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Laser-conditioning mechanism of ZrO2/SiO2 HR films with
fitting damage probability curves of laser-induced damage
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The method of fitting damage probability curves of laser-induced damage is introduced to investigate
the laser-conditioning mechanism of ZrO2/SiO2 high reflection (HR) films. The laser-induced damage
thresholds (LIDTs) of the sample are tested before and after the laser-conditioning scanning process. The
parameters of the defects are obtained through the fitting process of the damage probability curve. It
can be concluded that the roles of laser conditioning include two aspects: removing defects with lower
threshold and producing new defects with higher threshold. The effect of laser conditioning is dependent
on the competition of these two aspects.
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Many researchers use laser conditioning to increase the
damage threshold of optical components[1−11]. Several
laser-conditioning mechanisms such as laser cleaning[3],
electronic defect model[7], and defect removal model[8]
have been proposed. In most cases, defects in the surface
of the material and in the bulk have been considered as
playing a dominant role in laser-induced damage, as well
as in the laser-conditioning process[12,13]. There are two
methods to obtain the information of the defects. One is
to obtain the characteristics of initiation defects utilizing
the spot size effect of laser-induced damage[13]. Assum-
ing that the initiations in the film in the same thresh-
old are similar, the characteristics of the defect threshold
and the densities of initiation defects could be obtained.
Finally, several kinds of initiation defects also simultane-
ously serve as damage sources. Therefore, the ensemble
of the defects needs to be determined.

Another way to obtain information regarding the de-
fects is to plot laser-damage probability curves[14,15] in
order to provide the ensemble of the defects in the
film. Several models have been developed to interpret
laser-damage probability curves, which involve param-
eters such as the nano-precursor threshold and their
density[16−18]. The model assumes that the defects cause
the damage according to a power law. A three-parameter
damage probability law considered is therefore a better
model. The model provides the information about the
shape of the defect ensemble, in addition to the damage
threshold and the defect density. This model has been in-
vestigated by Krol et al.[14,15], while considering a Gaus-
sian distribution of nano-precursor thresholds. They pro-
posed a Gaussian law and gave the parameters of the
distribution, such as threshold mean value T0, threshold
standard deviation ∆T , and precursor defect densities
d, for each kind of observed precursor. They also pro-
posed the defect ensemble function g(T ) to represent the
density of defect initiating damage at fluence T . The

probability of damage at fluence F is expressed as
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where ω is the spot diameter defined at 1/e2.
Equation (1) is used to fit the experimental data by

using standard deviation σ2 as an objective function:

σ2 =

n∑
i=1

(Pfi − Pei)
2

n
, (3)

where Pfi is the damage probability in Eq. (1), Pei is
the corresponding damage probability tested, and n is
the number of damage probabilities tested. The value of
σ2 is obtained by changing the parameters. Parameters
such as T0, ∆T , and d indicate the defects when the
value of σ2 is the smallest. Then, the damage precursor
ensemble function is obtained using Eq. (2).

In this letter, the laser conditioning of ZrO2/SiO2 high
reflection (HR) films at 1064-nm wavelength prepared
by electron-beam evaporation on K9 glass substrates is
reported. In addition, the transformation of the defects
is analyzed by fitting the damage probability curves
of laser-induced damage. The film stacks adopted was
G|HL(2H2L)152H|A, where G is the substrate K9 glass,
H is the HR material ZrO2, L is the low reflective ma-
terial SiO2, and A is the incident medium air. Figure
1 shows the transmittance of the sample. The wave-
length of the laser pulse used in the laser-induced damage

1671-7694/2010/060598-03 c© 2010 Chinese Optics Letters



June 10, 2010 / Vol. 8, No. 6 / CHINESE OPTICS LETTERS 599

Fig. 1. Transmittance of the sample.

test and the laser-conditioning process was 1064 nm,
while its pulse duration was 12 ns. Traditionally, the
one-on-one laser-induced damage threshold (LIDT) tests
are conducted under one selected laser spot size accord-
ing to ISO11254[19], which is the standard of LIDT of
laser-induced damage threshold of optical surfaces to de-
termine their LIDTs. The experimental setup was built,
and is shown schematically in Fig. 2.

The output pulse of the Nd:YAG laser system was 1064
nm with a pulse width of 12 ns. The laser was focused
on the target normally using a lens. The spot size of
the Gaussian diameter was 300 µm, measured using the
knife method. The attenuator and a half-wave plate were
employed to adjust the pulse energy radiating the sam-
ple. The sample was mounted normally to the beam on
a step motor, which was used to position different test
sites. Online imaging system of 200 magnifications com-
prising a charge-coupled device and a microscope was
used to observe the radiating area and check whether the
damage occurs during the one-on-one damage test and
the laser-conditioning scanning process.

We conducted one-on-one damage tests before laser
conditioning. Ten sites on the sample surface were tested
with the same pulse energy, and the fraction of damage
was recorded. This procedure was repeated for different
pulse energies until it was sufficiently broad to include
points with 0 and 100% damage probabilities. Data on
laser energy density and the corresponding damage prob-
abilities were obtained. The fitting process of defects in
the films was conducted using Eq. (1) to obtain the char-
acteristics of the initiation defects, including T0, ∆T , and
d. Then, the laser-conditioning process was conducted
with a laser energy density selected according to the
characteristics of the defects. The small spot-scanning
process was employed to laser-condition the samples.
The schematic is shown in Fig. 3. The sample was
moved a certain distance after one shot of laser irradia-
tion. Then, the second zone received the laser radiation,
and so on. The scanning spot diameter adopted was
650 µm. The scanning step length was 300 µm, which
is a little shorter than half of the laser spot diameter.
A square zone of 12 ×12 (cm) was laser-conditioned for
approximately 1 h. Then, the one-on-one damage tests
were conducted at the conditioned zone to obtain data
on laser energy density and the corresponding damage
probabilities after laser conditioning. We obtained the
characteristics of the defects in the films after laser con-
ditioning using a similar method. It was then possible to
obtain the ensemble functions of the defects before and

after laser conditioning and compare the change of the
ensemble of the defects.

The results of LIDT before and after laser conditioning
were 12.7 and 25.3 J/cm2, respectively, indicating that
the LIDT increasing factor is approximately 2.0. The
damage probability curves before and after laser condi-
tioning were obtained by fitting the damage data tested
using the damage probability formula by changing the
parameters such as T0, ∆T , and d, and with the smallest
σ2 as the objective function. These probability curves are
shown in Fig. 4, while the obtained fitting parameters

Fig. 2. Experimental setup. 2D: two-dimensional.

Fig. 3. Scanning process.

Fig. 4. Comparison of fitting of damage probability before
and after laser conditioning.

Table 1. Fitting Parameters Obtained from the Best
Fitting

T0 (J/cm2) ∆T (J/cm2) d (cm2)

Before Laser 21.0 9.0 1.7×103

Conditioning

36.0 12.0 2.1×103After Laser

Conditioning
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Fig. 5. Comparison of g(T ) curves before and after laser con-
ditioning.

are listed in Table 1.
Table 1 shows that the average threshold of the de-

fects in the film increases from 21.0 to 36.0 J/cm2. The
defect density increases from 1.7×103 to 2.1×103 cm−2.
Figure 4 shows that the damage probability decreases
after laser conditioning at the same energy density be-
low 100% damage probability. For example, the damage
probabilities at the laser energy density of 20 J/cm2 were
approximately 20% and approximately 0 before and after
laser conditioning, respectively. Therefore, it is proven
that resistance to laser-induced damage in the film is
increased by laser conditioning. The increased threshold
is attributed to two aspects. One is that the defects
with lower threshold are removed from the film, while
the defects with higher threshold are not transformed
to be defects with lower threshold. Additionally, the
defects with higher threshold could be partially removed
from the film. The other is that the lower threshold is
partially removed from the film and then partially trans-
formed into defects with higher threshold. In the former,
the density of defects should be decreased because some
defects are removed from the film. However, the defect
density increases after laser conditioning. This indicates
that the latter should be the laser-conditioning effect,
or indicates that new defects should be produced. This
could be interpreted by the ensemble function of defects.

The ensemble function g(T ) before and after laser con-
ditioning is calculated with the values of T0, ∆T , and d
listed in Table 1 using Eq. (2). The results are shown in
Fig. 5.

In Fig. 5, g(T ) curve shifts to the right, toward a higher
threshold of defects. The defects with lower threshold
limits were removed from the ensemble curves. This
indicates that the defects with lower threshold may be
removed from the film or transformed to become defects
with higher threshold. Some new defects with higher
threshold should be produced during laser conditioning
because the defect density is increased. We consider that
the laser-conditioning effect depends on these two as-
pects. If removing the defects plays dominant role in the
conditioning process, the increasing factor of threshold
of the films could be larger. Otherwise, producing new
defects would play a small but dominant role. When this

exceeds the latter effect, the effects of laser conditioning
do not emerge.

In conclusion, the effect of laser conditioning on
ZrO2/SiO2 HR films at a wavelength of 1064 nm is
studied with a small spot laser-conditioning scanning
process using the method of fitting laser-induced dam-
age probability curves. The results show that LIDT of
the film could be increased by a factor of approximately
2.0. The influence of laser conditioning on the defects
of the film is investigated by comparing the ensemble
curve of defects before and after laser conditioning. Two
aspects of laser conditioning on defects removal and new
defects production are determined, and the effect of laser
conditioning depends on their competition.
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