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we find that the multi-shot LIDT is lower than that of single-shot. The accumulation effects of defects
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In recent years, multi-shot laser-induced damage on op-
tical materials, such as potassium dihydrogen phosphate
(KDP) crystal, fused silica, and multilayer coating, has
become a popular research topic. Multi-shot laser in-
duced damage threshold (LIDT) has often been shown
to be much lower than that of single-shot because of the
accumulation effects 4. In order to understand the
mechanism of the multi-shot laser damage of the optical
multilayer used in high-power laser systems, we attempt
to find the correlations between observed laser damage
threshold and the number of shots. The mechanism for
single-shot laser damage includes avalanche ionization!®,
multi-photon ionization®!, and impurity breakdown!7.
However, the damage mechanism of multi-shot radiation
is more complicated than that of single-shot radiation.
The mechanism of multi-shot damage has not been fully
understood yet, which obviously has a very important
impact on the practical applications of optical systems.
In the femtosecond regime, the damage is intrinsic; in
contrast, defects or impurities have been shown to play
an important role in the laser-induced damage in the
nanosecond regimel8!. The aim of this letter is to analyze
the accumulation effects on the laser damage resistance
in nanosecond regime and find correlations between ob-
served LIDT and the number of shots.

In this letter, we present the results of 1-on-1 and S-
on-1 tests at 1064 nm in TayO5/SiO2 dielectric mirrors.
Then, we give the experimental details concerning the
sample deposition process and the laser damage test pro-
cedure. Finally, the experimental results and discussions
are also given.

The mirror coatings were prepared by ion beam
sputtering. The coating design of the sample was G
|(HL)'®H|A. Here, H denoted high index material TaO3
with one quarter wavelength optical thickness (QWOT),
L denoted low index material SiOs with one QWOT,
G denoted BKT7 substrate, and A denoted the incident
medium (air). The transmittance spectrum of the sam-

1671-7694/2011/023103(4)

ple is shown in Fig. 1.

The experimental setup for laser damage is shown
schematically in Fig. 2, in which the Nd:YAG laser sys-
tem operated at the TEMyy mode and the pulse width
was 12 ns at 1064 nm. The laser was focused to provide
a far-field circular Gaussian beam. The effective area
of the spot on the sample was 0.12 mm?, which was
measured by a laser beam analyzer. In the S-on-1 test,
the sample was tested at the frequency of 5 Hz. The
laser energy used to damage the sample was obtained by
adjusting the attenuator, after which the pulse energy
was measured by an energy meter from a split off portion
of the beam. The sample was set upon a two-dimensional
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Fig. 1. Transmittance spectrum of the sample.
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Fig. 2. Experimental setup of laser damage testing.
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precision stage driven by a stepper motor. The angle of
incidence was slightly 2° —3° off normal to avoid inter-
ference effects due to reflection from the substrate exit
surface. The He-Ne laser was used to monitor the test,
and damage onset was detected on-line by a video mi-
Ccroscopy system.

The LIDT of the samples was tested in 1-on-1 and .S-
on-1 at 1064 nm according to ISO 11254-11°! and ISO
11254-21191 Here, ten sample sites were exposed at the
same fluence, and this procedure was repeated until the
range of fluences was sufficiently broad to include points
of 0-100% damage probability; this was done to develop
a plot of damage probability versus fluence. The LIDT is
defined as the energy density of the incident pulse when
the damage occurs at 0% damage possibility (J/cm?); it
could be obtained by linear extrapolation of the dam-
age probability data to zero damage probability. In this
letter, 1-on-1, 10-on-1, 50-on-1,100-on-1, and 1000-on-1
LIDTs were tested to understand the influence of shot
number on the accumulation effects.

The LIDT of the samples at 1064 nm for single- and
multi-shot tests are summarized in Fig. 3, in which multi-
shot LIDT is lower than that of the single-shot LIDT,
and LIDT depends on the laser shot number. The multi-
shot LIDT decreases with the increasing shot number,
and this is leveled off when the fluence reaches a certain
value.

There are several kinds of mechanisms for the multi-
shot damage, such as heating inclusion model, band-
breaking model, and colored center model™. In gen-
eral, the damage fluence decreasing from the single-shot
value to a certain value can be considered as the en-
durance limit of the optical surface in the multi-shot dam-
age behavior['%. The damages often originate from de-
fects for both single and multi-shot tests at the nanosec-
ond regime in a low frequency!'>'3. The multi-shot
damage has been considered as the cause of the irre-
versible changes of optical properties of defects and am-
bient materiall!*1®.  The accumulation of irreversible
changes can lead to the multi-shot LIDT, which is lower
than the single-shot LIDT!6],

Due to the interference effects in film, local intensity
enhancements exist in the sample coatings. The theo-
retical results of electric field distributions of the sample
are calculated using thin film design software (TFCalc)
(Fig. 4). Damages of the Tay05/SiO4 dielectric mirrors
most likely occur at the first interface between TasOs5
and SiOg, where has the maximum standing-wave electric
field intensity'”). Moreover, the band gaps of bulk mate-
rials SiO5 and TasOj are 7.8 and 4.6 VI8 respectively.

30 7
25
20

15

LIDT (J/cm?)

10

5

0

Fig. 3. LIDT results of the samples.
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Fig. 4. Electric field intensity profile in Ta2O5/SiO2 HR coat-
ing normalized to the incident electric field value at the wave-
length of 1064 nm.

conduction band

* I
v
: o

>}
>

=
=%

(shallow)

Wmultpt

R

|

(deep)

valence band

Fig. 5. Diagram of energy level in the wide gap dielectric
materials.

With the excitation wavelength of 1064 nm, TasOs must
absorb fewer photons than SiOs; thus, the damage would
likely occur in the high index TapOp layer first.

The conduction band electron density can be described
by the general equation!6:1]

O~ (BN + (%)— (%) ®

where N (t) is the free electron density, n(E) is the proba-
bility per unit time for an electron to undergo an ionizing
collision, and F is the electric field strength. The second
term on the right-hand side is the multiphoton ionization
contribution, and the third term is the loss due to elec-
tron diffusion, recombination, etc.

Considering the accumulation effects of defects in the
wide gap coating material combination of TasO5/SiO2,
the model proposed by Mero et al.?% is adopted in the
nanosecond damage regime. The defects can be consid-
ered as two types of midgap trapping states that serve
as shallow and deep traps that can be native or laser-
induced in the wide-band gap material. The shallow
states represent the state within one photo energy of the
conduction band, such as bandtail states®!, while the
deep states represent the states representing the multi-
photo energy of the conduction band, such as self-trapped
excitons and color center (such as oxygen vacancies)!!3].
The simplest energy diagram and processes of the model
are illustrated in Fig. 5. The band-to-band transitions
are represented by avalanche ionization, multiphoton ab-
sorption, and a relaxation mechanism. Electrons in the
conduction band can relax to the valence band with a
characterized time constant T¢, and the trapping rate of
electrons from the conduction band is characterized by
two time constants, T.q and Tcs, respectively.
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The electron density in the conduction band is de-
scribed by the following set of rate equations(®”]

dN N() N(t) [1_

=aN()I(t) + Wultps — N (1) }

dt Tev  Tes Ny, max
SR
] o

o552k o
I<>] ™ Na(t)

Ny maJ oalNa(t) [ 0 Ty
(4)

where « is the avalanche ionization coefficient; Ny and
Nq are the number densities of shallow traps and deep
traps, respectively; Nq max and Ns max are the maximum
shallow trap and deep trap density, respectively; og is
the absorption cross-section of an electron in a shallow
trap; oq is the multi-photon absorption cross- section of
the deep traps. I(t) is the laser intensity and is given by

dNNE
T -

I(t) = Io exp(— 4n2i% ) \here Iy is the laser fluence and 7
is the pulse duramon The multiphoton ionization (MPT)
rate can be described using the theory of Keldysh[??! ex-
pressed by

2w m*w
Wmultpt:

" )3/2 B/2 (B /hw) - (2Eé/hw)

where v = wy/m.FEg/eE, E is the electric field oscil-
lating at frequency w, e denotes the electron charge,
B, = Eg [1+ (1/27?)] represents the effective band gap
energy in the radiation field, m* = memy/(me + my)
indicates the reduced effective mass of the conduction
electron and valence hole, my, is the effective conductiv-
ity masses of holes, the symbol (-} denotes the integer
part, and ® describes the Dawson function.

Between the pulses, the population numbers are de-
scribed by the following rate equations!2!

dN_ N(t) N() [1_ Ns(t)] N(t) [1_
dt TCV TCS Ns,max Tcd

Na(t) } 7

Nd,max

AN, N@ [, N
dt - Tes [ - Ns,max:| , (7)
ANy N(1) Ny(t)
dtd - Tcd |:1 B Ndd,max:| ' (8)

In this letter, the equations are solved numerically for
a train of square pulses. Equations (2)—(4) are for the
pulses that are on and Egs. (6)—(8) are for the pulses
that are off. The laser fluence required for damage at a
given number of shot is determined repeatedly by inte-
grating the system when the conduction band electron
density surpasses a critical plasma density N.., repre-
sented by[?3l N, = 80";;“’2, where ¢ is the permittivity
of free space.
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Table 1. List of Parameters for Ta;O5; and SiO-

Eg(eV) no m* Me="Mnh
Ta205 4.6 2.01 0.635 1.0
SiO2 7.8 1.43 0.635 1.0

*The values for Eg are obtained from a previous work!*®).
The values for m*, me, and my, are obtained from another
work?4,
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Fig. 6. Damage threshold as a function of the number of
pulse. The dashed line is the result of simulations using the
model based on Egs. (2)—(8).

The values of all parameters included in Eqgs. (2)—(8)
are shown in Table 2. The quantities Nq,max, Ns,max, 0d,
and og are adjusted to match the experiment. The sim-
ulation results are shown in Fig. 6, in which the model
explains the most important features of the experimen-
tal data. The LIDT decreases slowly until it levels off
when the laser fluence reaches a certain value. It means
that the shallow and deep traps are both saturated when
the laser shot numbers reach a certain number. The
electron numbers become balanced from the conduction
band, the shallow and deep traps when the laser fluence
reaches below a certain value.

If there is no change in optical properties of defects
and ambient material, the laser damage probability of
S-on-1 test should be the same as in the case of 1-on-1
test!?5l. In other cases, an increase or decrease of the
threshold means that under successive laser irradiations
corresponding to the creation of laser-induced defects or
modification of the defects structure, the laser-induced
defects can be reversible and irreversible. When the ir-
reversible laser-induced defects represent accumulation
effects, the laser fluence below the single-shot LIDT can
lead to damage in the multi-shot procedure.

The above analysis shows that the multi-shot laser
damage is related to the irreversible changes of native
or laser-induced defects in the multilayer. Moreover, the
irreversible accumulated changes of laser-induced defects
or native defects result in the decrease of multi-shot
LIDT.

In conclusion, the multi-shot damage behavior of
Ta205/S5i04 dielectric mirrors is studied experimentally
and theoretically. Accumulation effects play an impor-
tant role in the multi-shot laser damage of HR at 1064
nm. The decrease of the damage threshold is caused by
the irreversible accumulated changes of the laser-induced
defects or native defects. A simple model involving the
conduction band electron is used to explain the experi-
mental result. The relation of LIDT for the coatings in
calculation agrees with the experimental result.
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