMA (curve 2) on the
intensity of incident A = 0.69 i wavelength radiation. The PMMA dam-
age threshold J, is taken to be 10 relative units.

which we obtained for polymethylmethacrylate (PMMA)
and modified polymethylmethacrylate (MPMMA), used
widely in conventional and laser optics, especially for mak-
ing solid-state dye lasers,? bleaching filters,?® and the opti-
cal components for laser ophthalmic instruments.?’

A strong cumulative effect was observed over a wide
intensity range in investigations on specially purefied speci-
mens.” For MPMMA this intensity range was a factor of 3,
and for PMMA a factor of 30 below the threshold for dam-
age on the first laser pulse (Fig. 1). It can be seen from Fig. 1
that the dependence N (I) is of an asymptotic nature:
N,. — w as the intensity goes to I—1 ., the values of I,
being I, =~0.037, for PMMA and I, ~0.3I, for
MPMMA.

We studied the dynamics of the cumulative process us-
ing the scattering of the incident laser radiation and the visi-
ble and near-ultraviolet luminescence which accompanies
the occurrence of damage. Figure 2a shows the dependence
of the light-scattering intensity (4 = 0.69 u) on N for a fixed
point in an MPMMA specimen and I = 0.5],. It can clearly
be seen that the scattering intensity increases monotonically
from pulse to pulse up to N =20, whereupon a sharp in-
crease is observed in the scattering intensity and catastro-
phic damage occurs. There is a similar dependence on N of
the luminescence intensity in the visible and near-ultraviolet
regions {for 1 = 1.06 1 and a pulse duration 7, = 20 nsec)
with an intensity of 7 = 0.57, for the same point on a PMMA
specimen (Fig. 2b). It was noted in these experiments that the
amplitude and temporal profile of the luminescence pulses

I, rel. units

experienced considerable fluctuations, providing evidence
of the random nature of the damage process accompanying
laser interaction.

The statistical laws governing laser damage to polymers
were studied in terms of the dimensional dependences of the
thresholds I, and I,y for W, = W,,, = 0.5, and also the de-
pendences of W, and W, on the intensity of the incident
radiation. Figure 3 shows these dependences for PMMA act-
ed uponby A = 1.06 1 laser pulses. It can be seen that J, hasa
considerably stronger dependence on the diameter d, of the
caustic of the focusing lenses than does 1,4, (Fig. 3a). This
characteristic of the dimensional dependences of I, and I,
correlates with the intensity dependences of the damage pro-
babilities W, and W, (Fig. 3b). Indeed, a stronger depen-
dence 7,(d. ) corresponds to a flatter dependence W,(/} and
vice versa. These qualitative laws were confirmed by a de-
tailed analysis of the experimental data obtained on the basis
of the statistical laser damage model described by formula
(1). In particular, it follows from this analysis that the initial
distribution function of the defects initiating damage, f,(I,),
is transformed in subsequent laser pulses into the functions
Jfn_ 1 ;) which have a narrower distribution than f,(I,) and
are displaced toward lower values of /,. A determination of
the specific form of these functions on the basis of the experi-
mental data enables one to explain the form of the evolution
operator A which, as shown in Sec. 2, is the fundamental
characteristic of the cumulative effect.

In addition to the statistical laws of the cumulative ef-
fect described above, we also studied the dependences of the
damage threshold 7y on the laser radiation parameters
(pulse duration 7, and wavelength A ) and on the physicome-
chanical properties of the specimens (temperature, visco-
elastic parameters of the matrix, low-molecular impurity
content). These investigations showed the existence of the
relationship Iy 7, = BA (where B is a constant) in the range
7, = 3-50nsec and A = 1.06-0.337 u. Raising the tempera-
ture of the PMMA and MPMMA specimens to the glass-
transition temperature and introducing plasticizers into the
polymers led to a considerable rise (by more than a factor of
10) in their laser strength in the multiple-exposure regime,
whereas both of these factors have a relatively weak influ-
ence on the single-exposure damage threshold.>*!° The in-
crease in the laser strength was strongly dependent on the
type of plasticizer'® and its molar concentration. These re-
sults indicated the suppression of the mechanochemical re-
actions in the polymer matrix under the action of laser radi-

FIG. 2. Dependences of the scattered ruby laser radiation
(a) and of the amplitude of luminescence accompanying
the development of laser damage (b) on the number of
pulses N for damage to develop in MPMMA (a) and for
the interaction of A = 1.06 u radiation with PMMA (b).
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ation owing to quenching of excited active particles arising
in the neighborhood of absorbing defects on account of ther-
moelastic stresses.”**?* One can also expect a similar sup-
pression of the cumulative effect in other optical materials
by modifying them structurally and so changing their ther-
moelastic properties and reducing the rate constants of the
mechanochemical reactions.

5. CONCLUSIONS

The method developed for studying the cumulative ef-
fect in laser damage is based on a statistical approach, and
the basic characteristics introduced to describe damage ac-
companying multiple exposure enable the laws governing
this effect to be investigated in a purposeful manner.

The experimentally established laws governing multi-
ple-exposure damage to polymers, namely a weakening of
the dependence of I on the dimensions of the illuminated
zone compared with the dimensional dependence of I, and a
narrowing of the dependence of Wy on I compared with the
dependence W, (I ), provide evidence of the statistical nature
of the cumulative effect. Among the mechanisms for the cu-
mulative effect which were analyzed, the most probable one
is that involving the formation of irreversible changes in the
material due to mechanochemical reactions.

The investigations performed on laser damage to poly-
mers in the multiple-exposure regime enabled effective
methods to be found for suppressing the cumulative effect in
these materials (for example, by a carefully planned change
in the molecular mass distribution of the macromolecules, or
by introducing low-molecular additives to quench the excit-
ed active particles and prevent the development of mechano-
chemical chain reactions). It can be expected that similar
methods would be effective for suppressing the cumulative
effect in laser damage to other optical materials.
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